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ABSTRACT 

 

Lipidic delivery systems have emerged as enhancers of  drug solubility and bioavailability 

as they offer advantages such as site-specific action and prolonged drug release. Due to 

their ability to structure and facilitate the administration of  active compounds in 

pharmaceuticals, foods, and personal care products, the development of  lipid-based 

systems has garnered significant interest. Over time, various lipidic nanostructures have 

been developed based on the intrinsic chemical properties of  lipid molecules, however, 

traditional synthetic approaches to produce dispersed systems with appropriate 

dimensions, good encapsulation efficiency and low polydispersity often face scalability 

challenges. To address this issue, it is essential to incorporate studies on these nanosystems' 

physical and chemical properties into the design and synthetical process. As a result, 

Quality by Design approach is widely used, enabling precise control over the key 

characteristics of  dispersed lipidic nanostructures by systematical analysis and optimization 

of  the variables that are influencing their final properties. Beyond drug delivery, some 

lipidic nanostructures could serve as signal enhancers for piezoelectric biosensors, to both 

improve the limit of  detection of  crucial compounds and demonstrate how surface 

roughness and increased surface area are key factors in the development of  specific and 

reliable mass-sensitive devices. In this work, an investigation of  solid lipid nanoparticles as 

carriers of  different drugs, their optimization, functionalization with polymers, and their 

applications as detecting elements for QCM sensors is proposed. 

Chronic kidney disease is a condition characterized by a gradual loss of kidney function 

over time, and the cost of dialysis therapies remains prohibitive for many, especially in low-

income countries where healthcare resources are scarce. In such settings, the life 

expectancy of treated patients is still increased, but the effort to sustain hemodialysis 

therapy and the prohibitive nature of the conditions negatively influence the mental health 

and lifestyle of patients. There have been many efforts to innovate and improve dialysis, 

with a focus on developing less invasive techniques and portable devices that can purify 

dialysates from contaminants withdrawn from bloodstream. Here is also presented a 

Raman-based Partial Least Squares regression model that allows urea quantification 

without any further derivatization in spent and recycled dialysates. 
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INTRODUCTION 

 

Drug Delivery Systems 

The Biopharmaceutics Classification System (BCS) is an internationally recognized 

framework utilized by major pharmaceutical regulatory agencies to categorize drug 

substances based on their solubility and permeability. This system classifies all the existent 

drugs into four different classes: Class I contains all the drugs with high solubility and 

permeability, Class II groups all those substances with low solubility and high permeability, 

and Class III contains all the substances with high solubility but low permeability. Class IV 

of the BCS encompasses all those compounds that exhibit both low solubility and low 

permeability, resulting in poor bioavailability and absorption within the body [1]. These 

characteristics pose significant challenges for the administration of Class IV drugs, as the 

high dosages required to achieve therapeutic effects can lead to adverse side effects and 

toxicity in patients. Moreover, several Class IV drugs are extensively metabolized before 

reaching systemic circulation, further complicating their efficacy. These factors collectively 

contribute to issues with patient compliance, as the necessity for high doses and frequent 

dosing regimens often lead to deviations from prescribed treatment protocols. 

To overcome the challenges posed by the administration of some drugs, the field of drug 

delivery has evolved introducing technological systems that store drug molecules into an 

appropriate form and facilitate the drug release. These systems are known as Drug Delivery 

Systems (DDS), developed to reach a specific target site in the body while maximizing the 

effect while minimizing dosage, accumulation, and side effects [2]. Recently, DDS have 

been developed using different materials and a controlled release of drug can be obtained 

by exploiting different mechanisms and characteristics. The encapsulation or inclusion of 

actives within nanoparticles, emulsions, polymeric matrices, gels, and other microsystems 

can significantly modify the pharmacokinetic profile of the administered drug. For 

instance, nanoparticles and emulsions can enhance drug stability and improve solubility, 

increasing the bioavailability of hydrophobic drugs [3,4] and leading to more efficient 

absorption and a prolonged time in circulation. Polymeric matrices can instead be 

implanted directly into the patient, providing sustained release of drugs from the prosthetic 

element, while gels are used for localized delivery, usually beneficial for topical 
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administrations. These advancements are considered a pivotal change in medical science, 

aimed at revolutionizing the administration and utilization of drugs and other actives 

within the body. Researchers can achieve targeted drug delivery by employing new DDS 

systems, which ensure that drugs are concentrated at the site of action and reduce systemic 

side effects as well. Overall, the innovation in Drug Delivery Systems represents a 

significant leap forward in the field of pharmacology. By improving the efficacy, safety, 

and patient compliance with therapeutic regimens, DDS could potentially transform the 

landscape of modern medicine, offering new methods and treatments for a wide range of 

diseases and conditions. 

 

Lipidic DDS 

Lipid-based drug delivery systems have emerged as a powerful approach in the 

pharmaceuticals field, addressing various challenges associated with conventional drug 

formulations and administration. These systems are based on unique properties of lipids, 

such as biocompatibility, biodegradability, and the ability to enhance the solubility of 

poorly water-soluble drugs, thus optimizing the bioavailability of the drug itself and 

therapeutic outcomes. The amphiphilic nature of lipids allows the encapsulation of both 

hydrophobic and hydrophilic molecules, and the structural flexibility of these systems 

facilitates the incorporation of functional groups and recognition elements, enabling also 

targeted drug delivery directed to specific tissues. 

Lipid drug delivery platforms include liposomes, Solid Lipid Nanoparticles (SLN), 

Nanostructured Lipid Carriers (NLC), and other self-assembled structures that can be 

reunited under the Lipid Nano Particles (LNP), a classification that includes among others 

various kinds of supramolecular structures and geometries, transferosomes, which are 

composed of phospholipids with an added edge activator, and ethosomes, which are 

primarily utilized for transdermal drug delivery due to their enhanced membrane flexibility. 

This flexibility is achieved by incorporating ethanol into the lipid bilayer. Additionally, 

transethosomes represent a hybrid system, combining the characteristics of both 

ethosomes and transferosomes. 

Most of the LNPs used as drug delivery today are generated by exploiting the self-assembly 

capacity of lipids. These molecules, typically characterized by a hydrophilic head and a long 

hydrophobic tail can spontaneously organize into various structures such as bilayers, 
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vesicles, and more complex architectures when in aqueous environments. These specific 

structures formed depend on factors including temperature, concentration, pH, ionic 

strength, and the ratio between the hydrophobic and hydrophilic moieties of the lipid. 

Regarding this last parameter, it is possible to qualitatively describe the lipid self-assembly 

behavior in function of the so-called Israelachvili–Mitchell–Ninham packing parameter, P, 

obtained with the equation 𝑃 = 𝑣/𝑎𝑙 where 𝑣 is the molecular volume, 𝑎 is the cross-

sectional area of the head group and 𝑙 is the length of the molecule [5]. 

 

Figure 1 Schematic illustration of self-assembled aggregates in water [5] 

Due to their bulkier nature and the significant length of hydrophobic chain, phospholipids 

do not assemble into micelles. In the first stage of assembly, lipids with a P value around 

1 typically aggregate into thermodynamically unstable bilayer disks, but the minimization 

of interfacial area dominates the step. Then, in a second phase, vesicle formation occurs 

due to an energy preference of lipids for a parallel molecular arrangement. The energy loss 

due to surface tension in a large flat aggregate becomes significant, leading to 

rearrangement in vesicles [6]. P values less than 1 tend to form hexagonal phases or 

micelles, while lipids with values greater than 1 will assemble into cubic, inverted 

hexagonal, or inverted micelles (Figure 1). These various aggregates can then encapsulate 

and transport different kinds of cargoes, by entrapment of solutions inside the pores or 

intercalation of active compounds between the hydrophobic part of the supramolecular 
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structure. Self-assembled systems typically consist of a heterogeneous mixture of multiple 

phospholipids rather than a single lipid type: These assemblies often incorporate a 

membrane helper agent, such as sterols, surfactants, or other amphiphilic molecules, 

promoting the formation of a stable and functional system [7] which are providing also a 

surface charge if the head group of phospholipid presents a charged group at a specific pH 

value. Nanoparticles with a high surface charge are considered more stable than other kinds 

of dispersions, as electrostatic repulsion between elements helps with the overall stability 

of dispersion. The most common synthetical methods include thin-film hydration, where 

lipids are dissolved in an organic solvent, which is then evaporated to form a thin lipidic 

film. Then, water is added causing the self-assembly of lipids. The size of the dispersed 

matter is subsequently controlled either by extrusion through a membrane with a specific 

pore size or by subjecting the dispersion to ultrasonic waves, which induce structural 

rearrangement into smaller components. Alternative preparation methods such as 

emulsions or double emulsions are also employed; however, the critical step for controlling 

particle size mainly involves sonication or extrusion.  

A different family of lipidic nanoparticles is represented by Solid Lipid Nanoparticles. 

These dispersed lipidic nanosystems are formed with lipids which are usually solid at room 

and body temperature and consist of a solid lipidic core stabilized by an outer shell made 

of a single surfactant or multiple co-surfactants, which provides stabilization for the solid 

core reducing interfacial energy between the lipidic core and the dispersant and also 

provides an external surface charge which – as in the case of liposomes – prolongs the 

stability of dispersion in time with electrostatic repulsion between single aggregates[8]. 

Solid Lipid Nanoparticles production is based on the fast precipitation and crystallization 

of melted solid lipids, to form less packed and defective crystalline structures in which the 

drug can be encapsulated. For this reason, the most common lipids used for SLN 

production are usually fatty acids, triglycerides, and waxes that share the common feature 

of high melting point. The release mechanism from SLNs, as well as their storage stability 

in suspension, are closely correlated with the transition from a less stable crystalline 

structure to a more ordered and tightly packed configuration. This transition leads to the 

expulsion of encapsulated cargo and may result in precipitation or a supramolecular 

alteration in the shape or size of the lipidic aggregate. Specifically, in the case of 

triglycerides, three polymorphic forms can emerge: α, β’, and β. Typically, a melted lipid 

crystallizes in the metastable α form characterized by a hexagonal sub-cell. Over time it 

gradually transitions to the more densely packed and thermodynamically favorable β form, 
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with a triclinic sub-cell, which is associated with lower energy states [9,10]. Solid Lipid 

Nanoparticles can transport and deliver both hydrophilic and hydrophobic compounds 

and those nanosystems can be classified based on the distribution of the active molecule 

through the nanoparticle: Type I has the cargo homogeneously distributed in the lipid 

matrix and shows controlled release properties. In the type II model, also known as the 

drug-enriched shell model, the lipid quickly precipitates in the center of the nanoparticle, 

while the active molecules accumulate in the remaining molten lipid, which then crystallizes 

to form a shell around the drug-free lipidic core. This type is not suitable for applications 

that require sustained and controlled release over an extended period but can be used for 

achieving a burst release. The type III model, known as the drug-enriched core model, 

occurs when the active molecule concentration in the lipid approaches saturation, leading 

to rapid precipitation in the nanoparticle core and the formation of a surrounding lipid 

layer. The result is a dense and drug-rich core surrounded by a lipidic layer. This model 

supports a prolonged and sustained release, as the lipid barrier surrounding the inner core 

slows down the diffusion of the active molecule in the medium. As a result, the drug is 

released gradually and in prolonged periods over time. The selection of the models depends 

on the therapeutic requirement of the drug delivery system, and several factors lead to one 

of the different SLN types. Indeed, the distribution of the molecules in the lipid matrix 

depends on the synthetical method and temperature, but a key role is played by other 

factors such as chemical nature, the concentration of cargo molecules, types of lipids and 

surfactants, and solubility of the active in lipid [11,12]. Over liposomes, Solid Lipid 

nanoparticles present higher drug loading, an easier manufacturing process that requires 

less expensive reagents, more versatility, and more stability against environmental 

conditions like temperature, pH, and light that are more influent on liposomes due to the 

less stable and fluid nature of the lipidic bilayer. Many different synthetical routes can be 

used to synthesize Solid Lipid Nanoparticles with different characteristics. Among the 

most common routes, ultrasonic-assisted methods are popular, together with hot and cold 

homogenizations, double emulsions, solvent evaporation, and coacervation by 

precipitation of fatty acid salts. The evolution of Solid Lipid Nanoparticles is represented 

by Nanostructured Lipid Carriers (NLC) where a liquid lipid is combined with a solid one, 

improving the solubility of actives, drug loading, and encapsulation efficiency. 

Microfluidics is a common synthetical approach for the production of liposomes or Lipid 

Nanoparticles and SLN or NLC [13]. Microfluidic devices are offering many significant 

advantages for the synthesis of lipid nanoparticles such as reduced use of costly reagents, 
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precise control over particle size and polydispersity, accelerated production time, and 

enhanced control over the synthesis process. Furthermore, these devices are easily scalable 

for industrial applications, addressing a key limitation of traditional synthetic methods, 

where the final properties of nanoparticles can be challenging to predict at larger scales. In 

microfluidic systems, an organic phase containing the desired lipids and hydrophobic drugs 

is introduced and mixed in a controlled manner with an aqueous phase containing water-

soluble components or the desired buffer. The fluids are proportionally combined within 

microfluidic chips featuring channel diameters typically between 100 and 300 µm, with 

various geometric configurations. Basic geometries facilitate the controlled mixing of the 

two phases under laminar flow conditions, enabling the self-assembly and organization of 

lipid molecules. Alternatively, more complex geometries, such as micromixers, exploit 

chaotic mixing to promote the rapid formation of lipid nanoparticles. The production of 

nanoparticles is strongly influenced by parameters such as the flow of both phases, the 

Fractionated Flow Ratio (FFR) between the organic and aqueous parts, and the quantity 

of reagents. Commercially available microfluidics devices can provide a fast and reliable 

synthesis of lipidic dispersions for both laboratory-scale samples (few milliliters) up to liters 

of final dispersion ensuring reproducibility and consistency of samples. 

Surface modification of lipid-based nanocarriers is frequently employed to evade immune 

system activation, enhance targeting specificity, and improve therapeutic effectiveness at 

the drug delivery site. PEGylation of lipids is one of the most common surface 

modifications, which involves the attachment of polyethylene glycol chains to the surface 

of nanocarriers. PEGylation provides a hydrophilic shield around the carrier, reducing 

protein adsorption and preventing recognition by the mononuclear phagocyte system. For 

this reason, PEGylated nanoparticles can circulate longer in the bloodstream, increasing 

the chances of reaching the intended target [14]. Other approaches can involve the use of 

natural polymers, such as hyaluronic acid, and chitosan, which can be tailored to interact 

with specific cellular receptors. Additionally, antibodies can be used to achieve high specific 

targeting exploiting the antibody-antigen affinity and enabling precise delivery[15–17]. 

  



Introduction 

15 

 

 

Characterization of lipidic nanosystems 

Light Scattering 

Techniques based on light scattering are the most used for determining the dimensions 

and surface charge of all nanoparticulate matter. Dynamic Light Scattering (DLS) is the 

most used and rapid method that determines the hydrodynamic radius of particles in 

suspension from the variation of scattering intensity in time. DLS measures the diffusion 

of particles in a fluid to determine their size. The random movement of particles, known 

as Brownian motion, causes fluctuations in the intensity of scattered light over time. The 

DLS technique calculates the hydrodynamic diameter of the particles by analyzing these 

fluctuations using a correlation function. From the translation diffusion coefficient 

obtained from the autocorrelation function, is possible to calculate the hydrodynamic 

radius of the particle using the Stokes-Einstein equation (Equation (1)) 

𝐷 =
𝑘𝑇

6𝜋𝜂𝑅ℎ
 

(1) 

Where the translational diffusion coefficient is a function of k, the Boltzmann’s constant, 

solvent viscosity 𝜂, absolute temperature T, and hydrodynamic radius of the particle. 

Reliable information on dimensions is extrapolated from data by fitting the autocorrelation 

function with cumulant fits, which assumes a single-size family and applies a single 

exponential fit to the autocorrelation function. From this fit, two parameters are obtained: 

Z-average is the intensity-weighted mean hydrodynamic diameter of the collection of 

particles, and the polydispersity index or PDI is the width of the theoretical Gaussian 

distribution and varies from 0 to 1 [18,19]. 

Photon Correlation Spectroscopy is used also to determine the Zeta Potential of 

nanoparticles. The Zeta Potential is defined as the electrical potential as the slipping plane, 

which is the interface that separates the mobile bulk solution from the one that is associated 

with the particle. To perform Zeta potential measurements, the sample is inserted in a bent 

capillary cell with two gold electrodes, then subjected to an electric field that causes charged 

particles to migrate towards the electrodes [20] with a rate proportional to their Zeta 

potential measured exploiting laser doppler velocimetry. 
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𝑈𝑒 =
2𝜀𝜁

3𝜂
𝑓(𝜅𝑎) 

(2) 

The Henry Equation (2) is employed to determine the Zeta potential from electrophoretic 

mobility 𝑈𝑒 using the viscosity and dielectric constant of the dispersing medium. Zeta 

potential measurements are valuable for investigating the effects of cargo loading on 

surface charge distribution, as well as for ensuring the electrostatic stability of colloidal 

suspensions. 

The final properties of lipid drug delivery systems are mainly due to their supramolecular 

structure, formed by different components of the dispersions. Understanding the link 

between structural properties and biomedical functions is the key to fully harness the 

medical potential of lipidic Nanoparticles, as characteristics such as surface area, tortuous 

macromolecular structure (as in the case of cubosomes or hexosomes), as well as the 

robustness of lipid bilayer, can enhance the drug release properties for the specified 

material, as the lipid structure regulates cellular uptake, endosomal escape, biodistribution 

and toxicity of lipid nanoparticles [21–23]. These structural properties can be assessed 

using another static light scattering technique based on X-rays. Small Angle X-ray 

scattering (SAXS) covers the 0.01°< θ < 3° angle range, corresponding to spatial 

resolutions typically between 1 and 100 nm, from which most of the supramolecular 

information such as size, shape, and structure can be extracted [24]. The method is based 

on the elastic scattering of X-rays by electron clouds in the sample, where the scattering 

intensity I(q) is measured as a function of the scattering vector, q, defined by Equation (3) 

𝑞 =
4𝜋

𝜆
sin(2𝜃) 

(3) 

 

Where is 𝜆 the X-ray wavelength and 2𝜃 the scattering angle. SAXS experiments typically 

involve a highly collimated monochromatic X-ray beam directed at the sample. The 

elastically scattered X-ray photons are collected by a 2D detector producing scattering 

patterns consisting of concentric rings that are radially averaged to obtain a one-

dimensional scattering pattern, whose maxima are called Bragg peaks and are used to 

identify the symmetry of the supramolecular system. SAXS scattering profiles, when fitted 

with appropriate mathematical methods, are useful for lipid nanoparticles to understand 

shape, lamellarity, bilayer distance, and rigidity, as well as the influence of loaded cargo in 

those properties [25]. Key features in the SAXS profile, such as peaks or slopes in the I(q) 
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pattern are analyzed to extract structural information. In the case of Solid Lipid 

Nanoparticles, other structural information such as crystallinity of the lipidic core, presence 

of amorphous regions, and lipid polymorphism can be obtained at higher angles, with Wide 

Angle X-ray Scattering (WAXS). 

 

Thermal analysis 

Preparation, processing, and storage of Lipid Nanoparticles can induce transitions into 

various polymorphic lipidic forms that can severely affect the nanoparticles’ ability to store 

and release encapsulated cargo, as well as their physical stability. The determination of 

crystallinity and polymorphism of SLN is usually performed by Differential Scanning 

Calorimetry (DSC), a technique used to analyze physical and polymorphic transitions due 

to temperature changes in materials. DSC on lipidic suspensions must be performed in a 

reasonable temperature range, to avoid degradation of lipids. Moreover, the dissolution of 

drugs into lipids, their concentration, and nanoparticulate size can reduce the melting 

temperature of lipids [26]. The endothermal absorbance of a suspension is usually broader 

(an effect of polydispersity) and shifted to lower temperatures compared to bulk lipids, as 

an effect of particle size and adsorbed emulsifier molecules. The most common and 

performed analysis on DSC is the investigation of the physical state of dispersed particles 

via the detection of characteristic melting endothermic transformation, as the enthalpy of 

this transformation can provide the crystallinity index for the nanoparticles. Thermal study 

of nanoparticles is useful in providing insights into the synthetical processes and formation 

of lipidic nanodispersions that, as observed, have a more retarded crystallization that 

happens at lower temperatures than bulk lipids [24]. For all those reasons, the assignment 

of crystalline forms by only means of DSC curves is challenging, and the analysis should 

be supported by different techniques such as X-ray diffraction. 

 

Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) is a technique based on the magnetic properties of 

nuclei of certain isotopes which resonate at distinct frequencies when subjected to an 

external magnetic field. The utility of Nuclear Magnetic Resonance in lipid nanoparticle 
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characterization arises from its ability to provide detailed information on molecular 

structure, dynamics, and interactions within the lipid nanoparticle formulations.  

Besides the primary information of identifying the structure and functional groups around 

the proton of interest, NMR is also a valuable instrument used to identify and study 

secondary structures and interactions in chemical environments that could depend both 

on the chemical linked or spatially but not bonded close atoms. Magnetic resonance has 

been useful in the characterization of lipidic nanosystems, even if one-dimensional 1H-

NMR spectra are not very informative since the broadening of signals due to slow motion 

and bigger dimensions of the system does not allow precise assignment of peaks [27]. 

Bidimensional NMR is an advanced technique that allows and provides detailed 

information comparing two frequency axes. 2D-NMR NOESY (Nuclear Overhauser 

Effect Spectroscopy) can detect through-space interactions between nuclei that are 

spatially close, even if not directly linked by a chemical bond. NOESY spectra are useful 

for lipidic nanosystems in determining the position of drugs with respect to the lipidic 

bilayer, as some hydrophobic molecules are usually encapsulated by intercalation inside the 

phospholipid tails [28]. 

 

Quantitative techniques 

Liquid chromatography, in combination with various detection techniques, has been 

extensively utilized for the characterization of lipid-based nano-dispersed systems. When 

coupled with mass spectrometry, UV-Vis spectrophotometry, or refractive index detectors, 

reverse-phase high-performance liquid chromatography (RP-HPLC) enables the detection 

and quantification of diverse lipids and components within a lipidic dispersion sample 

[29,30]. This chromatographic approach is similarly applicable for quantifying the amount 

of active pharmaceutical ingredient (API) encapsulated within these systems. 

The encapsulation efficiency of a lipid nanocarrier system can be determined via either a 

direct or an indirect approach. The direct method involves quantifying the API 

encapsulated within the nanoparticles, while the indirect method quantifies the 

unencapsulated fraction remaining in the dispersion medium. Both methods require a 

purification step to separate the free, unentrapped fraction from the nanoparticle 

dispersion—a critical process that significantly impacts the accuracy and reliability of the 

results. The choice of separation technique is dependent upon the physicochemical 
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properties of the dispersed system. Among the available methods, size-exclusion 

chromatography (SEC) [31] is the most reliable, as it effectively separates particles by size 

by eluting the dispersion through a resin capable of dimensional differentiation. When 

coupled with refractive index (RI) detectors, SEC-HPLC can provide quantitative data on 

both the entrapped API and each nanoparticle dimensional population. 

Other common purification techniques include dialysis [32], ultrafiltration [33], and cold 

centrifugation [34] of dispersions at low temperatures and high g forces. These methods 

are generally followed by additional analytical techniques. In dialysis, a small amount of 

dispersion is placed within a molecular weight cutoff (MWCO) membrane, allowing 

molecules smaller than the cutoff to diffuse into the dialysis medium. The API can then 

be quantified either in the dialysis medium (indirect quantification of encapsulation 

efficiency) or in the purified sample (direct approach). While dialysis is a reliable method, 

it is an equilibrium process that is strongly influenced by the ratio of sample to dialysate 

medium. Additionally, dialysis usually requires prolonged periods and large volumes of 

release media, which may be inconvenient. Furthermore, over extended timeframes, 

nanoparticles may begin to release the entrapped drug, thereby lowering the apparent 

encapsulation efficiency. In the context of sample purification, synthetic microfluidic 

techniques enable precise head and tail cuts on collected sample fractions. This approach 

facilitates the exclusion of regions where the interface between aqueous and organic phases 

is non-laminar, thereby removing poorly formed nanoparticles and unencapsulated drugs 

from the final collected sample. Consequently, only well-formed nanoparticles are retained, 

enhancing the purity and consistency during the synthetical step. This allows the direct 

determination of encapsulation efficiency. 

 

Sensors 

As the demand for real-time, portable, and accurate chemical sensing continues to rise, 

advances in nanotechnology, materials science, and biotechnology are catalyzing the 

development of highly sensitive, selective, and miniaturized chemical sensors. These 

sensors are sophisticated devices capable of detecting and quantifying specific chemical 

substances in various environments, delivering fast, reliable, and cost-effective data directly 

in the field of application. Unlike traditional methodologies that rely on expensive 

laboratory instrumentation, these sensors provide a more accessible solution for in situ 



Introduction 

20 

 

analyses. Chemical sensors have become pivotal in modern analytical techniques, and many 

are now commercially available for applications that were once considered impractical, 

time-intensive, or prohibitively costly. A distinguishing feature among the applications lies 

in the receptor system—the component that interacts directly with the analyte and 

converts chemical information such as concentration, pH change, weight, conductivity, or 

other relevant properties into an electrical signal. This signal is then transmitted to the 

transducer, which, in turn, conveys it to a microprocessor or computer for processing. 

Precision, low detection limits, and high reproducibility of sensing technologies are the 

main characteristics of a sensing element. In this context, surface chemistry plays a critical 

role in functionalizing the receptor system, enabling it to detect analytes quantitatively 

through specific and reproducible interactions [35]. 

Sensors are primarily classified into two main categories: chemical sensors and biosensors. 

Chemical sensors are designed to respond selectively to a specific analyte by facilitating a 

chemical reaction that enables the qualitative or quantitative analysis of the analyte. In 

contrast, biosensors are tailored to detect biochemical compounds, including biological 

proteins, nucleotides, and tissues. In biosensors, the active sensing material is a biological 

component that functions as a catalyst, facilitating the reaction of the biochemical 

compounds to produce the desired output signal. Those categories include 

electrochemical, optical, piezoelectric, and semiconductor-based sensors depending on the 

physical principle used to detect the analyte. Among these, electrochemical sensors are the 

most prevalent: they operate based on reactions occurring at the working electrode, which 

is functionalized to recognize a specific analyte, while the reference electrode maintains a 

stable voltage, thereby allowing accurate measurements of the electrical signals produced 

during the reaction [36,37]. The miniaturization of optical devices has also allowed the 

development of wearable sensors based on the absorbance of different compounds at 

specific wavelengths. UV-VIS absorbance-based sensors are not the only optical sensors 

developed, as the miniaturization of other kinds of spectrophotometers based on other 

wavelengths and interactions such as Raman and Surface Enhanced Raman Spectroscopy 

(SERS), or fluorescence is allowing the direct determination of compounds in solutions, 

or directly into matrices such as body sweat collected by hydrogel patches, without any 

further manipulation.  

Mass-sensitive devices instead usually exploit the principle of piezoelectricity, which 

involves the conversion of mechanical pressure applied to crystals lacking inversion centers 
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in their crystalline structure into an electrical potential between deformed surfaces, which 

has enabled the development of various mass-sensitive devices. Piezoelectric crystals have 

become essential components in electronic systems requiring precise frequency control. In 

the field of sensing technology, these crystals are integral to devices like Quartz Crystal 

Microbalances (QCM). In such devices, a quartz crystal coated with a thin metallic layer 

oscillates under the influence of an electric field. The accumulation of mass on the crystal 

surface alters the crystal’s effective mass, resulting in a shift in its resonance frequency. 

This frequency shift is directly proportional to the mass of the adsorbed layer, allowing for 

highly precise mass measurements down to the nanogram level.  

Advanced QCM technologies, such as the Quartz Crystal Microbalance with Dissipation 

Monitoring (QCM-D), extend this functionality by measuring the energy dissipation 

associated with the adsorbed layer. This capability provides valuable insights into the 

viscoelastic properties of the material deposited on the crystal’s surface. Consequently, 

QCM-D is particularly effective for studying soft and hydrated films, including biological 

membranes and hydrogels, which are characterized by their complex viscoelastic behavior. 

 

Aim of the work 

This thesis explores the optimization and physicochemical characterization of various drug 

delivery systems, employing systematic methodologies to identify and refine critical 

parameters across different synthetic pathways. The goal is to achieve optimal drug 

encapsulation efficiency and enhance the supramolecular properties within the 

experimental framework. Additionally, the research includes the application of lipid-based 

nanocarriers, which were functionalized with specific antibodies to serve as signal 

amplifiers for mass-sensitive devices. These functionalized nanocarriers significantly 

improve the preclinical quantification of neurodegenerative biomarkers by enhancing the 

surface area-to-mass ratio on the sensor, demonstrating the pivotal role of surface 

functionalization in reducing the detection and quantification limits of those systems. 

Moreover, the experiments could demonstrate the specificity given to Solid Lipid 

Nanoparticles by antibody functionalization. Finally, Chapter V explores the introduction 

of a sensor based on Raman spectroscopy in nanostructured-based devices for the 

photooxidation of urea and recycling of dialysate fluids for portable and patient-oriented 

devices. 
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I.  SOLID LIPID NANOPARTICLES FROM 

COACERVATION PROCESSES 

 

I.1.  Quercetin1 

The beneficial properties of many foods are correlated to the consumption of various 

compounds that are not enlisted in the main nutrients, those compounds, called 

nutraceuticals, can help in the prevention of diseases, and they have an overall good effect 

on health. As part of a diet, flavonoids are usually assimilated by the organism in the small 

intestine [38] and their rate of absorption may depend on their structure, solubility, 

molecular size, and pKa [39,40]. Quercetin (Querc; 3, 30, 40, 5, 7-pentahydroxyflavone, 

Figure 2) is a polyphenolic compound found in onions, red wine, and green tea [41,42]. 

This nutraceutical, besides having anticancer activity and both antioxidant and pro-oxidant 

activity — depending on the cells’ redox state and flavonoid concentration [43,44] — 

shows other significant properties, such as neuroprotective, anti-inflammatory [45,46], 

antimicrobial, and antiallergic activity [47]. 

 

Figure 2 Structure of Quercetin, a polyphenol 

It was reported as an asthma inhibitor if inhaled [48], and it is also potentially used for the 

prevention and treatment of SARS-CoV-2 [49,50] and as a general antiviral, as Quercetin 

inhibits rhinovirus replication both in vitro and in vivo [43]. In this context, any 

formulation that can be useful to improve the absorption of Quercetin by an organism 

could be considered relevant [51]. Furthermore, Quercetin very quickly degrades in alkaline 

 
1 This chapter partially reports results already published in Talarico, L.; Consumi, M.; Leone, G.; Tamasi, G.; 
Magnani, A. Solid Lipid Nanoparticles Produced via a Coacervation Method as Promising Carriers for 
Controlled Release of Quercetin. Molecules 2021, 26, 2694. https://doi.org/10.3390/molecules26092694 
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environments, and for this reason, it is not practical to add more Quercetin to processed 

food products, because it will result in a diminution of shelf life [52–54]. Although 

Quercetin has mainly positive effects on human health, side effects accompany the 

assumption of high doses of this polyphenol. If consumed in high doses, Quercetin may 

cause DNA damage, mutagenesis, and genotoxicity, even if those effects are not proven 

by in vivo studies [45]. However, the clinical application of this nutraceutical is negatively 

affected by its poor solubility in aqueous media, rapid clearance from the body, and low 

intrinsic activity [55]. 

 

I.2.  Red Yeast Rice Extracts 

Red Yeast Rice (RYR), known scientifically as Monascus purpureus fermented rice, is a 

traditional dietary staple in China that has been utilized for centuries not only as a culinary 

ingredient but also within the domain of traditional Chinese medicine. Historically, it has 

been employed to support digestive and vascular health, as well as to enhance the color 

and flavor of various foods due to its distinctive red pigment. Beyond its culinary and 

aesthetic uses, RYR has garnered significant attention in recent decades for its 

hypolipidemic properties [56–59], which are of particular interest in the management of 

hyperlipidemia and cardiovascular disease. The hypolipidemic effects of RYR are primarily 

attributed to its ability to reduce lipid levels in the blood. Research indicates that RYR can 

lower total cholesterol by 13-26%, low-density lipoprotein (LDL) and high-density 

lipoprotein (HDL) cholesterol by 21-33%, and triglycerides by 13-34% [60]. These effects 

are largely due to the presence of bioactive compounds known as monacolins; secondary 

metabolites produced during the fermentation process. Among these, monacolin K (or 

Lovastatin, Figure 3) is a widely prescribed statin used in the treatment of hyperlipidemia. 

Lovastatin functions as a potent inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A 

reductase (HMG-CoA reductase), the rate-limiting enzyme in the mevalonate pathway, 

which is critical for cholesterol biosynthesis in the liver. Upon ingestion, lovastatin is 

hydrolyzed by esterases into its active form, hydrolyzed lovastatin (LovHA), which directly 

inhibits HMG-CoA reductase. This inhibition results in a decreased synthesis of 

cholesterol within the liver, leading to a reduction in circulating LDL cholesterol levels, 

which is crucial for the prevention and management of atherosclerosis and related 

cardiovascular diseases. Several clinical studies have validated the efficacy of RYR in 



Chapter I  Solid Lipid Nanoparticles From 
Coacervation Processes 

I-3 

 

reducing lipid levels, showing that the cholesterol-lowering effects of RYR preparations 

are not only comparable to synthetic lovastatin but may in fact be more potent. This 

enhanced efficacy is thought to be due to the synergistic action of multiple compounds 

within RYR, rather than monacolin K alone [61]. 

 

Figure 3 Structure of Lovastatin, or Monacolin K 

In addition to monacolins, RYR contains other biologically active constituents such as 

sterols, isoflavones, and unsaturated fatty acids, all of which may contribute to its overall 

lipid-lowering and cardiovascular protective effects. Moreover, the traditional 

fermentation process, which utilizes specific strains of Monascus purpureus, plays a critical 

role in determining the concentration and composition of these bioactive compounds. 

Variations in fermentation conditions, such as temperature, duration, and the specific 

strain of Monascus employed, can significantly impact the levels of monacolins and other 

metabolites in the final RYR product. This variability underscores the importance of 

standardizing RYR preparations to ensure consistent therapeutic outcomes. In conclusion, 

Red Yeast Rice represents a compelling example of how traditional food products can 

offer significant health benefits, particularly in the management of lipid disorders. Its 

multifaceted hypolipidemic effects, derived from a complex interplay of various bioactive 

compounds, highlight the potential of RYR as a natural and effective alternative to 

synthetic statins for individuals seeking to manage their cholesterol levels through diet. 
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I.3.  Coacervation – based Solid Lipid Nanoparticles 

Suitable carriers based on hydrogels [62,63], polysaccharide complexes [64], and liposomes 

[65–67] have been designed as delivery systems of poorly soluble nutraceuticals allowing 

their transport in aqueous media and in situ delivery while avoiding possible undesired side 

effects. SLNs show greater biocompatibility, lower toxicity, and better delivery of lipophilic 

drugs with respect to hydrogel. Furthermore, SLNs are more physically stable than 

liposomes, and they show a favorable cost-effective ratio. Solid Lipid Nanoparticles 

(SLNs) are one of the promising nanocarriers for both hydrophilic and lipophilic 

compounds, because of their low toxicity, physical stability [68], high encapsulation 

efficiency [10], and the ability to modulate the drug release kinetics. They are generally 

composed of a lipidic solid core and a stabilizing environment that improves physical 

stability during storage and reduces the interfacial energy between the lipidic core and 

aqueous environments [69,70]. Because of their easy dispersion in water, SLNs are also 

appropriate for intravenous administration, and the possibility of surface functionalization 

makes them a suitable carrier for theragnostic treatments [71]. Due to their solid and 

crystalline nature, lipids in the SLN can be packed in different conformations that could 

affect drug entrapment, and that is why proper storage and treatment are necessary to 

avoid drug expulsion from solid lipid nanoparticles; the less packed lipid’s crystalline form 

obtained during the synthesis tends to evolve into more packed and stable forms, resulting 

in drug expulsion and particle agglomerates. The most common methods to obtain solid 

lipid nanoparticles are ultrasonication [31], high-pressure homogenization [72], 

microemulsion, and acoustic cavitation [73]. Many of these methods are usually time-

consuming and require specific instrumentation to be performed. Coacervation [74–77] is 

a simple method based on the heating of aqueous dispersions with a specific salt of fatty 

acids above its Krafft point. Heating the lipid’s dispersion is one of the crucial points of 

this method, as the Krafft Point is defined as the temperature above which the solubility 

of a surfactant becomes equal to the critical micellar concentration [78]. The emulsion is 

then created by adding the stabilizer solution, and a coacervating agent to trigger the SLN 

formation by pH change. This mixture is then quickly refrigerated and always kept under 

stirring. Regarding the drug distribution within the solid lipid nanoparticles, three main 

possibilities have been demonstrated: a drug-enriched core, a drug-enriched shell, and a 

homogeneous matrix. Those distributions are difficult to discern with common techniques 
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[79], but they usually discriminate the release profiles. Although many Solid Lipid 

Nanoparticles loaded with Quercetin have been already studied [80–85], there are not so 

many examples of loaded SLNs prepared with a coacervation method. In this work, this 

method was used to synthesize SLN loaded with Quercetin. Loaded and unloaded SLNs 

were qualitatively analyzed using FTIR-ATR, ToF-SIMS, DLS, and Zeta potential. 

Quercetin encapsulation efficiency and release, and QuercSLN antioxidant activity against 

ABTS•+ were evaluated using UV-VIS spectrophotometry methods. 
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I.4.  Materials and Methods 

I.4.1. Materials 

Citric acid 99%, Sodium Stearate, Quercetin (3, 30, 40, 5, 7—pentahydroxyflavone) 

dihydrate, Pur-A-Lyzer™ Mega 3500 kit MWCO 3.5 kDa membranes, ABTS (2,20-Azino-

bis (3-ethylbenzthiazoline-6-sulfonic acid)), Lovastatin (analytical standard), Simvastatin 

(analytical standard), and K2S2O8 (Potassium persulfate) were purchased from Merk Italy 

(Milano, Italy). Instant soluble Gum Acacia 396I (Arabic Gum) was purchased from Alland 

& Robert Port-Mort, (France). Red Yeast Rice powder was kindly provided by Medibase 

SRL (Prato, IT). 

 

I.4.2. Preparation of Quercetin-loaded Solid Lipid Nanoparticles 

The coacervation method proposed by Battaglia et al. [75,86] was adopted to obtain 

negatively surface-charged Solid Lipid Nanoparticles. The lipid’s salt (sodium stearate) was 

dispersed in distilled water and heated above the Krafft Point under 300 rpm stirring until 

a clear solution was obtained. A Quercetin solution in absolute ethanol (5 mM) or alcoholic 

RYR extract was then added to the hot lipid solution. Then the stabilizer solution (Arabic 

gum) was added dropwise to the hot mixture under stirring. Finally, the coacervating agent 

(Citric acid) was added dropwise until pH 4 was reached, and an iced water bath was used 

to bring the temperature down to 15 °C while keeping the mixture under stirring. Non-

loaded SLNs were prepared following the same procedure, without adding Quercetin 

solutions or RYR extracts. 

 

I.4.1. Extraction from Red Yeast Rice powder 

One gram of  Red Yeast Rice (RYR) was suspended in 10 mL of  absolute ethanol and 

vortexed for 10 minutes. The resulting suspension was subjected to magnetic stirring for 6 

hours, followed by centrifugation for 5 minutes at 4000 rpm. The supernatant obtained 

was stored at 4 °C. Extractions were performed in triplicate. 
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I.4.2. Encapsulation Efficiency 

The free amount of drug in the freshly prepared Quercetin-loaded SLN suspension was 

separated by centrifugation [82,87] at 4000 rpm for 10 min. Due to its high insolubility in 

water, the excess amount of Quercetin precipitates. The supernatant with SLN suspension 

is then separated. 

 Quercetin pellets were resuspended in ethanol for determination via UV–VIS 

measurements of Encapsulation Efficiency, reading the absorbances at 375 nm and then 

calculated by Equation (4).  

𝐸𝐸% =  
𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 − 𝑓𝑟𝑒𝑒 𝑑𝑟𝑢𝑔

𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔
× 100 

(4) 

All the UV–VIS measurements were carried out in triplicate using a Perkin–Elmer Lambda 

25 spectrophotometer. 

For lovastatin-loaded SLNs, the suspension was centrifuged at 15100g for 90 minutes, 

keeping the temperature at 4 °C. The supernatant containing all the free drugs was then 

freeze-dried and dissolved in methanol for HPLC-DAD analysis (Thermo-Fisher UltiMate 

3000) using a Phenomenex Kinetex C18 Polar column (150 x 2.1 mm, 2,6 µm, 100 Å) with 

an isocratic method consisting in 40% H2O with 0.1% (v/v) formic acid and 60% 

Acetonitrile with 0.1% (v/v) formic acid. The column temperature was kept at 40 °C, and 

chromatograms were recorded at 236 nm. Simvastatin was used as an internal standard. 

Before analysis, the extracts were filtered through a 0.22 µm PTFE syringe filter. The total 

amount of Lovastatin in the extract was then used to calculate the Encapsulation 

Efficiency. 

 

I.4.3. DLS and Zeta Potential Measurements 

Particle size and Zeta potential were determined with Photon Correlation Spectroscopy on 

a Malvern Zetasizer Nano ZS-90 at 25 °C and a 90° detector angle. DLS measurements 

were performed on a diluted (10% v/v) SLN suspension before and after filtration with a 

0.2 µm syringe filter to check the homogeneity of particle size. Measurements were 

conducted in triplicate. 
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I.4.4. FT-ATR  

FTIR spectra of loaded and unloaded Quercetin SLNs were recorded with a Nicolet iS50 

FT-IR using an ATR accessory equipped with a Ge crystal as IRE. FT-IR was primarily 

used to determine the composition of both Quercetin-loaded and unloaded Solid Lipid 

Nanoparticles. To investigate the role of a filtration step in the purification process (see 

Section 2.3) spectra of collected SLN and filtrate were recorded. 

 

I.4.5. ToF-SIMS analysis 

ToF-SIMS experiments were carried out on a TRIFT III spectrometer (Physical 

Electronics, Chanhassen, MN, USA) equipped with a 22 KeV Au+ gold liquid-metal 

primary ion source with a beam current of 600 pA at an incidence angle of 45°. The gold 

source was used for both sputtering and analysis. SLNs were analyzed on Si substrates after 

desiccation in a vacuum box. Substrates were maintained overnight in a conditioning pre-

chamber with a vacuum value of 10−4 Pa and then transferred to the analyzing chamber at 

a vacuum value of 10−9 Pa without further manipulation. For the analysis, positive and 

negative ion spectra were acquired with a pulsed, bunched primary ion beam, by rastering 

the ion beam over a 200 × 200 µm sample area and maintaining static SIMS conditions 

(primary ion dose density less than 1012 ions/cm2). Positive ion spectra were calibrated 

with CH3
+ (m/z 15.023), C2H3

+ (m/z 27.023), and C3H5
+ (m/z 41.071) fragments, as 

reported elsewhere [88]. The mass resolution (m/ΔM) was 3000 at m/z 27. 

 

I.4.6. Differential Scanning Calorimetry  

Differential Scanning Calorimetry was performed on a DSC Q1000 (TA Instruments) 

using a thermal ramp between 30 °C and 100 °C, increasing temperature at 2 °C/min to 

determine the crystalline index and fusion enthalpies of Stearic acid all samples using 

Equation (5). 

𝐶𝑖(%) =
∆𝐻ₛₗₙ

∆𝐻ₛₐ 
 × 100 

(5) 

Where ∆𝐻ₛₗₙ represents the fusion enthalpy for solid lipid nanoparticles and ∆𝐻ₛₐ 

represents the fusion enthalpy of bulk stearic acid. 
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I.4.7. In Vitro Quercetin Release 

In vitro Quercetin release was performed using a 3.5 kDa MWCO dialysis bag soaked 

overnight in distilled water for conditioning. The bag was emptied and then filled with 4.5 

mL of QuercSLNs suspension and soaked in 40 mL of 65:35 H2O/Ethanol mixture used 

as a releasing medium. As reported in the literature [85], adding Ethanol to the dissolution 

medium improves the solubility of Quercetin. The system was kept at 37 °C using a 

thermostated water bath, under gentle magnetic stirring. Aliquots of 2 mL of the 

dissolution method were withdrawn at specific time intervals and to provide sink 

conditions the same amount of fresh releasing medium was added to the system. The 

aliquots were then analyzed by UV–VIS spectrophotometry, reading the absorbances at 

375 nm, as previously described for the determination of unentrapped Quercetin. 

 

I.4.8. Quercetin Antioxidant Activity 

An antioxidant activity assay [89,90] was carried out with QuercSLNs to evaluate the 

reduction of activity against ABTS. For this method, ABTS was dissolved in water with a 

final concentration of 7.77 mM. The ABTS•+ radical was produced via activation with 

potassium persulfate and kept overnight in a dark place at room temperature. Before 

analysis, ABTS•+ was diluted with distilled water (1:30 v/v) and 10 µL QuercSLNs 

suspension was tested within 6 h reading the absorbance at 734 nm, using as blank the 

same amount of unloaded SLNs. Results were compared with data obtained from a 

Quercetin solution (1.6 mM) obtained following the same procedure but reading the 

absorbance value 30 min after preparation and using as blank an ABTS•+ solution. The 

scavenging effect percentage of QuercSLNs and Quercetin was evaluated using the 

following equation. (Equation (6)) 

𝑆𝑐𝑎𝑒𝑣𝑛𝑔𝑖𝑛𝑔 % = (1 −
𝐴𝑏𝑙𝑎𝑛𝑘

𝐴𝑠𝑎𝑚𝑝𝑙𝑒
) × 100 

(6) 
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I.5.  Results and Discussions 

I.5.1. Coacervation Method  

To prepare empty and loaded SLNs, the coacervation procedure was adopted and the 

different components used to synthesize Quercetin-loaded and unloaded SLNs are listed 

in Table 1. 

Table 1 Amounts of components used for Solid Lipid Nanoparticles Synthesis 

Components SLN QuercSLN RYR-SLN 

Sodium Stearate 
(mg)* 

107 107 107 

Arabic Gum (mg) 100 200 200 

1M Citric Acid (mL) 0.2 0.2 0.2 

Quercetin 5mM (mL) - 1.5  

Red Yeast Rice 
Extract (mL) 

- - 0.5 

Water (mL) 9.8 9.8 9.8 

Total Volume (mL) 10 11.5 10.5 

*107mg of sodium stearate corresponding to 100 mg of Stearic acid 

During the coacervation procedure, the surfactant solution was heated above the Krafft 

Point under stirring. In the case of loaded SLNs, the cargo was added after this step. Then, 

the stabilizer and coacervating agent were added dropwise. Once pH ≈ 4 was reached, the 

solution became opalescent, and the temperature was maintained at 15 °C. The dispersion 

was immediately purified following the methods described above to remove the 

unentrapped drug. As an example, Figure 4 shows the coacervation process for 

QuercSLNs preparation.  
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Figure 4 Steps of the Coacervation Process for QuercSLN 

 

I.5.2. DLS and Zeta Potential Measurements 

The loaded QuercSLNs showed a diameter of 480. 1 ± 112.0 nm with a PDI 0.182 ± 0.101 

and a Zeta-potential of −27.4 ± 0.6 mV. Both these data were obtained on a diluted 

suspension (10% v/v QuercSLN suspension). Regarding the purification process by 

filtration, particle size, and zeta potential were evaluated also for particles that can pass 

through a 0.2 µm filter, and for a solution obtained from SLNs of larger dimensions 

recovered from it. Table 2 summarizes the results of the Zeta potential and size analysis. 

Table 2 Particle size and Zeta Potential for QuercSLNs and RYR-SLNs 

Sample Size (diameter in nm) PDI 
Zeta Potential 

(mV) 

SLN 476.5 ± 53.3 0.11 ± 0.02 -28.6 ± 0.3 

QuercSLN 480.1 ± 122.0 0.182 ± 0.101 -27.4 ± 0.6 

Filtered QuercSLN 279.4 ± 4.6 0.206 ± 0.013 -26.1 ± 0.3 

Recovered from 
filter QuercSLN 

422.0 ± 14.1 0.200 ± 0.029 -33.6 ± 0.4 

RYR-SLN 458.9 ± 54.3 0.2 ± 0.1 -28.5 ± 0.3 

 

The negative Zeta potential is given by the stabilizer shell composed of Arabic gum, 

probably because of either the polymer disposition [36] or the presence of deprotonated 

d-glucuronic acid and 4-O-methyl–d–glucuronic acid [91], in the conditions of analysis. 

Moreover, peptides and proteins that are present in this natural mixture, may also 

contribute to the net surface charge of SLNs. 
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I.5.3. FTIR-ATR analysis 

Figure 3 shows the IR spectra of the principal components of Solid Lipid Nanoparticles. 

Table 3 summarizes the main wavenumbers observed in the IR spectra together with their 

assignments. 

  

(a) (b) 

  

(c) (d) 

Figure 5 IR spectra of SLNs' main components: Sodium Stearate (a), Citric Acid (b), Arabic Gum (c) and Quercetin (d). 
Distinctive signals are highlighted 

 

The IR spectrum of Sodium Stearate (Figure 3a) is characterized by the intense CH2 signal 

between 3000 and 2760 cm−1, due to symmetric and asymmetric stretching, and for the 

COO− absorptions at 1600 and 1400 cm−1 (asymmetric and symmetric stretching, 

respectively). The IR spectrum of Citric acid (Figure 3b) shows the broad OH band 

between 4000 and 3000 cm−1, with the broadening effect mainly due to H-bonds 

formation, and the COOH stretching at 1700 cm−1. For Arabic gum, the IR spectrum 

(Figure 3c) is dominated by the CH2 band between 3000 and 2800 cm−1, and the 
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polysaccharidic distinctive signals due to the vibration of the polysaccharidic rings in the 

1100–900 cm−1 range. Finally, the main distinctive signals for Quercetin (Figure 3d) fall in 

the 1600–1000 cm−1 range, due to C=C aromatic bonds (1520 cm−1), =C-OH phenol 

group (1321 cm−1), typical phenolic moiety (1377 cm−1), C-O-C stretching (1260 cm−1), 

and the conjugation of aryl ether with C=C-O of the aromatic ring (1014 cm−1) [47]. 

Moreover, the broad band of OH stretching is observed in the 3402 and 3324 cm−1 spectral 

range. 

Table 3 Main wavenumbers observed and relative assignment 

Wavenumber (cm-1) Spectrum Assignment 

3000-2760 Sodium Stearate CH2 symm. and asymm stretching 

1600  COO- asymm stretching 

1400  COO- symm stretching 

4000-3000 Citric Acid OH group 

1700  C=O stretching of COOH 

3000-2800 Arabic Gum CH2 stretching 

1100-900  Polysaccharidic moiety 

1520 Quercetin C=C aromatic bonds 

1321  =C-OH phenol group 

1377  Phenolic moiety 

1260  C-O-C stretching 

1014  Aryl ether conjugation with C=C-O 

3402, 3324  OH stretching 

 

Figure 6 shows the IR spectra of the suspension of SLNs. In particular, the IR spectrum 

of the SLNs portion passed through the filter is shown in Figure 6a, whereas Figure 6b 

shows the IR spectrum of SLNs recovered from the 0.2 µm filter surface (they represent 

the SLNs portion that does not pass through the filter because of higher dimensions). The 

distinctive signals in these figures are highlighted with the same color as the compounds 

that generate them. 



Chapter I  Solid Lipid Nanoparticles From 
Coacervation Processes 

I-14 

 

 
 

(a) (b) 

Figure 6 IR spectra of filtered (a) and recovered (b) SLN suspensions 

It is noticeable how the filtration process lets pass through the 0.2 µm pores only Solid 

Lipid Nanoparticles with a core structure (stearic acid) that is smaller in proportion to the 

stabilizer (Arabic gum) shell, while the portion obtained from the residues on the filter 

surface shows how SLNs that cannot pass through the pores had a stearic acid core that is 

bigger in proportion to the Arabic gum stabilizing shell. 

The IR spectrum of QuercSLNs is reported in Figure 7. It shows all the characteristic 

absorption bands of the main components. The presence of the absorption band centered 

at 1700 cm−1, assigned to the protonated carboxylic group (COOH), and the absence of 

the two absorptions of the carboxylate group (COO−) (1600 and 1400 cm−1), confirm that 

the stearate is in the form of stearic acid. 

 

Figure 7 IR spectrum of QuercSLN 
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I.5.4. ToF-SIMS 

Samples of empty SLNs, Quercetin-loaded loaded-SLNs, and RYR-SLNs were analyzed 

by ToF-SIMS to deeply analyze their composition. Both samples were mainly composed 

of stearic acid and Arabic Gum, with characteristic fragments ions listed in Table 4. Arabic 

Gum is a mixture of primarily l—arabinose, l—rhamnose, d—glucuronic acid, and 1—3 

β—galactopyranosyl; those monosaccharides fragmentations and molecular ions [92] are 

used as a reference for the Arabic gum presence. Fragments at m/z 123 and 125 were 

present in both spectra, and they could be assigned to the fragmentation of both stearic 

acid and Quercetin, thus these two fragments were not included as indicatives of Quercetin 

presence in the loaded SLNs. 

Table 4 Mass peaks assignments. Molecular ions are highlighted 

m/z Sample Assignment 

285 SLN/QuercSLN C18H37O2+H+ (Stearic Acid) 

267 SLN/QuercSLN C18H35O (SA-H2O) 

239 quercSLN C17H36 (SA-COOH) 

303 quercSLN C15H10O7+H+ (Quercetin) 

91.05 quercSLN C7H7
+ 

101 SLN/quercSLN C5H9O2
+ (L-rhamnose) 

115 SLN/quercSLN M-2H2O+H (L-arabinose) 

115 SLN/quercSLN C2 to C6 fragment (D-galactose) 

133 SLN/quercSLN M-H2O+H (L-arabinose) 

145 SLN/quercSLN M-2H2O + H (L-rhamnose, D-
Galactose) 

427 RYR extract/SLN_RYR [M+Na]+ (Lovastatin) 

 

Figure 8 reports spectral extracts from both bare Solid Lipid Nanoparticles and Quercetin-

loaded SLNs. Only the QuercSLNs spectrum shows the characteristic peak of Quercetin 

molecular ion at 303 m/z. The same behavior was confirmed on RYR-SLNs, where the 

indicative ion was a Lovastatin abduct with sodium (m/z 427) which is only present in 

RYR extract and purified SLNs (Figure 9). 
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(a) (b) 

  

(c) (d) 

Figure 8 ToF-SIMS (positive ions) spectra extract of SLNs (a) (b), and QuercSLNs (c) (d) 
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(a) (b) 

 

(c) 

Figure 9 ToF-SIMS spectra of empty SLN (a), RYR extract(b) and RYR_SLN (c) 

 

I.5.1. Thermal analysis 

Thermograms acquired for solid lipid nanoparticles and bulk stearic acid are reported in 

Figure 10. The shift in the melting peak can be attributed to the differing crystalline 

structures (polymorphic forms) of the lipid in SLNs compared to the bulk system. The 

distinct molecular organization in these two cases results in variations in enthalpy and 

melting point [93]. Stearic acid crystallizes into several polymorphic forms, with the most 

prominent being form A, which crystallizes in a triclinic system with a melting point of 

46°C; form B, with a melting point of 54°C; and form C, with a melting point of 74°C, 

which crystallizes in a monoclinic system [94]. Generally, the more stable form corresponds 

to the one with the higher melting point, due to the greater packing density of the 
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molecules [95]. Consequently, form C is the most stable, while form A is the least stable. 

Therefore, less energy is required for the melting of less ordered crystals compared to a 

perfectly crystalline structure [96]. The enthalpy values calculated for the melting process 

of stearic acid and SLNs are 198 J/g and 28.22 J/g, respectively, which gives a crystallinity 

index of 14.23%. 

 

Figure 10 Thermograms for SLN and bulk stearic acid 

 

I.5.2. Drug Encapsulation Efficiency 

The amount of free Quercetin in QuercSLN suspension was determined by interpolation 

of samples’ absorbances obtained from centrifugation with a calibration curve in the range 

1 × 10−6 – 5 × 10−5 M (R2 = 0.9997). The formulation for QuercSLN showed an 

encapsulation efficiency of 80.4 ± 0.26% calculated using Equation (4). 

The initial amount of Lovastatin in RYR extracts and the free drug in the formulation was 

determined by interpolation with a calibration curve built in the range between 0.1 and 40 

ppm (R2=0.998), using a fixed amount of 10 ppm for Simvastatin internal standard. With 

this method, the quantified lovastatin in the initial RYR extract was 1.5 ± 0.4 %, with an 

overall encapsulation efficiency of 87.5 ± 0.5 %. 
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I.5.3. In Vitro Quercetin Release 

The release profile of Quercetin in a 65:35 H2O/Ethanol dissolution medium is reported 

in Figure 11. Quercetin release from QuercSLN in 65:35 H2O/EtOH dissolution medium. 

 

Figure 11 Quercetin release from QuercSLN. 

The release fits an exponential curve with equation 𝑌 = 35.22 × (1 − 𝑒−0.20𝑥) 

(R2 = 0.9876). The total amount of Quercetin released through the membrane in the 

dissolution medium after 26 h is 36.7% of the total Quercetin used during the synthesis. 

In the first 4/5 min, approximately 20% of the encapsulated Quercetin is released. This 

amount corresponds to approximately half of the total amount released within 26 h (≈37% 

of encapsulated). The initial faster release suggests that ≈50% of the released Quercetin 

may be located within the stabilizer shell (the outermost layer of the nanoparticles). The 

remaining amount is released much more slowly within 26 hours, suggesting that this 

quantity (≈50% of the total released) could be entrapped in the core of SLNs. These 

findings suggest that Quercetin could be homogeneously distributed through the overall 

nanoparticle structure (≈50% in the nucleus and the other ≈50% in the outer shell of the 

SLNs). 

 

I.5.4. Quercetin-Loaded SLNs antioxidant assay 

Antioxidant activity was measured in vitro by an ABTS•+ assay and compared to that of a 

free Quercetin solution of the same concentration to understand if and to what extent the 

nanocarrier could affect the scavenging effect of the Quercetin and to assess the SLN 
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effect in controlling the nutraceutical delivery over time. The composition of the samples 

for the evaluation of the antioxidant activity of QuercSLN is shown in Table 5. 

Table 5 Samples compositions for antioxidant activity assay 

Sample Blank SLN QuercSLN Quercetin 

SLN (µL) - 10 - - 

QuercSLN (µL) - - 10 - 

Quercetin 1.6mM 
(µL) 

- - - 10 

ABTS•+ (mL) 1 1 1 1 

Water (µL) 100 90 90 90 

Total Volume 
(mL) 

1.1 1.1 1.1 1.1 

 

The absorbances of samples were measured at regular intervals within 6 h after preparation, 

with a total scavenging effect after 6 h of ≈73.0%. After 24 h the sample of Quercetin-

loaded SLNs was completely discolored. The same test performed on 10 µL of a 1.6-mM 

Quercetin solution provided a 90.3 ± 0.5% scavenging effect after 30 min from sample 

preparation. This demonstrated the preserved antioxidant activity of Quercetin in 

QuercSLNs and its time-persistent effect due to a controlled release of the antioxidant 

molecule. The time-dependent behavior of the analyzed samples is reported in Figure 12. 

 

Figure 12 Time-dependent antioxidant activity of QuercSLN compared to that of a free Quercetin solution of the same 
concentration 
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I.6. Conclusions 

Coacervation was demonstrated as a high-loading method for both Quercetin and RYR 

extracts, and an overall simple process to obtain solid lipid nanoparticles, as confirmed by 

both DLS and Zeta potential measurements that provided the dimensions and charge of 

the nanoparticles, and FTIR/ATR and ToF-SIMS that provided the proper SLNs 

composition. 

The release profile of QuercSLN followed an exponential plateau pathway within 26 h, 

evidencing a homogeneous distribution of the drug within the SLNs, and the system 

showed a controlled antioxidant effect compared to free Quercetin, demonstrating that the 

encapsulated nutraceutical largely preserves its antioxidant activity (≈81% of that of free 

Quercetin). 

As per QuercSLNs, data collected for RYR-SLNs showed a monodisperse sample, with a 

negative Zeta Potential. Differential Scan calorimetry confirmed a different and less packed 

crystalline form with respect to bulk stearic acid.  

Based on these data, Solid Lipid Nanoparticles synthesized via a coacervation method were 

demonstrated as suitable candidates as systems for the controlled delivery of Quercetin 

and other lipophilic drugs or nutraceuticals. 
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II. OPTIMIZATION OF SYNTHETICAL ROUTES 

FOR SOLID LIPID NANOPARTICLES 

 

II.1. Design of Experiment methodology2 

The principles of quality by design (QbD) are founded on a comprehensive and deep 

understanding of the manufacturing process and its influence on the final product. With 

the QbD process, the quality of the final product is not controlled by simply testing the 

final result but is implemented in the building process of the material, to further be 

optimized and modified according to the manufacturer’s needs [97,98]. The study of the 

main factors involved in a production process becomes relevant in nanoparticulate matter 

production, as small changes in the manufacturing process could result in very different 

final products. The actual unavailability of pharmaceutical products based on 

nanoparticulate systems is mainly explained by the manufacturer’s inability to control their 

quality and safety [99], as those systems are very susceptible to changes in their production 

processes. For this reason, is important to apply QbD-oriented approaches from early-

stage research, as the identification of critical process parameters and critical material 

attributes could lead to a successful implementation of the desired product, with a robust 

production process that can be easily adjusted by identification of the principal factors that 

influence a certain final product’s property. Nanoparticulate products, in particular, require 

high standards of uniformity of samples in terms of dimensions and monodisperse size 

populations [100]. In this context, the design of experiments (DoE) is the main statistical 

approach that leads to the identification of relevant parameters influencing the final 

product, using an approach that also allows investigating possible antagonism or synergy 

between the involved relevant factors [101]. 

The identification of factors involved in a measured response is conducted by performing 

a variable number of experiments, which can be modified according to the desired 

resolution in the tested experimental space. The most basic approach to experimental 

 
2 This chapter partially reports results already published in Talarico, L.; Pepi, S.; Susino,S.; Leone, G.; 
Bonechi, C.; Consumi, M.; Clemente, I.; Magnani, A. Designand Optimization of Solid Lipid Nanoparticles 
Loaded with Triamcinolone Acetonide. Molecules, 2023, 28, 5747. 
https://doi.org/10.3390/molecules28155747 
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design consists in performing a full factorial design, in which the number of factors studied 

is tested at two levels, usually codified as +1 (higher value) and −1 (lower value), for two-

level designs, and −1, 0, and +1 for three-level designs [102,103]. This implies that the 

total number of runs to be performed varies as 2n or 3n, and, for this reason, full factorial 

designs are usually implied for screening a minor number of variables. Other experimental 

designs, with reduced amounts of experimental runs, were created to overcome the 

exponential growth of samples to be analyzed. Plackett–Burman designs are considered 

effective screening designs of experiments when a large number of factors is involved, as 

they require only a number of experiments that correspond to the first multiple of four 

higher than the factors to be screened [104]. For this reason, these kinds of designs are 

also used as preliminary screening for more complete, full factorial designs. In the study 

performed by Shah et al., a Plackett–Burman design was implemented to study the 

influence of six parameters on the synthesis of Levofloxacin-loaded solid lipid 

nanoparticles (SLN), and then a three-level, full factorial design was used to monitor the 

most relevant factors selected and their influence on the responses with a higher degree of 

resolution [105]. Optimization designs, also known as Surface Response Methodologies 

(SRM), are implemented on already consolidated processes or when previous screening on 

the relevant variables was performed. Each factor to be optimized is studied at least in 

three levels, allowing the study of quadratic and cubic terms to be included in the 

polynomial equation used to predict the behavior of a selected response, where a 

combination of independent factors could contribute in a synergistic (positive sign) or 

antagonistic way (negative sign) to the response [106]. The most-used kind of optimization 

design is the Central Composite Design (CCD) (Figure 13), based on a classical full 

factorial design, with the addition of center points and the so-called star points, which are 

intermediate points located at a precise distance, called alpha, from the design center [107].  

 

Figure 13 Schematic representation of a three factor Central Composite Design 
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The alpha value determines the kind of Central Composite Design obtained [101,108]. 

With the use of CCDs, the simultaneous optimization of parameters can be achieved using 

desirability functions. In this way, a set of possible solutions is proposed in function of the 

established goal for each response, with an assigned desirability index (DI) from 0 to 1 that 

provides an overall measure of how well the combination of factors satisfies the desired 

goals. 

In this chapter, two different optimization processes are reported. For the first one, A 

Central Composite design is used to study the synthetical design space for Triamcinolone 

Acetonide-loaded Solid Lipid Nanoparticles obtained with a hot emulsion, ultrasonic-

assisted method. The second experimental design is aimed to optimize the synthesis of 

another SLN system made by different lipids and encapsulating Thymol, operating a 

slightly modified version of the synthetical procedure used before. The design space is 

studied via a Box-Behnken design. 

 

II.2. Triamcinolone Acetonide-loaded SLN 

Many different synthetical routes can be used to synthesize solid lipid nanoparticles with 

different characteristics. Ultrasonic-assisted methods are among the most common routes, 

together with hot and cold homogenizations, double emulsions, solvent evaporation, and 

coacervation by precipitation of fatty acid salts [77,109]. 

SLNs are proposed as substitutes for conventional colloidal systems for their good 

biocompatibility and biodegradability and for their advantage over other lipidic 

nanoparticles of being synthesized without using organic solvents. Furthermore, the 

overall encapsulation efficiency of SLNs is higher compared to other lipidic nanocarriers 

capable of delivering lipophilic compounds, such as quercetin [65,110], and solid lipid 

nanoparticles are demonstrated to be resistant to freeze-drying and spray-drying processes, 

enhancing their shelf-life [76]. In the field of SLNs, Central Composite Designs have been 

widely used to optimize the physiochemical characteristics of those nanosystems, as they 

play a major role in the loading and stability of dispersions. 

Triamcinolone Acetonide (TA, Figure 14) is an angiostatic corticosteroid that can be used 

against neovascularization in different environments, including eye segments [38,39,40], 

and it is also a lipophilic molecule with low solubility in water (21 µg/mL at 28 °C) [111].  
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Figure 14 Structure of Triamcinolone Acetonide, a synthetic corticosteroid 

Its low water solubility causes low bioavailability and permeation of biological membranes 

or mucosa [112], and delivery systems or permeation enhancer systems are usually required 

for Triamcinolone Acetonide administration. Although the synthesis of solid lipid 

nanoparticles using Stearic Acid/Tween 80 has already been reported and demonstrated 

to permeate membranes [113], fewer studies are focused on the optimization of the 

synthetical procedure and the exploration of experimental space with QbD approaches. 

Presented here is an optimized formulation of solid lipid nanoparticles loaded with 

Triamcinolone Acetonide (TA-SLN) prepared with hot oil in water emulsions exclusively 

assisted by ultrasonication and studied using quality by design and design of experiment 

(DoE) principles applying a Circumscribed Central Composite Design to key factors such 

as lipid quantity, surfactant quantity, and sonication power and exploring their influences 

on particle size and Zeta potential. The optimized formulation within the tested 

experimental space has the goal of minimizing dimensions and maximizing the Zeta 

potential of TA-SLN. The optimized formulation’s encapsulation efficiency is reported 

after purification via Size Exclusion Chromatography. 

 

II.3. Thymol-loaded SLN 

Thymol (Figure 15) is a naturally occurring compound that plays a significant role as one 

of the principal constituents of essential oils extracted from the herb thyme (Thymus 

vulgaris). It is classified as a volatile monoterpene phenol and is characterized by its distinct 

and pungent aromatic odor. This compound is biosynthesized in plants through a series 

of enzymatic reactions. The biosynthetic pathway begins with the cyclization of geranyl 

diphosphate, a key precursor in the formation of monoterpenes. This initial step leads to 

the formation of γ-terpinene, a cyclic hydrocarbon, which is subsequently aromatized into 
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p-cymene. Finally, the hydroxylation of p-cymene at specific positions on the aromatic ring 

results in the formation of 2-isopropyl-5-methylphenol, or thymol [114,115].  

Thymol's biological activity and chemical properties make it highly valuable across a range 

of industries, most notably in the pharmaceutical, cosmetic, and food sectors. Its broad 

spectrum of antimicrobial, antifungal, and anti-inflammatory properties have been widely 

recognized, and these therapeutic benefits have led to its incorporation into various 

formulations. In the pharmaceutical industry, thymol is used in antiseptic and disinfectant 

products due to its ability to combat a wide variety of pathogens, including bacteria, fungi, 

and viruses. In the cosmetic industry, thymol is commonly incorporated into skincare 

products and formulations aimed at treating acne, inflammation, and microbial infections 

of the skin. Furthermore, the food industry has utilized thymol as a natural preservative, 

thanks to its antimicrobial properties, which help in inhibiting spoilage caused by 

microorganisms.[114,116–118]. Despite beneficial uses, thymol, like other phenolic 

compounds, its practical application is limited by its low bioavailability, high volatility, and 

sensitivity to light. The oxidative byproducts of thymol are usually inactive and can also 

result in the generation of harmful substances that may trigger allergic reactions. For all 

those reasons, the encapsulation of thymol in various kinds of delivery systems has been 

studied [118–120]. 

 

Figure 15 Structure of Thymol 

One of the Response-surface methodologies design that reduces the number of 

experiments needed is the so-called Box-Behnken design, which contains all the 

experimental runs set to each middle-point value of the factor to be tested. Besides 

reducing the number of experiments needed when the number of factors increases, Box-

Behnken designs became useful when there are constraints or extreme values in the 

independent factors that cannot be tested due to practical or instrumental reasons The 
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number of experiments required for the development of this kind of design is defined as 

in Equation (7) 

𝑁 = 2𝑘(𝑘 − 1) + 𝐶𝑜 (7) 

 

Where 𝑘 is the number of independent factors and 𝐶0 is the number of central points 

[121,122]. The usual number of center points may vary between 3 and 5, as their presence 

is important to test for curvature and estimate pure error on each run. The advantage of 

using a Box-Behnken design instead of a full factorial becomes evident as the number of 

independent variables to be tested becomes more than 3: with just 4 independent variables 

a Box-Behnken design requires 25 runs instead of 81 runs of a three levels full factorial, 

the minimum, required for optimization and response surfaces methodologies. The 

average response value from center points is compared to the estimated value obtained 

from the average of all the other design points. If there is curvature, the actual center point 

will be different from the average value obtained from the other experimental design runs. 

An example of a design space composed of three independent factors and tested with a 

Box-Behnken design is reported in Figure 16. 

 

Figure 16 Schematic representation of three factors of Box-Behnken design 
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II.4. Materials and Methods 

For TA-SLN: Absolute ethanol, Stearic Acid (≥98%), Tween 80 (for synthesis), L-α-

phosphatidylcholine (from soybean, type II-S, 14–29% choline basis), Triamcinolone 

Acetonide (Analytical Standard), Acetonitrile (hyper grade, for LC-MS), formic acid (98–

100% for HPLC LiChropur™) and Sephadex® G-50 were purchased by Sigma Aldrich 

(Milano, Italy). 

For Thymol-SLN: Precirol ATO 5 was kindly provided from Gattefossè (France), 

DDAB (dimethyl dioctadecyl ammonium bromide), Thymol (2-isopropyl-5-methylphenol, 

analytical standard), Tween 80 (for synthesis), and Amicon® Ultra 5000 were purchased 

from Sigma Aldrich (Milano, Italy), Phree SPE cartridges were purchased from 

Phenomenex (Torrance, CA, USA). 

 

II.4.1. Preparation of TA-SLN 

Solid lipid nanoparticles were prepared by an ultrasonic-assisted hot oil-in-water emulsion 

method [123,124]. The lipid phase composed of Stearic Acid and soy PC was melted under 

magnetic stirring and kept 10 °C above the Stearic Acid melting point, which is 69.3 °C. A 

volume of 500 µL of a standard solution of Triamcinolone Acetonide (1 mg/mL in 

ethanol) was added to the lipid phase. Separately, the aqueous phase containing the non-

ionic surfactant (Tween 80) was brought to the same temperature and slowly added to the 

melted lipid phase. The O/W mixture was kept under magnetic stirring (400 rpm) and at 

70 °C to create a pre-emulsion, and it was then sonicated in an ice bath for 10 min, with 

50% on/off cycles using a probe sonicator (Bandelin Sonoplus HD2070 equipped with a 

UW 2070 probe, BANDELIN electronic, Berlin, Germany). The resulting solid lipid 

nanoparticle dispersions were stored at 4 °C until further characterization. All the tests on 

the prepared formulation were measured on the same day as the synthesis. 

 

II.4.2. Central Composite Experimental Design 

The statistical analysis for the optimization was conducted with Design Expert 13, 

(StatEase, Minneapolis, MN, USA) with a circumscribed Central Composite Design 
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(alpha = 1.68). The independent optimization factors are listed in Table 6, where the w/v 

percentage refers to the total volume of the final dispersion (10 mL). 

Table 6 Independent Variables included in the experimental design 

Independent Variables 
Levels 

-1 +1 

A: Lipid (% w/v) 1.5 5.0 

B Tween (% w/v) 1.5 5.0 

C Sonication Power (%) 35 70 

 

Monitored responses were Zeta average as the index of dimensions and Zeta potential. 

Table 7 reports the suggested synthetical runs proposed by the Central Composite Design. 

Table 7 Experimental runs included in the CCD DoE 

Run A: Lipid (% w/v) B: Tween 80 (% w/v) C: Power (%) 

1 5.00 1.5 35 

2 5.00 1.5 70 

3 1.50 1.5 35 

4 1.50 5.00 35 

5 3.25 3.25 52 

6 3.25 3.25 52 

7 1.50 1.50 70 

8 3.25 3.25 52 

9 3.25 3.25 52 

10 6.20 3.25 52 

11 1.50 5.00 70 
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Run A: Lipid (% w/v) B: Tween 80 (% w/v) C: Power (%) 

12 3.25 3.25 52 

13 0.30 3.25 52 

14 3.25 0.30 52 

15 5.00 5.00 35 

16 3.25 3.25 52 

17 3.25 3.25 82 

18 3.25 3.25 23 

19 5.00 5.00 70 

20 3.25 6.20 52 

 

II.4.3. Quantification of unentrapped Triamcinolone Acetonide 

Size Exclusion Chromatography was used to separate the unentrapped Triamcinolone 

Acetonide from the TA-SLN. A volume of 1 mL of optimized TA-SLN was deposited on 

a packed column (30 × 2.5 cm) of swollen-up Sephadex® G-50, (Cytiva, Marlborough, 

MA, USA). Fractions corresponding to 3-column volumes were collected, and the ones 

containing Triamcinolone Acetonide were combined, freeze-dried, and concentrated to 

determine the overall encapsulation efficiency (EE%) of TA-SLN. 

Quantification of Triamcinolone Acetonide was achieved using a Thermo Fisher UltiMate 

3000 HPLC-DAD setup, equipped with a Kinetex C18 Polar column (250 × 2.1 mm, 100 

Å porosity, 2.6 µm particle size, Phenomenex, Torrance, CA, USA). The column oven was 

kept at 40 °C during all the experiments, using an isocratic method with A: H2O 0.1% v/v 

formic acid and B: Acetonitrile 0.1% v/v formic acid at the ratio of A:B = 60:40 (% v/v). 

Chromatograms were recorded at 240 nm. The sample injection volume was fixed at 3.00 

µL. For the quantitation of Triamcinolone Acetonide from purified SLN samples, a linear 

calibration curve was obtained between the concentration ranges of 0.5 and 25 ppm. 
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II.4.1. Synthesis of Thymol loaded Solid Lipid Nanoparticles 

Solid Lipid Nanoparticles were synthesized following an emulsification-sonication 

technique with some modifications: The lipid phase, containing Precirol ATO 5, DDAB, 

and thymol was heated 10 C above the lipid melting point (70 ° C). In the meantime, the 

aqueous phase was prepared by dissolving Tween 80 in a part of the total volume of water 

and was heated at the same temperature as the lipid phase. Next, the hot aqueous phase 

was added dropwise into the lipid phase and homogenized at 13500 rpm in an Ultra 

Turrax® T 25 for 3 min. The resulting emulsion was immediately sonicated Bandelin 

Sonoplus HD2070 equipped with a UW 2070 probe, BANDELIN electronic, Berlin, 

Germany to reduce the nanoparticulate dimensions. Then the remaining volume of cold 

water was added to the suspension, and a second sonication was done keeping the sample 

in an ice bath. 

 

II.4.2. Box-Behnken experimental design 

From a precedent study on SLN, the sonication step played a key role in determining size, 

Zeta potential, and PDI values. In this precedent design, the effect of  lipid and surfactant 

types and concentration were evaluated in function of  Size and Zeta potential. The 

quantities and types of  reagents and their respective quantities are listed in Table 8, while 

Table 9 reports the four independent values for the box-Behnken optimization design, 

along with their actual and coded values. 

Table 8 Lipid and surfactant types and concentrations 

Reagent Concentration (%w/v) 

Precirol ATO 5 (Lipid) 5% 

Tween 80 (Nonionic Surfactant) 3% 

DDAB (Ionic Surfactant) 0.9% 
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Table 9 Independent variables included in the Box-Behnken design 

Independent Variables 
Levels 

-1 0 +1 

A: Sonication Power (%) 40 55 70 

B: First sonication time (min) 2 5 8 

C: cycle 3 6 9 

D: First sonication volume (%) 3 5.5 8 

 

II.4.3. Thymol quantification 

Thymol quantification for the encapsulation efficiency calculation was obtained using 

high-performance liquid chromatography (HPLC). A new method was developed using a 

Thermo Fisher UltiMate 3000HPLC-DAD apparatus with a Kinetex C18 EVO column 

(250 × 2.1 mm, particle size 2.6 µm, porosity 100Å). The elution of  Thymol was obtained 

with an isocratic method using as mobile phases 60:40 (%v/v) of  H2O and Acetonitrile. 

The flow rate was 0,4 mL/min and the column temperature was kept at 40°C. All the 

chromatograms were recorded at 274nm. A stock solution of  thymol (3mg/mL) was 

prepared by dissolving thymol in a solution of  80% Acetonitrile and 20% water. Standard 

solutions for the calibration curve were prepared from the dilution of  the stock solution 

in a range between 10 and 80 ppm. 

The Limit of  Detection (LOD) and the limit of  quantification (LOQ) of  the proposed 

method were calculated considering the standard deviation (σ) and the slope of  the 

calibration curve (S) using respectively Equations (8) and (9), as described by International 

Committee of  Harmonization (ICH) and European Medicine Agencies (EMA) guidelines. 

𝐿𝑂𝐷 = 3,3
𝜎

𝑆
 

(8) 

 

𝐿𝑂𝑄 = 10
𝜎

𝑆
 

(9) 

 

The encapsulation efficiency was determined by a direct method on the optimized 

formulation. The suspension was centrifugated at 4000 rpm for 10 minutes with a 

centrifugal filter (Amicon Ultra 5000 MWCO) to separate the SLN from the aqueous 
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phase. Ethanol was added to the precipitate remaining in the filter and centrifuged for 10 

minutes at 14000 rpm. The supernatant was withdrawn and purified from lipids with the 

use of  Phree SPE cartridges prior to HPLC analysis. 

 

II.4.4. Suspension stability in time 

Stability in time was evaluated by separating the optimized formulation into two equal 

parts, which were stored at different conditions: the first aliquot was stored in suspension 

at room temperature for 1 month, while the second was kept at 4 °C. Both samples, at 

every prefixed time, were evaluated and characterized by means of particle size, PDI, and 

Zeta potential.  
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II.5. Results and Discussions 

II.5.1. TA-SLN Central Composite Design 

For each experimental run, the hydrodynamic diameter expressed as Z-average (nm), and 

Zeta potential values were obtained. Table 10 lists the value obtained as mean ± standard 

deviation of three experiments. Both models for particle size and Zeta potential were 

chosen based on significance, concordance between adjusted and predicted R2, non-

significance for the Lack of Fits, and ANOVA adequate precision, which ensures the 

signal-to-noise ratio of each model and guarantees its ability to distinguish significant 

measurements from statistical noise. 

Table 10 Zeta average, polydispersity index, and Zeta potential values obtained for each experimental run 

Run Z-Average (nm) PDI Zeta Potential (mV) 

1 733 ± 44 0.16 ±0.14 −39.5 ± 0.7 

2 628 ± 4 0.43 ± 0.05 −43.3 ± 1.3 

3 843 ± 60 0.18 ± 0.09 −43.6 ± 0.6 

4 2418 ± 232 0.21 ± 0.12 −38.9 ± 2.3 

5 869 ± 62 0.26 ± 0.30 −39.8 ± 0.1 

6 917 ± 64 0.22 ± 0.07 −39.7 ± 0.1 

7 735 ± 10 0.16 ± 0.15 −41.3 ± 0.5 

8 933 ± 63 0.30 ± 0.11 −39.9± 0.2 

9 833 ± 60 0.27 ± 0.05 −39.8 ± 0.2 

10 656 ± 71 0.34 ± 0.30 −31.1 ± 0.7 

11 2986 ± 712 0.44 ± 0.15 −32.1 ± 1.7 

12 867 ± 61 0.25 ± 0.15 −39.7 ± 0.1 

13 1824 ± 60 0.59 ± 0.11 −35.5 ± 1.8 

14 550 ± 3 0.35 ± 0.08 −45.0 ± 1.9 
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Run Z-Average (nm) PDI Zeta Potential (mV) 

15 711 ± 40 0.24 ± 0.09 −29.5 ± 0.9 

16 693 ± 13 0.27 ± 0.01 −33.7 ± 0.9 

17 590 ± 8 0.26 ± 0.05 −35.6 ± 1.3 

18 751 ± 16 0.17 ± 0.05 −37 ± 1 

19 637 ± 26 0.19 ± 0.09 −36.8 ± 0.4 

20 2274 ± 188 0.31 ± 0.20 −41.8 ± 1.3 

 

II.5.2. Model determination for Zeta average 

The rough dataset obtained for the Zeta average was transformed to normalize data using 

an exponential equation (10), as suggested by the Box-Cox equation (Lambda value −1.67). 

𝑦′ = 𝑦−1.67 (10) 

The best model for particle size in relationship to the independent variables is found to be 

linear (overall model F-value 15.61, p = 0.0002, 95% CI, ANOVA adequate precision = 

12.00). Table 11 reports the descriptive statistics of other models. 

Table 11 Descriptive statistics of tested models for Zeta Average 

Model p-Value Lack of Fit 
p-Value 

F-Value Adj R2 Predicted 
R2 

Linear 0.0002 0.6447 15.61 0.7451 0.6239 

Two Factor 
Interaction 

0.2889 0.6646 1.46 0.7715 0.5280 

Quadratic 0.4568 0.6479 0.99 0.7711 0.3553 

 

The variables included in the linear descriptive statistic were A, with an F-value of 19.67, 

p = 0.0005, 95% CI, B with an F-value of 21.17, p = 0.0006, 95% CI, and C with an F-

value of 2.99 and p = 0.1092, 95% CI. Despite being not significant, the independent 

variable C was included in the final model because the elimination of this variable does not 

improve the model itself. The Lack-of-Fit Test for the linear model reports a non-
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significative fit for errors (F-value 1.07, p-value 0.6447, 95% CI) as proof of the goodness-

of-fit between the data and the actual model. The final equation, expressed in terms of 

coded factors that predict particle size in the tested experimental space, is reported in 

Equation (11). 

(𝑍𝑒𝑡𝑎 𝑎𝑣𝑒𝑟𝑎𝑔𝑒)−1.67 = 5.34 × 10−6𝐴 − 5.161 × 10−6𝐵 + 1.941 × 10−6𝐶 (11) 

 

Figure 17a shows the contour plot of Zeta average variation against the independent 

factors A and B, keeping the other variable C fixed at 52% of sonication power. The 

perturbation plot (Figure 17b) also shows the influence of C in the experimental space 

tested. The slope of each line represents the extent to which the Zeta average is influenced 

by changing each independent variable. It is noticeable how C (sonication power) has a 

minor influence on it, as it is more dependent on the concentration of lipid and anionic 

surfactant, while the sonication power has influence only on experiments where the 

concentration of reagents is fixed. As the model is linear, the effect obtained by changing 

one factor does not depend on the level of the others. 

  

  (b) 

Figure 17 Contour (a) and perturbation plots (b) for the Zeta Average model. 

 

II.5.3. Model determination for Zeta Potential 

The rough Zeta potential dataset was transformed to normalize the data using an inverse 

transformation (Lambda = −1, k = 49.5) (Equation (12)) 
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𝑦′ =
1

𝑦 + 49.5
 

(12) 

 

The best descriptive model for Zeta potential is found to be quadratic (overall model F-

value = 26.35, p-value = 0.0007, 95% CI, ANOVA adequate precision = 17.15), as reported 

in Table 12. 

Table 12 Descriptive statistics of tested models for Zeta potential 

Model p-Value Lack of Fit 
p-Value 

F-Value Adj R2 Predicted 
R2 

Linear 0.0990 0.4731 2.62 0.2445 -0.1097 

Two Factor 
Interaction 

0.5917 0.4468 0.66 0.1765 0.0385 

Quadratic 0.0007 0.9710 26.35 0.9129 0.8068 

 

Quadratic terms and two-factor combinations of A, B, and C are part of the descriptive 

model. To respect the hierarchy of combined variables, some factors are included in the 

model even with no statistical significance, as their exclusion does not affect the overall 

model significance. The list of included variables, combined with their F-value and p-value, 

is reported in Table 13. The Lack-of-Fit test reports the highest non-significant p-value for 

the quadratic descriptive model, and the final equation expressed in terms of coded factors 

that predict the behavior of Zeta potential among the tested experimental space is reported 

in Equation (13). 

1

𝑍𝑒𝑡𝑎 + 49.5
= 0.078 − 0.006𝐴 − 0.031𝐵 − 0.006𝐶 + 0.0009𝐴𝐵

+ 0.021𝐴𝐶 − 0.003𝐵𝐶 − 0.006𝐴2 + 0.033𝐵2 

(13) 
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Table 13 Factors included in the predictive model for Zeta Potential (CI 95%) 

Factor F-Value p-Value 

A: Lipid 2.63 0.15 

B: Tween 80 71.56 <0.0001 

C: Power 0.02 0.87 

AB 0.03 0.85 

AC 20.34 0.002 

BC 0.31 0.59 

A2 2.46 0.16 

B2 64.04 <0.0001 

 

In a quadratic model that also contains terms which are the combination of independent 

variables, the result of changing the value of each one of the independent factors varies 

with respect to the level of the others in a synergistic or antagonistic way. In this case, the 

only antagonistic contribution is given by the term BC, as indicated by the negative sign in 

Equation (4). 

Figure 18 reports the 3D plots of the AB (Lipid/Tween 80 Figure 18a), BC 

(Tween80/power, Figure 18b), and AC (Lipid/Power, Figure 18c) terms for Zeta 

potential. For each figure, the missing factor is fixed at its mean level. 

   

(a) (b) (c) 

Figure 18 3D surface plots for AB (a), BC (b), and AC (c) terms. Each missing factor is fixed at its mean level. 

The main effects on the Zeta potential of solid lipid nanoparticles are given both by the 

quantity of lipids and anionic surfactants, as those are the only reagents that could bring a 

net charge to the system. As the quantity of ionic surfactant is fixed among all the 
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experimental runs, increasing the quantity of Tween 80 has always shown a lowering effect 

on the Zeta potential because of the variation of the anionic/nonionic surfactant ratio. 

The percentage of non-ionic surfactant is the most influential factor on the Zeta potential 

of TA-SLN, as it is responsible for the major variations both against the lipid quantity 

(Figure 18a) and against sonication power (Figure 18b). Figure 18c shows the contribution 

to the Zeta potential of the lipid itself: Stearic Acid could contribute to the surface 

potential, as some of the carboxyl groups towards the nanoparticle’s surface could be 

present in the carboxylate form. Increasing lipid quantities and keeping the surfactant 

quantity fixed could lead to more negative SLN, even if the major contribution to Zeta 

potential is given to the ratio of the ionic/anionic surfactant. 

 

II.5.4. TA-SLN Optimized Formulation 

As the solutions to the experimental design proposed, an optimized formulation was 

elaborated assigning relative importance to the two different responses. Each proposed 

solution is identified by a desirability index (DI). Table 14 reports the optimal solution 

given where the minimization of the Zeta average is relatively more important than the 

maximization of negative Zeta potential. Relative importance was also chosen because all 

the formulations tested showed a Zeta potential higher than −25 mV, which is the 

prerequisite for the electrostatic stability of suspensions. The corresponding desirability 

index for this solution is 0.81. Despite its high quantity, it was demonstrated by Gonçalves 

et al. that Tween 80 shows no cytotoxic effects under 3% [125]. 

Table 14 Values of independent variables and predicted variables for the optimized solution. 

Independent Variables Proposed Value 

A: Lipid (% w/v) 5 

B: Tween 80 (% w/v) 2.45 

C: Power (%) 35 

Predicted Variables Goal Predicted Values 

Zeta average (nm) Minimize 663.2 

Zeta potential (mV) Maximize −33.8 

Desirability index  0.81 
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The experimental values for dimension and Zeta potential analysis for a sample prepared 

with the proposed quantities of lipid, non-ionic surfactant, and sonication power report a 

Zeta average corresponding to 683.4 ± 4.6 nm (PDI 0.24 ± 0.02) and a Zeta potential of 

−38.0 ± 0.6 mV. The obtained values are 3% higher than the predicted value for particle 

size and 12.4% higher than predicted for Zeta potential. Figure 4a, b reports the size 

distribution by intensity (Figure 19a) and Zeta potential distribution (Figure 19b) of the 

optimized formulation. 

 

(a) 

 

(b) 
Figure 19 Experimental Size (a) and Zeta Potential (b) distributions for the optimized TA-SLN formulation 

 

II.5.5. Encapsulation Efficiency of the TA-SLN Optimized Formulation 

The encapsulation efficiency of the optimized TA-SLN formulation is calculated as 

previously reported, interpolating the peak area of TA obtained from the purification of a 

TA-SLN sample with a calibration curve (R2 = 0.9992 and equation 𝑦 = 145122𝑥) (LOD 

0.1 ppm, LOQ 1 ppm). Using Size Exclusion Chromatography as a purification method, 

the resulting encapsulation efficiency of the TA-loaded solid lipid nanoparticles is equal to 

94 ± 4%. 
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II.5.6. Thymol-SLN Box Behnken design 

For each of the proposed 25 experimental runs, Z average, Zeta Potential and PDI have 

been measured and reported in Table 15. 

Table 15 Zeta average, PDI and Zeta potential obtained for each experimental run in the Box-Behnken design 

Run Z-Average (nm) PDI Zeta Potential (mV) 

1 150.8 ± 2.5 0.30 ± 0.0127 33.49±0.83 

2 191.3 ± 1.4 0.38 ± 0.01 31.64±0.27 

3 178.7 ± 0.9 0.314 ± 0.005 32.96±1.03 

4 146.6 ± 1.3 0.2837 ± 0.0028 31.85±1.60 

5 191.6 ± 2.6 0.36 ± 0.02 26.59±1.40 

6 132.6 ± 1.5 0.301 ± 0.006 36.76±1.65 

7 168.5 ± 0.9 0.32 ± 0.02 28.62±0.03 

8 333.4 ± 2.9 0.79 ± 0.02 30.78±0.05 

9 215.2 ± 5.5 0.39 ± 0.02 31.86±0.98 

10 389.3 ± 22.4 0.80 ± 0.04 29.96±1.25 

11 366.2 ± 22.5 0.73 ± 0.02 35.06± 

12 226.0 ± 0.7 0.454 ± 0.006 38.88±2.27 

13 170.1 ± 1.7 0.30 ± 0.01 32.56±3.10 

14 268.4 ± 11.1 0.52 ± 0.08 31.89±0.98 

15 295 ± 7.2 0.46 ± 0.03 36.34 ± 1.15 

16 424.5 ± 8.8 0.74 ± 0.07 34.73 ± 0.55 

17 250.6 ± 3.2 0.385 ± 0.04 39.94 ± 0.87 

18 451 ± 22.1 0.78 ± 0.04 37.08 ± 0.35 

19 183.8 ± 3.0 0.40 ±0.02 33.6 ± 0.4 
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Run Z-Average (nm) PDI Zeta Potential (mV) 

20 210.9 ± 2.2 0.39 ± 0.02 27.28 ± 0.80 

21 276.5 ± 5.2 0.45 ± 0.01 29.29 ± 0.59 

22 186.7 ± 2.0 0.40 ± 0.01 27.2 ± 1.8 

23 397.2 ± 9.9 0.79 ± 0.05 34.84 ± 0.82 

24 200.6 ± 6.0 0.39 ± 0.01 32.92 ± 1.25 

25 176.7 ± 1.3 0.336 ±0.006 32.34 ± 0.96 

 

For each response a statistical analysis has been conducted, a mathematical model and a 

polynomial equation considering the effects and the interaction of the factors were 

determined based on the evaluation of p-value, F value, the difference between adjusted 

and predicted R2 values, and the adequate precision to guarantee an adequate power of 

discrimination and the ability of the statistical model to distinguish between a real variation 

and statistical noise. 

 

II.5.7. Model for Thymol-SLN Z-Average 

The Z average model for analyzing the dimensions of Thymol-SLN was obtained after the 

transformation of the raw dataset with their reciprocal value. The best model considering 

p-value and reasonable agreement between adjusted and predicted R2 resulted in a linear 

one, with all the proposed models reported in Table 16.  

Table 16 Fit summary for Z average model, selected model is highlighted 

Source p-Value Adjusted R² Predicted R² 

Linear < 0.0001 0.8539 0.8124 

2FI 0.8387 0.8225 0.6810 

Quadratic 0.0448 0.9046  

Cubic 0.8006 0.8312  
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For the selected linear model, a p-value lower than 0.05 and an F-value of 34.59 ensure that 

the response variable and the set of independent variables were significantly related. 

Moreover, all the factors were included in the model, and all of them showed statistical 

significance (p-Value < 0.05) except for sonication volume, which was not significant but 

still included because the removal of this independent variable does not improve the model 

itself. Table 17. The coded linear equation used to predict the Zeta Average size of the 

nanosystem is reported in Equation (14). 

Table 17 p-Values and F-values for each factor included in the Z-average model for thymol-loaded SLN 

 p-Value F-value 

A-power < 0.0001 32.85 

B-time < 0.0001 27.99 

C-cycle < 0.0001 64.73 

D-volume 0.0957 3.07 

 

1

𝑠𝑖𝑧𝑒
= 0.0046 + 0.001 𝐴 + 0.0009 𝐵 + 0.0014 𝐶 − 0.0003 𝐷 

(14) 

 

The effect of each independent variable can be evaluated by the coefficients’ signs in the 

coded equation: a positive value indicates a direct proportionality relationship between the 

independent factor and the analyzed response, while a negative coefficient indicates an 

inverse relationship. In this case, factors A, B, and C (sonication power, time, and cycles 

respectively) are the ones with the greatest impact on size, with a decreasing effect (the 

relationship is proportional to the inverse of the actual dimension) while sonication 

volume, D, has the least increasing impact with a small increase of size. The reported 

information can be better visualized on the perturbation plot (Figure XX) where A, B, and 

C factors are represented with a steeper slope with respect to D. 
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Figure 20 Perturbation plot for Z-average model 

 
The three significant factors were chosen to build 3D-model graphs (Figure 21) to better 

visualize the effects of  each independent variable on size. For each graph, the two variables 

that are not present have been kept at an intermediate value. A reduction in particle size 

was observed with the increase of  power, and sonication cycles, explained by higher 

amounts of  released energies leading to particles with a smaller size [124]. 

   

(a) (b) (c) 

Figure 21 3D response surface graphs (a) Size vs power and time, (b) size vs power and cycle, (c) size vs cycle and time 

 

II.5.8. Model for Thymol-SLN Zeta potential model 

None of the models obtained for Zeta potential are statistically significant (Table 18 

Suggested models for Zeta potential prediction for Thymol-loaded SLN, as indicated by a 

p-value greater than 0.05 and an F-value of 1.32. The adjusted R² is very low, and the 

predicted R² is negative, suggesting that the overall mean may serve as a better predictor 
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of the response than the model itself. As a result, all the factors analyzed are also non-

significant, with p-values exceeding 0.05. Additionally, the model’s low adequate precision, 

at 3.46, reflects an inadequate signal and poor model discrimination. 

Table 18 Suggested models for Zeta potential prediction for Thymol-loaded SLN 

Source p-Value Adjusted R² Predicted R² 

Linear 0.2995 -0.0522 -0.2695 

2FI 0.6736 -0.0568 -1.2467 

Quadratic 0.7154 -0.2343  

Cubic 0.8006 0.8312  

 

These results suggest that the independent factors considered in this study do not 

significantly affect the Zeta potential, making it impossible to develop a statistical model 

to describe the variation in surface charge based on the selected variables. However, the 

Zeta potential values obtained across all experimental runs, ranging from 26.59 mV to 

38.88 mV, are sufficiently high to consider the dispersion electrostatically stable. 

This outcome aligns with previous findings, where Zeta potential is primarily influenced 

by the concentration and type of lipids and surfactants, rather than by variations in the 

sonication process. Furthermore, it is consistent with previous experimental designs, where 

the only factors impacting Zeta potential were lipid type and quantity. 

 

II.5.9. Model for Thymol-SLN Polydispersity Index 

For the analysis of the polydispersity index, the dataset was modified using a power 

transformation following Equation (15). 

𝑦′ = 𝑦−1.63 (15) 

 

The selected model for predicting PDI is linear, although it is relatively weak in capturing 

PDI variations, as indicated by the low adjusted and predicted R² values shown in Table 

19 
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Table 19 Suggested model for PDI prediction for Thymol-SLN 

Source p-Value Adjusted R² Predicted R² 

Linear <0.001 0.6897 0.5886 

2FI 0.7580 0.6403 0.2941 

Quadratic 0.2579 0.6957  

Cubic 0.8898 0.2130  

 

The statistical analysis of variance for the response indicated that the independent variables 

A, B, and C were significant (p-value < 0.05). However, factor D was found to be non-

significant and was excluded from the model, as its removal led to improvements in R² 

values, F-value, and adequate precision. The linear model is significant, with a total R2 of 

0.721, meaning that it explains the 71% variance around the mean PDI value. The signal-

to-noise ratio was ensured by the high value of adequate precision of the linear model 

(12.32). 

Using the linear model, the coded equation to predict PDI of thymol-loaded Solid Lipid 

Nanoparticle is Equation (16) where all the positive coefficients attributed to factors A, B, 

and C denote the same proportionality towards PDI.  

𝑦−1.63 = 4.38 + 1.29𝐴 + 1.17𝐵 + 1.49𝐶 (16) 

Figure 22 reports the surface plots of the combination of factors AB, BC, and AC on PDI. 

In each graph, the missing factor is fixed at its medium level. As confirmed by the 

coefficients of the equation, the increase of sonication power, cycles, and time have an 

inversely proportional effect on the polydispersity index. 

   
(a) (b) (c) 

Figure 22 Surface plots of PDI vs terms AB (a), BC (b) and CA (c) 
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II.5.10. Optimized Thymol-SLN formulation 

The optimization of  thymol-loaded SLNs is aimed to minimize both size and 

polydispersity index, while the zeta potential was not optimized as its model was not 

statistically significant, and the values obtained from all the experimental runs were already 

in a range ensuring the system’s electrostatic stability. The highest priority was given to 

reducing PDI (++++) and less priority to reducing the particle size.  

The optimal solution meeting the fixed criteria with a desirability index of  1 was 

determined to be the one having the following synthetical parameters: 69% sonication 

power, 8 minutes of  sonication time with cycles of  90%, and a starting volume of  4.8 mL. 

Under these optimized conditions, SLNs were prepared to validate the experimental design 

and its optimization process and assess the accuracy of  the procedure, resulting in a Z-

average of  144.6 ± 2.3 nm, PDI 0.32 ± 0.03 and Zeta potential of  34.44 ± 0.66 mV. The 

experimental results were compared with the predicted values, showing that the 

experimental Z-average and PDI were 10% and 17% higher than the predicted values, 

respectively, confirming the validity of  the optimization process. The encapsulation 

efficiency of  this optimized formulation was determined by HPLC with the method 

described above (II.4.3). The final encapsulation efficiency of  thymol was quantified as 89 

± 3% by interpolation with a calibration curve of  equation 𝑦 = 0.1621𝑥 (R2= 0.999) with 

a Limit of  Detection (LOD) of  0.04ppm and a Limit of  Quantification (LOQ) of  

0.12 ppm. 

 

II.5.11. Evaluation of suspension stability 

A suspension of  the optimized formulation was separated into two different aliquots: the 

first aqueous suspension was kept in the dark at room temperature, while the second was 

kept at 4 °C. Size, PDI, and Zeta potential of  both samples were evaluated at 

predetermined time intervals, 7, 14, and 30 days after preparation. 

After 30 days, the Z-average of  SLNs stored at 25°C exhibited a slight but statistically 

significant decrease of  12% (p<0.05) compared to the formulation immediately following 

production. In contrast, the Z-average of  SLNs stored at 4°C showed a marginal increase 

over time; however, after 30 days, this change was not statistically significant when 

compared to the initial particle size. 
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The polydispersity index (PDI) of  SLNs stored at room temperature increased significantly 

after 7 and 14 days, followed by a reduction after 30 days. Similarly, the PDI of  SLNs 

stored at 4°C also increased over time, but this increase was not statistically significant 

relative to the initial value. The size reduction observed in SLNs stored at room 

temperature may be attributed to their tendency to aggregate and precipitate, a 

phenomenon that occurred more slowly in SLNs stored at 4°C. 

The zeta potential displayed a distinct pattern compared to the changes in particle size. 

After 30 days, the zeta potential of  SLNs stored at 25°C remained unchanged, whereas for 

those stored at 4°C, it decreased significantly. Despite this decline, the zeta potential at 4°C 

remained above 30 mV, ensuring the physical stability of  the system. 

In conclusion, the SLNs stored at room temperature experienced small but statistically 

significant changes in particle size and PDI over 30 days. In contrast, SLNs stored at 4°C 

better preserved their size and PDI. Although the zeta potential decreased for SLNs stored 

at 4°C, it remained around 30 mV, which is sufficient to maintain the system's physical 

stability. 
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II.6. Conclusions 

This chapter reports the optimization of  the synthetical routes for two different kinds of  

Solid Lipid Nanoparticles: Triamcinolone Acetonide-loaded SLNs using Stearic Acid as a 

lipid, Tween 80 and Soy PC as nonionic and ionic surfactants respectively; and Thymol-

loaded SLNs, using Precirol 5 ATO, as a lipid, Tween 80 and Dioctadecyl Diammonium 

Bromide (DDAB) as nonionic and ionic surfactants respectively. Optimization of  

synthetical routes was carried out for both systems using Quality by Design and Design of  

Experiments principles, for TA-SLN with a Central Composite design, while Thymol-SLN 

were optimized using a Box-Behnken design of  experiments. 

The Central Composite experimental design implemented for TA-SLNs has shown a linear 

dependence between the tested independent variables and the Zeta average, with the major 

influence given by lipid and surfactant quantities, while the relationship of  independent 

variables with Zeta potential follows a quadratic model. The Zeta potential is strongly 

influenced by the quantity of  nonionic surfactants in relationship to lipid quantity and 

sonication power, due to different ratios between anionic and non-ionic surfactants in the 

formulation, while the minimum positive contribution is given by the AC term 

(combination of  lipid quantity and sonication power) due to the possible presence of  some 

Stearic Acid in the form of  stearate anions on the particle surface. From the construction 

of  response surfaces, an optimized synthetical pathway is obtained using 5% (w/v) of  

Stearic Acid, 2.45% (w/v) of  Tween 80, and the fixed sonication power of  35%. This 

solution has the highest desirability index when assigning more relative importance to the 

reduction of  the Zeta average with respect to maximizing Zeta potential. Experimental 

values of  Zeta average and Zeta potential are replicable and in good accordance with 

predicted results. When the solid lipid nanoparticles are purified via Size Exclusion 

Chromatography, this optimized synthesis has also shown a very high encapsulation 

efficiency. 

In a previous design (not shown) for Thymol-loaded Solid Lipid Nanoparticles (SLNs), 

the formulation quantities were optimized. However, the synthesis parameters, including 

sonication power, sonication cycles, sonication duration, and sonication volume, were 

optimized using a Central Composite Design. Earlier findings demonstrated that particle 

size could be reduced by employing two distinct sonication steps, based on the 

optimization derived from a Box-Behnken design, the size and polydispersity index (PDI) 
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of  the nanoparticles were found to be linearly dependent on the analyzed factors. Among 

these, sonication power, duration, and cycles exhibited the most significant impact on both 

particle size and the distribution's polydispersity. Increasing the sonication parameters 

resulted in a higher energy release, which led to a reduction in nanoparticle size and the 

formation of  a more monodisperse population. 

The Zeta potential, however, was not significantly influenced by the factors included in the 

model. Despite this, all formulations exhibited sufficiently high Zeta potential values to 

ensure the system’s physical stability. 

The relationship between the dependent and independent variables was employed to 

calculate an optimized formulation (sonication power: 69%, sonication time: 8 minutes, 

sonication cycles: 9, and volume: 4.8 mL), aimed at achieving the smallest possible particle 

size and PDI. The optimized SLNs had a Z-average of  144.6 ± 2.3 nm, a PDI of  0.32 ± 

0.03, and a Zeta potential of  34.44 ± 0.66 mV, all of  which were in close agreement with 

the values predicted by the model, thus validating its accuracy. Furthermore, this optimized 

formulation achieved a high thymol encapsulation efficiency. 

The colloidal stability of  the optimized SLNs was maintained for 30 days. To assess 

stability, the Z-average, PDI, and Zeta potential values were monitored under various 

storage conditions over the 30-day period. The optimal storage condition for the SLNs 

was determined to be in an aqueous suspension at 4°C, in the absence of  light. 
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III. OTHER LIPID NANOFORMULATIONS AS 

DRUG DELIVERY SYSTEMS 

 

III.1. Natamycin and Fungal Keratitis3 

Among common causes of blindness, ocular infectious diseases constitute some of the 

most widespread conditions. Particularly, fungal keratitis (FK) is a severe corneal infection 

that leads to visual impairment and blindness, with a substantial impact on the quality of 

life of patients and healthcare costs. It affects approximately one million people worldwide; 

the majority of cases are found in developing countries with low-rate incomes in Asia and 

Africa [126]. The most frequent causes are infections due to ocular injuries caused by 

organic matter (e.g., during harvesting), low hygiene conditions in the use of contact lenses 

[127], and immunosuppressive diseases [128,129]. The fungi responsible for the majority 

of infections (95%) are Aspergillus and Fusarium, but more than 393 species of fungi are 

related to the development of FK [130,131]. Fungal keratitis is an infection mainly spread 

among developing countries that leads to unilateral blindness in severe cases and has severe 

social consequences, as it is directly linked to a higher risk of work-related injuries and it 

greatly impacts healthcare costs, including in the Western world. Antimycotic agents such 

as voriconazole are already used off-label in topical eye drops, but fungal keratitis can also 

be treated with chlorhexidine and itraconazole, either administered in a systemic or topical 

formulation [132–134], even though concentration-dependent toxicity has been reported 

for these compounds [135]. Natamycin is a strong antimycotic agent already available in 

commercial formulations, being the only FDA-approved treatment for ocular fungal 

infections. As of today, it is considered one of the most potent antimycotic compounds, 

as its very low reported minimum inhibition concentration, i.e., 0.5–6 ppm, is sufficient 

for molds and yeasts, while its observed inhibitory concentrations for aspergillus and 

fusarium strains are both in the parts per million magnitude order [136–138]. Its 

antimycotic effect is exploited without altering cellular membrane permeability [139], by 

 
3 This chapter reports results already published in Talarico, L.; Clemente, I.; Gennari, A.; Gabbricci, G.; Pepi, 
S.; Leone, G.; Bonechi, C.; Rossi, C.; Mattioli, S.L.; Detta, N.; et al. Physiochemical Characterization of 
Lipidic Nanoformulations Encapsulating the Antifungal Drug Natamycin. Nanomaterials 2024, 14, 726. 
https://doi.org/10.3390/nano14080726 
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binding irreversibly with ergosterol and forming an ergosterol–polyene complex inhibiting 

the cellular membrane [140,141]. NAT affinity with ergosterol is mainly due to the 

presence of double bonds in the sterol B-ring; as observed by Welsher et al., this complex’s 

structure is not yet well defined [139,141]. Natamycin is mainly constituted by a polyene 

moiety, a mycosamine group, and a carboxylic acid that make it an amphoteric molecule 

with an isoelectric point of 6.35 and very poor water solubility (40 μg/mL) [137,142]. For 

this reason, the approved formulation of natamycin, sold as Natacyn® (natamycin 

ophthalmic suspension 5%) requires frequent applications (every 1–2 h) in the first and 

crucial stage of treatment. Like the majority of polyenes, natamycin is easily degraded by 

UV exposure, pH changes, and temperature oscillations [143] and its degradation products 

are biologically inactive. Indeed, its effectiveness as an ophthalmic drug is often hindered 

both by its physicochemical properties, e.g., low bioavailability and low retention at the 

ocular surface, and by the peculiar anatomy of the human eye, whose complexity 

constitutes a major challenge in drug delivery [144]. These limitations affect the clinical 

utility of natamycin despite its potent antifungal activity, and even though several 

administration routes have been used to improve the permeability of molecules across 

ocular anatomical and physiological barriers, traditionally popular techniques, e.g., systemic 

or topical administration and injections often involve complications [145]. Thus, the use 

of nanocarriers employing various formulation strategies has been proposed, to improve 

the pharmacokinetic profile and enhance the targeted delivery and drug safety. Indeed, 

nanoparticles can reduce the administration frequency, perform a controlled drug release, 

and improve cellular uptake and bioavailability of compounds. Particularly, lipid-based 

nanoparticles possess good membrane permeation abilities, high biocompatibility and 

drug-loading content, and low cytotoxicity [34]. Several types of lipid nanosystems with 

different supramolecular aggregation, surface charge, and composition have been shown 

to be promising candidates as vectors both for the anterior and posterior segments of the 

eye [146]. Conventional liposomes made of a single type of lipid building block have shown 

low corneal permeation capability, and various efforts have been made to enhance their 

carrier efficiency. To prevent the accumulation of carriers on the skin surface, edge 

activators such as SPAN, TWEEN surfactants, or other membrane components such as 

cholesterol and sodium cholate are usually employed in nanovesicle design. Liposomes 

with an edge activator are called transferosomes [147], and when ethanol is present in the 

formulation, those nanosystems are called transethosomes (TEs). The presence of ethanol 

in the lipid bilayer helps with the fluidification of the system, and it is already approved for 
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ophthalmic administration, as it is used on the eye surface in various kinds of surgery 

[148,149]. Transethosomes formulations for drug delivery have already found applications 

with several bioactives [150,151] and showed high permeation rates through the skin [152]. 

Lipid nanoparticles (LNPs) formulated with cationic ionizable lipids and helper 

components are particularly efficient vectors for a wide range of compounds, due to their 

peculiarity to maintain a neutral charge at physiological pH, possessing pKa < 7 but 

become charged at even slightly acidic pH found in inflammatory tissues, thus showing 

low cytotoxicity [153]. Moreover, this property facilitates adhesion and retention to 

negatively charged mucus layers such as the ocular surface, thus increasing prolonged 

release and uptake. In this work, two types of lipid-based formulations, i.e., transethosomes 

and LNPs were synthesized and characterized, and their properties were evaluated as 

carriers for natamycin [153,154]. 
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III.2. Materials and Methods 

III.2.1. Materials 

Natamycin (NAT) (Pharmaceutical Secondary Standard, CRM), soy PC (95%. Avanti Polar 

Lipids, Alabaster, AL, USA), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) (>99% 

Avanti Polar Lipids, Alabaster, AL, USA), 1,2-dioleyloxy-3-dimethylaminopropane 

(DODMA) (>99% Avanti Polar Lipids, Alabaster, AL, USA), cholesterol (>99% Avanti 

Polar Lipids, Alabaster, AL, USA), sodium cholate (from bovine and/or ovine bile, 99%), 

ethanol absolute (for analysis), methanol (gradient grade), acetonitrile (LC-MS grade), 

formic Acid (98–100% for HPLC LiChropur™ Sigma-Aldrich, Milano, Italy) and MWCO 

membranes (14 kDa) were all purchased from Sigma-Aldrich (Milano, Italy). Phree—

phospholipid removal cartridges were acquired from Phenomenex (Torrance, CA, USA). 

 

III.2.2. Synthesis of Natamycin-loaded nanoparticles 

An ethanolic solution of Soy PC (435 mg in 1.3 mL) was mixed with the aqueous phase of 

sodium cholate (0.104 mg in 3 mL). The mixture was kept under magnetic stirring for 1 h 

at 37 ◦C in a thermostatic bath to create a pre-emulsion. The resulting suspension was 

sonicated with a Bandelin Sonoplus UW2070 at 40% power, for 5 min and cycle intervals 

of 60%. Empty transethosomal samples were abbreviated as TE. Natamycin-loaded 

transethosmes (TE-NAT) were prepared by adding 500 μL of natamycin solution (1 

mg/mL) in ethanol acidified with formic acid 0.1% v/v before sonication. Samples were 

then freeze-dried and resuspended in 4 mL H2O and extruded with a 100 nm 

polycarbonate membrane with LiposoFast apparatus. 

Three different molar ratios of lipid components were tested to evaluate the influence of 

each component on structural organization, cargo loading, and encapsulation efficiency. 

The chosen molar ratios were 9:6:5, 9:5:6, and 10:4:6 of cholesterol, DODMA, and DSPC, 

respectively, dissolved in ethanol to obtain a total lipid concentration of 20 mM for all 

samples (namely LNP1, LNP2, and LNP3). In loaded samples, 1 × 10−3 M of natamycin 

(1 mg/mL in ethanol stock solution) was added, and the solvent was then evaporated to 

obtain a dry lipid film. The samples were resuspended in citrate buffer (pH 5.5), vortexed 

and homogenized firstly with 5 freeze-and-thaw cycles and then sonicated for 3 cycles of 
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3 min each with a Bandelin Sonoplus UW2070 at 70% power, obtaining formulation 

LNP1- NAT, LNP2-NAT and LNP3-NAT. 

 

III.2.3. Size and Zeta Potential measurements 

Dynamic light scattering was used to determine the hydrodynamic diameter and zeta 

potential of empty and natamycin-loaded transethosomes and LNPs. Measurements were 

performed with a Malvern Zetasizer Pro Red Label (Malvern, Worcestershire, UK), with 

a backscatter collection angle (173°) and keeping the temperature at 25 °C. The reported 

values for size and zeta potential are the means of three experiments performed on each 

sample.  

 

III.2.4. NMR Analysis 

NMR analyses were performed on a Bruker DRX-600 Avance which operates at 600.3 

MHz (1H), equipped with gradient unit XYZ. The obtained data were elaborated with 

Bruker Topspin ver. 3.6.1. To acquire spectra of the samples, freeze-dried transethosomes 

were resuspended in D2O, while LNPs were directly synthesized in deuterated water. 

Reference spectra for natamycin and sodium cholate were obtained in deuterated DMSO 

solutions. 

 

III.2.5. Small and Wide-Angle X-ray Scattering 

Small and wide-angle X-ray scattering experiments were performed on a Xeuss 3.0 HR 

apparatus (Xenocs, Grenoble, France) equipped with a movable EIGER2R (1 M model) 

hybrid pixel photon counting detector (Dectris Ltd., Baden, Switzerland) and a Genix3D 

(Cu) X-ray source. Three sample-to-detector distances, i.e., 60, 300, and 1800 mm were 

measured to cover a continuous q-range from 0.004 to 3.26 Å−1, calibrating the sample-

to-detector distance by using the well-known lamellar scattering pattern of silver behenate 

(d = 58.376 Å). The scattering vector q is defined as q = 4π/λ sin θ, where 2θ is the 

scattering angle. The average acquisition time per sample was 600 to 2100 seconds, and all 

samples and pure water were measured in sealed borosilicate glass capillaries of internal 

diameter of 1.5 mm and under vacuum. XSACT (X-ray scattering analysis and calculation 
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tool) software (Xenocs, France) was used to perform data reduction, normalization, 

subtraction, and merging. GAP (Global Analysis Program, written and made available by 

Prof. Georg Pabst) software was used to perform data analysis and fitting [155,156] of 

LNPs by using the modified Caillé theory (MCT) [157,158], which accounts for the bilayer 

bending rigidity, combined with a Gaussian electron density representation of the bilayer 

headgroups and tails (MCG). The scattering intensity is described by the following 

equation (Equation (17)) 

𝐼(𝑞) =
(1 − 𝑁𝑑𝑖𝑓𝑓)𝑆(𝑞)𝑃(𝑞) + 𝑁𝑑𝑖𝑓𝑓𝑃(𝑞)

𝑞2
 

(17) 

 

Where Ndiff is the fraction number of uncorrelated bilayers per scattering domain, S(q) is 

the structure factor and P(q) is the form factor, to account for the presence of bilamellar 

structures combined with the diffuse scattering of unilamellar vesicles. To obtain the 

electron density profile of the bilayer three Gaussians are used, centered at ±zH for the 

position of the two polar headgroups, and zH = 0 Å for the position of the terminal methyl 

groups of the hydrophobic chain, with widths of σH and σC, respectively, and ρC as the 

negative amplitude of the methyl terminus. 

 

III.2.6. Determination of Encapsulation Efficiency 

The encapsulation efficiencies of nanosystems were evaluated after the purification of 

samples via dialysis. Purified samples were treated for the elimination of phospholipid 

using Phree solid phase extraction cartridges: 100 μL of transethosomal or LNPs 

suspension were diluted with methanol up to a total volume of 1 mL (10% (v/v) and eluted 

in a cartridge previously conditioned with 1 mL methanol. The resulting solution was 

analyzed by HPLC-DAD (Thermo Fisher UltiMate 3000, Monza, Italy) equipped with a 

Kinetex C18 Polar column (250 × 2.1 mm, 100 Å, 2.6 μm, Phenomenex, Torrance, CA, 

USA). Throughout all experiments, the column oven was maintained at a constant 

temperature of 40 °C. An isocratic method was employed, with eluent A consisting of 

water with 0.1% v/v formic acid and eluent B composed of acetonitrile with 0.1% v/v 

formic acid, in a 70:30 ratio. A linear calibration curve was obtained with this method 

between 0.1 and 10 ppm. 
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III.2.7. In Vitro Release 

A known amount of purified nanosystems were put in a dialysis bag (MWCO 14 kDa) and 

kept under gently stirring for 12 hours at 37 °C. The selected release medium consisted of 

a phosphate buffer (pH 7.4) and ethanol mixture. As reported in the literature [36], adding 

ethanol (20% v/v) in the dissolution medium improves the solubility of lipophilic 

compounds. Aliquots of the dissolution medium were withdrawn at regular intervals and 

fresh releasing medium was added each time to maintain sink conditions. The aliquots 

were analyzed for the quantification of natamycin using the HPLC method described 

above. 
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III.3. Results and Discussions 

III.3.1. Size, Zeta Potential, SAXS and WAXS 

Results obtained from size and zeta potential determinations via dynamic light scattering 

are reported in Table 20 The proposed nanosystems showed monodisperse distributions 

of dimensions and appropriate size suitable for topical application. The Zeta potential 

analysis evidenced very high stability of the formulations, granted by their charge 

distribution. 

Table 20 Size, polydispersity index and zeta potential values with respective standard deviations for natamycin-loaded and 
empty nanosystems 

Sample Size (nm) PDI Zeta Potential 
(mV) 

TE 158.9 ± 1.3 0.16 ± 0.074 -28.5 ± 0.6 

TE-NAT 117.6 ± 1.6 0.250 ± 0.008 -35.5 ± 1.4 

LNP1 212.5 ± 3 0.06 ± 0.05 +34.7 ± 1 

LNP1-NAT 155.8 ± 0.7 0.14 ± 0.02 +62 ± 3.3 

LNP2 259.8 ± 1.7 0.15 ± 0.01 35.8 ± 1.2 

LNP2-NAT 179.2 ± 1.7 0.22 ± 0.02 +55.2 ± 0.25 

LNP3 252.2 ± 2.4 0.05 ± 0.04 +26.5 ± 0.3 

LNP3-NAT 146.5 ± 1.3 0.14 ± 0.01 +58 ± 1 

 

The main observable effects of natamycin inclusion in the proposed lipidic 

nanoformulations are a reduction in dimension and an alteration in surface charge. Since 

natamycin is a zwitterionic and amphiphilic molecule, its contribution to surface charge 

and dimension can only be explained as an interaction with the lipidic bilayer, and a surface 

charge rearrangement that exposes charged groups toward the outer layer of 

nanoaggregates. Loaded TEs showed a smaller size with respect to the unloaded samples, 

while the zeta potential increased, evidencing how natamycin is in a negatively charged 

status and contributes to the final properties of the formulation charge and dimensions. 

Both samples can be considered monodisperse, as they have a polydispersity index below 

0.3, and electrostatically stable, as their zeta potential values are greater than −25 mV. 
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Regarding X-ray scattering analysis, the three series of LNPs showed monodisperse 

populations (ranging between 0.05 and 0.22) and stability for up to several weeks as well, 

exhibiting strong positive surface charge for both unloaded and loaded systems. As has 

already been seen for transethosomes it can also be noticed that, for LNPs, loaded 

nanosystems possessed smaller size distributions with respect to empty ones (Table 2), 

whereas zeta potential values increased. Comparing TE and LNP formulations, the effect 

of NAT encapsulation shows the same trends, with a general decrease in dimension [66] 

and an increase in zeta potential. The main reason for this behavior is the different 

synthetical conditions for the two nanosystems; while TEs are dispersed in a neutral water 

solution, LNPs are synthesized in a citrate buffer. At these two different pH conditions, 

natamycin is present in two different forms, as its carboxylic acid has a pKa of 3.5 and its 

amino group of 9, with an isoelectric point at 6.3 pH value. The strong interaction of 

natamycin with the lipid matrix is evidenced by the tighter supramolecular packing induced 

upon encapsulation in both nanoaggregate types, thus resulting in smaller dimensions of 

loaded samples SAXS/WAXS. SAXS intensity plots of the LNPs series reported in Figure 

23a–c show a typical diffuse form factor of unilamellar vesicles for all three empty samples 

(green curves) On the contrary, Nat-loaded samples showed small quasi-Bragg peaks from 

bilamellar structures superimposed to the diffuse scattering of unilamellar vesicles. 
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Figure 23 One dimensional SAXS intensity profiles for LNP series (a-c). Bilayer electron density profiles for two representative 
empty and NAT-loaded LNP (d) 

This enhanced ordering became more evident going from LNP1 to LNP3, likely due to 

slightly higher encapsulated cargo. Indeed, the presence of loaded Nat interacting with the 

membrane induced bilayer structuring and enhanced bending rigidity, by intercalating in 

the lipid matrix and closely packing with its constituents. This was evidenced also by the 

electron density profiles shown in Figure 23d, where the bilayer of a representative empty 

sample is compared to the bilayer of its corresponding Nat-loaded sample. The reported 

plots showed that the maxima of the Gaussians corresponding to the polar headgroups in 

Nat-LNPs are shifted at smaller distances (zH) from the center of the bilayer, where the 

terminal methyl groups of the hydrophobic chains are located, thus indicating tighter 

packing. At the same time, the Gaussians corresponding to the electron density of the 

polar headgroups showed the same widths in the two samples, evidencing that the packing 

only involves the hydrocarbon tails. This result suggested that natamycin preferentially 

intercalates the lipid bilayer by interaction mediated by its hydrophobic moiety. Tighter 

packing is in accordance with DLS data, that evidenced a size decrease at the 

supramolecular level with cargo loading. On the other hand, the rearrangement of surface 

charges shown by the zeta potential measurements was not dramatic at the bilayer level, 

indicating that the redistribution mostly influenced the charge at the supramolecular level. 
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This is likely due to the presence of associated counterions on the surface of the lipid 

nanosystems, stabilizing the dispersed systems with the encapsulated molecule. Regarding 

the obtained fitting parameters, the bilayer thickness was 3.5–4 nm for all samples, whereas 

the mean lamellar spacing (repeating distance) for bilamellar samples was 70 nm. These 

values are in accordance with supramolecular parameters obtained by light scattering. In 

the intermediate q region, all samples displayed a q−4 slope typical of sharp or smooth 

interfaces; this is expected for vesicular systems at these length scales [155,156]. 

TE showed a nonlamellar arrangement superimposed to a diffuse scattering background 

(Figure 24, red curve), evidenced by Bragg peaks with a spacing ratio attributable to 

hexagonal phases [159], thus evidencing the presence of hexagonally arranged structures 

(hexosomes). 

 

Figure 24 One dimensional SAXS/WAXS intensity profile for TE and LNP 

This arrangement is constituted by packed bilayered cylinders disposed in a hexagonal 

lattice, with one cylinder in the middle. Moreover, in the WAXS range at high q values 

(around 1.40 Å−1) reported in Figure 24 it is possible to notice a broad bump in TE-NAT, 

that was seen for all samples, and it is typical of the packing of lipid chains at the bilayer 

level in soft matter aggregates, with an average spacing of about 4.45 Å. 

 

III.3.2. NMR analysis 

To study the conformational and dynamic properties of empty and loaded nanosystems, 

and the interactions of natamycin with the lipid membrane monodimensional and NOESY 
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proton NMR spectra were recorded at 600 MHz and 298 K. As reported in the literature 

for dispersed nanosystems, line broadening occurred for both TE and LNP systems due 

to slow relaxation times. Indeed, considering the supramolecular arrangement and 

dimensions of the two nanocarrier types, the averaging of the anisotropic interactions was 

not expected to be so efficient as to avoid the broadening of signals [160]. However, it was 

possible to perform the assignment of the most relevant peaks and to extract information 

on natamycin localization and interactions with the bilayer. In Figure 25a the superimposed 

spectra of natamycin and loaded and unloaded transethosomes are reported. Peak 

assignment of natamycin was performed as previously reported in the literature [161–164], 

and each proton was named as reported in Figure 26 
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(a) 

 

(b) 

Figure 25 (a) 1H NMR spectra of Natamycin (red) TE-NAT (blue) and empty TE (black), (b) 1H NMR spectra of 
Natamycin (red) LNP2-NAT (blue) and LNP2 (black) 
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(a) (b) 

 
(c) 

 
(d) 

 
(e) 

Figure 26 Structures of Natamycin (a), Sodium Cholate (b) and Soy PC (c) with respective numbers used in NMR peak 
assignment 

The superimposition of proton spectra for TE-NAT in Figure 25a evidence how signals 

attributable to the hydrophilic moieties of natamycin (H1′–H6′, H14, H15) have a more 

important influence on the natamycin-loaded transethosomes spectra, while signals 

corresponding to the lipophilic part of the molecule (protons from H16-H23, between 6–

7 ppm) are not visible. Contrarily, in Figure 25b the spectrum of LNP-Nat showed the 

presence of signals (H16–H23) in the 5.5–6.5 ppm range attributable to the lipophilic 

moieties of natamycin, suggesting the intercalation in the LNP bilayer. Moreover, the 

signals at around 3–4 ppm (H2′, H11, H13) and around 2.5–3 ppm (H5, H3′) are visible as 

well in the LNP-Nat spectrum. The broadening of signals corresponding to the lipid alkyl 

chains in the loaded sample with respect to the empty one confirmed the tighter molecular 

packing already evidenced by DLS and SAXS data, thus resulting in slower dynamic 

motions of the lipid bilayer in loaded systems [165,166]. 1H NMR spectra evidenced that 

natamycin can intercalate the bilayer in both transethosomes and LNP systems. As 
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similarly reported for other drug-carrier systems [167], the hypothesis of natamycin being 

intercalated in the TE-Nat lipid double-layer membrane was further confirmed via 

NOESY experiments (Figure 27) which suggested the spatial proximity of hydrophilic 

moieties of natamycin and the polar head of phospholipids or the second membrane agent 

(sodium cholate). 

 

(a) 

 

(b) 

Figure 27 NOESY spectra of transethosomes (a) and Natamycin-loaded transethosomes (b) 
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Regarding LNP samples, a representative NOESY spectrum is reported in Figure 28. The 

NMR measurements evidenced that the signals corresponding to the protons of the 

lipophilic moiety of Nat (H17–H22, 6.1–6.5 ppm) possessed the same sign, thus the same 

rate of molecular tumbling of the lipid nanosystem, coupling with the signals of lipid alkyl 

chains in the range 5.5–5.7 ppm (H10 DODMA/DSPC). This represents typical evidence 

of the association of a small molecule with a macromolecule or a supramolecular aggregate 

[160] that further corroborates the intercalation of natamycin in the lipid bilayer, as also 

observed by Ciesielski et al. using DOPC/Cholesterol liposomes [168] and the absence of 

free drug in solution. 

 

Figure 28 NOESY spectra of representative NAT-loaded LNP (right) with enlargement (left) of aromatic signals range 

 

III.3.3. Encapsulation Efficiency and In Vitro Release 

Using the described purification method, the overall entrapment efficiency of the proposed 

systems for natamycin was quantified as 12 ± 2% for transethosomes. 
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Figure 29 Natamycin release profile from transethosomes 

Purified transethosomes samples were used for the determination of the release profile 

shown in Figure 29 where the released natamycin is reported as a function of the overall 

encapsulated molecule. Fitted data of natamycin release from the transethosomal 

formulation converged for an asymptotic exponential function, as shown in Equation (18) 

(R2 = 0.999): 

𝑦 = 53.7 − 52.6 × 0.7𝑥 (18) 
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III.4. Conclusions 

In this study, two types of lipid aggregates with different supramolecular organization, 

namely transethosomes and lipid nanoparticles, were prepared and characterized, and their 

suitability as carriers for the antifungal drug natamycin was preliminarily evaluated. 

Physicochemical characterizations evidenced that both types of lipidic nanosystems 

possessed interesting properties as vectors for eye treatment via topical administration. 

Indeed, TEs and LNPs showed appropriate dimensions (100–200 nm), monodispersity, 

and stability in suspension because of their high zeta potential values and appropriate 

charges to facilitate the interaction either with the anterior or posterior ocular segments. 

Moreover, DLS and zeta potential experiments gave insights on the influence of natamycin 

encapsulation on size and charge distribution. SAXS/WAXS analysis revealed the different 

supramolecular structures of the two nanocarrier types and confirmed that the 

intercalation of natamycin in the bilayer can induce tighter packing and enhance structuring 

properties. 1H NMR evidenced the presence of signals associated with both hydrophilic 

and lipophilic moieties of natamycin in loaded transethosomes and LNPs, showing that 

the antifungal was indeed intercalated in the bilayer; this was further confirmed by NOESY 

measurements. Finally, the encapsulation efficiency and release properties were evaluated; 

both nanosystems evidenced good encapsulation capability and the TEs displayed slow 

and sustained release properties. In conclusion, this work has shown that transethosomes 

and lipid nanoparticles are appropriate candidates as drug delivery vectors for the 

antifungal drug natamycin, representing a valid alternative to conventional treatments for 

topical administration to the human eye. 
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IV. APPLICATION OF SOLID LIPID 

NANOPARTICLES AS DETECTING 

ELEMENTS IN MASS SENSITIVE DEVICES 

 

IV.1. Introduction 

Principles of Quartz Crystal Microbalance detection requires surface modification of 

piezoelectric elements to selectively bind the analyte of interest. Because of its reactivity 

and conductive properties, a gold film is usually deposited on both sides of the active 

quartz crystal, to realize electrodes and two active surfaces where functionalization is 

performed. The creation of specific layers composed of different molecules or 

nanosystems on a metal surface can be achieved through various methods involving either 

chemical or electrostatic interactions. Among these, the formation of a Self-Assembled 

Monolayer (SAM) is one of the most suitable methods, and SAMs are usually generated by 

exploiting the peculiar reactivity of thiol derivates, which bind strongly with gold, forming 

a monolayer of molecules oriented in a specific manner relative to the surface. This process 

involves the deprotonation of sulfur, and the subsequent formation of a covalent bond 

between sulfur and gold [169], as illustrated by the reaction below (19): 

RSH + Au ⇌ AuSR + e− + H+ (19) 

 

The reaction leading to the covalent bond formation is exothermic, to compensate for the 

decrease in entropy variation. The resulting covalent bond between sulfur and gold is 

exceptionally strong, with an enthalpy of approximately 40 kcal/mol [170]. The formation 

of a Self-Assembled Monolayer generally involves two critical stages: The first stage is the 

rapid binding of thiols onto the gold surface, a process dependent mainly on the 

concentration of thiol solution and occurring within a short timeframe. The second stage 

involves the organization of molecules into a well-ordered monolayer, which requires 

several hours to reach equilibrium. The kinetics of this step are governed by weak 

interactions such as Van der Waals forces or dipole-dipole interactions. Consequently, the 
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assembly rate of short alkane chains is slower compared to longer ones. The choice of 

solvent is a crucial factor influencing the reordering phase of the monolayer. Studies have 

shown that the attractive forces between molecules forming the SAM and the metallic 

surface are significantly influenced by the solvent’s dielectric constant, and its contact angle 

with the surface [171]. Other surface functionalization methods [172] are more complex 

than the formation of a chemically bonded Self Assembled Monolayer, many of which 

require special instruments based on radiofrequency, current sputtering, electrodeposition, 

spin-coating, arc, or laser evaporations.  

The factors that contribute to the specificity of QCM do not directly translate to sensitivity. 

Parameters such as surface coverage, layer thickness, medium viscosity, temperature, and 

flow rate play critical roles in determining the instrument’s sensitivity. Therefore, 

modifications aiming at increasing surface area are particularly advantageous: Enhancing 

surface area promotes the formation of active sites for analyte binding thereby improving 

the sensitivity performance of the technique [173]. 

To increase the surface area, here is proposed an attempt to functionalize the crystal’s gold 

surface with Solid Lipid Nanoparticles, as a carrier for a probe (antibody) aimed at the 

detection of its specific antigen. The preclinical diagnosis of neurodegenerative diseases 

can be performed by looking at specific concentration values of some markers in different 

fluids. For this application, the antigen chosen was Haptoglobin, a plasma protein that is 

currently used for the preclinical diagnosis of neurodegenerative disorders, as it plays a 

major role in the inflammatory response. 
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IV.2. Materials and Methods 

IV.2.1. Materials 

Sulfuric Acid 98%, hydrogen peroxide, ethanol, acetone, isopropanol, N-Hydroxy 

Succinimide (NHS), 1-Ethyl-3-(3-dymethylaminopropyl carbodiimide) (EDC), 

Dioctadecyl dimethylammonium bromide (DDAB), Tween 80, 11-Mercaptoundeacanoic 

acid (MUA), and 4-nitrobenzaldehyde (4NBA) were purchased from Sigma-Aldrich 

(Milan, IT) Precirol ATO 5 was kindly provided by Gattefossè (FR). HS-PEG2000-NH3 

was purchased from Creative PEGWorks (Chapel Hill, NC, USA). Gold-coated AT-cut 

quartz crystals (10 MHz) were purchased from OpenQCM (Rome, IT). 

 

IV.2.2. QCM Crystals cleaning 

Chemical cleaning of the gold surface is a crucial step in the development of Self-assembled 

Monolayer formation. To chemically clean the QCM crystal a piranha solution composed 

of H2SO4 and H2O2 in a 3:1 ratio was prepared. The crystal was soaked in the hot solution 

for 10 minutes before washing with water. After the acid attack, the crystal undergoes 

sequential sonication in H2O, ethanol, acetone, and isopropanol for 15 minutes each. 

Subsequently, the sonication is repeated starting from the most apolar solvent and ending 

with water. 

 

IV.2.3. Self-Assembled Monolayer formation 

The formation of a Self-Assembled Monolayer of HS-PEG-NH3 on the gold surface is 

obtained by the overnight incubation of QCM crystals in an ethanolic solution containing 

1mM of the thiol derivative. After that, excess reagents are removed by washing the gold 

substrate in absolute ethanol. 

 

IV.2.4. Surface NH2 density determination 

A spectrophotometric assay was used to determine the density of NH2 groups on the 

coated crystal surface using the procedure described in [174,175]. Briefly, 4-the UV 
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absorbance of 4-Nitrobenzaldehyde is used to indirectly determine the amount of amine 

group deposited on the QCM crystal surface. Once the HS-PEG-NH2 monolayer is 

formed, the crystal is incubated in an excess solution of 4-nitrobenzaldehyde in ethanol 

overnight. Afterward, the surface was cleaned with fresh ethanol to remove the excess 

reagent and incubated with a 0.2% (v/v) CH3COOH solution to reverse Shiff’s base 

reaction (Figure 30). 

The resulting 4 nitrobenzaldehyde solution was analyzed until no changes in the UV-Vis 

absorbance were noticed. Then, the absorbance value was interpolated with a calibration 

curve registered on a UV-VIS Specord 270 (Analytik Jena, Germany) at 270nm in a range 

between 0.002 and 0.04 M. 

 

IV.2.5. Atomic Force Microscopy 

AFM images of pristine and functionalized surfaces were acquired using a Solver P47-PRO 

SPM microscope (NT-MDT, Zelenograd, Russia) in semi-contact mode. The cantilever 

had an approximate force constant of 20 N/m and an oscillation frequency of 200 kHz. 

Image analysis was performed with the microscope's proprietary software to evaluate 

height profiles, average roughness (Ra), and root mean square roughness (Rq). For each 

sample, data were averaged from 3–5 images taken from different regions, sampling an 

area of 5x5 µm. 

 

   

 

 

         
 

  

   

 

  

 

  

         

Figure 30 Reaction scheme for surface amine group determination 
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IV.2.6. QCM immunoassays 

All measurements were performed in a flow chamber with a volume of 110 µL Each cycle 

began with a washing step onto the crystal using MilliQ water to remove any unbounded 

and excess material from the crystal’s surface. Subsequently, a dispersion of Solid Lipid 

Nanoparticles coated with hyaluronic acid (HA-SLN) was injected, succeeded by the 

addition of 0.2M NHS and 0.4M EDC to activate the carboxylic groups on the 

nanoparticle’s surface and allow antibody binding to the nanoparticles. Ultimately, antigen 

solutions with various concentrations were injected to enable the antigen quantification. 

Figure 31 represents a depiction of the surface functionalization on the gold surface. 

 

Functionalized surfaces were tested and regenerated several times to study the reusability 

of a single quartz crystal and ensure the reproducibility of the whole detection element. 

Different tests were performed to exclude any non-specific interaction in the obtained 

signals: Immunoassays were also performed on a Mercaptoundecanoic acid Self 

Assembled Monolayer, an HS-PEG-NH2 SAM without Solid Lipid Nanoparticles 

functionalization, and on a clean Au crystal without further modifications. All the 

measurements were performed on a QCM-R device built by the Department of 

Information Engineering and Mathematics (DIISM) of the University of Siena [176].  

  

Figure 31 Functionalization of Au surface on QCM crystals 
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IV.2.7. Synthetical Route for Solid Lipid Nanoparticles 

Solid Lipid Nanoparticles were prepared using the optimized hot-emulsification method 

described in II.4.1. The obtained SLNs were coated with a layer of hyaluronic acid by 

dilution of the dispersion in a solution of the polysaccharide to cover the nanoparticle’s 

surface. The electrostatic interaction between positively charged lipid nanoparticles and 

negatively charged sodium hyaluronate ensures electrostatic attraction and subsequent 

coating association between the polymer and the nanoaggregates. The coverage was 

confirmed via Dynamic Light Scattering and Zeta-potential measurements, performed on 

a Malvern Zetasizer RED Pro with a 173° detector angle and keeping temperature at 25° C. 
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IV.3. Results and Discussions 

IV.3.1. Amine group density determination 

Absorbance values from the amine group determination assay were interpolated with a 

calibration curve (𝑦 = 13.734𝑥 , 𝑅2 = 0.999) to indirectly determine the number of 

amine groups present on the functionalized QCM crystal’s surface, resulting in an NH2 

group density of 1.35 ± 0.05 µmol/mm2, thus confirming the presence of functionalized 

amine-Poly(Ethylene Glycol) on the surface. 

 

IV.3.2. Hyaluronic Acid Coating of Solid Lipid Nanoparticles 

The Solid Lipid Nanoparticles dispersion was diluted in a 0.05% (w/v) low molecular 

weight Sodium Hyaluronate solution, allowing the formation of an HA shell on the 

nanoparticles by electrostatic attraction between the positive surface of SLN and the 

negatively charged carboxylate groups of hyaluronate. Coating was confirmed by a 

significant increase in size and a decrease in surface charge of positively charged Solid Lipid 

Nanoparticles, due to the presence of carboxylate groups on the polysaccharide, 

contributing to the overall Zeta Potential. Table 21 reports data for dimension, Zeta 

potential, and PDI of uncoated and coated nanoparticles. 

Table 21 Size, PDI and surface charge for SLN and HA-SLN 

Sample Size (nm) PDI Zeta Potential 
(mV) 

SLN 87.1 ± 6.1 0.28 ± 0.01 +46.3 ± 0.9 

HA-SLN 159.6 ± 3.1 0.52 ± 0.04 +20.5 ± 0.3 

 

IV.3.3. QCM detection 

The system described in IV.2.6 was successfully applied to detect and build a calibration 

curve for the antigen (Figure 32). The reported calibration curve is defined by 𝑦 =

4.43𝑥 + 0.72, 𝑅2 = 0.99, and sensitivity equal to 72.82 ± 4.43 µg/mL. The Limit of 
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Detection (LOD) of the entire system was found to be 0.05 µg/mL while the Limit of 

Quantification (LOQ) is 0.19 µg/mL. 

 

Figure 32 Calibration Curve for Haptoglobin using an SLN-modified QCM crystal. 

The interaction between the antigen and antibody-functionalized solid lipid nanoparticles 

was confirmed by three other experiments. By performing analyte injections at the same 

concentration levels of the calibration curve (0.05, 0.1, 0.15, and 0.20 µg/mL) on crystals 

with an 11-Mercaptoundeacanoic acid with (Figure 33) and without (Figure 34) Solid Lipid 

Nanoparticles functionalization, demonstrating how linearity is only achieved with the 

complete system and antibodies are only linked to the hyaluronic acid coating, as the 

linking reaction does not happen when Solid Lipid Nanoparticles are not present in the 

system, both with 11-Mercaptoundecanoic acid and HS-PEG-NH2 functionalization. 
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Figure 33 Frequency values obtained from a MUA SAM with SLN 

 

Figure 34 Frequency values obtained from a MUA SAM without SLN 

The typical experimental sensorgram is presented in Figure 35. Measurements are 

performed following an equilibration phase. The successful deposition of  Solid Lipid 

Nanoparticles (SLNs) and their covalent binding to the surface is validated by assessing 

the difference in resonating frequency between the initial equilibration stage and 

subsequent water injection, conducted after removing all unbound material from the 

crystal surface. Significant differences in resonating frequency are observed when SLNs 

are deposited on the HS-PEG-NH₂ Self-Assembled Monolayer, whereas no such changes 

are detected when the reaction is not expected to occur, as in the case of  surfaces 

functionalized with 11-Mercaptoundecanoic acid, as shown in Figure 36. 
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Figure 35 Variation of resonating frequency in a typical QCM experiment 

  

(a) (b) 

Figure 36 Frequency variation between stabilization stages with HS-PEG-NH2 (a) and MUA (b) 

 

IV.3.4. Atomic Force Microscopy 

AFM images of QCM crystals, captured both before and after functionalization with Solid 

Lipid Nanoparticles (SLNs), are presented in Figure 37. The images depict (a) the pristine 

gold surface and (b) the functionalized gold surface of the QCM crystal, highlighting the 

morphological differences induced by the functionalization process. 
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(a) 

 

(b) 

Figure 37 AFM images of a pristine (a) and functionalized (b) gold surface on QCM crystal 

Surface roughness (Ra) and Root Mean Square surface roughness (Rq) for the two samples 

both increase when the crystal is coated with a Self-Assembled Monolayer functionalized 

with Solid Lipid Nanoparticles. AFM analysis reveals that functionalization with SLNs 

significantly increases surface roughness (from 0.89 nm of clean gold surfaces to 2.05 nm 

of the modified surface). The increase is consistent with the deposition of the Self-

Assembled Monolayer and Solid Lipid Nanoparticles on the gold surface, as also evidenced 

by visual contrast in the images. The combination of morphological and quantitative 

roughness data is both due to and confirms the modifications of the crystal’s surface. 
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IV.4. Conclusions 

This chapter explores the use of Solid Lipid Nanoparticles (SLNs) as signal amplifiers in 

antibody-based antigen detection with mass-sensitive devices such as Quartz Crystal 

Microbalances (QCMs).  

Functionalization of Solid Lipid Nanoparticles with hyaluronic acid was performed by 

dilution of the nanoparticulate suspension in an HA solution, and the formation of another 

shell around the lipidic core was confirmed both from size and Zeta potential 

measurement, as an increase in size and decrease in surface charge. 

The modification of gold surfaces with HS-PEG-NH2 was confirmed 

spectrophotometrically with the amine group determination by exploiting the selective 

reaction between 4 nitrobenzaldehyde and the amine groups on the gold substrate support. 

The specificity of the generated signal and the linearity of the response from the 

functionalized sensor were evaluated through various experiments. These experiments 

demonstrated that alternative surface functionalization methods neither produced a 

detectable response nor exhibited linearity, underscoring the performance as signal 

enhancers of SLN-modified surfaces. The exposed experiments demonstrated how Solid 

Lipid Nanoparticles could be functionalized with different kinds of antibodies and 

receptors, to confer to the nanoparticles a site-specific target and possibly drug release 

when exposed to the desired environment. 
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V. UREA QUANTIFICATION METHODS FOR 

NANOSTRUCTURE-BASED DIALYSIS 

SYSTEMS 

 

V.1. Introduction4  

In the human body, all the nitrogen-containing compounds are metabolized into 

ammonium and converted into urea in the liver. The bloodstream then transports urea to 

the kidneys, where it is separated from blood and excreted through urine. Chronic kidney 

disease (CKD) is a progressive condition characterized by a gradual loss of kidney function 

over time, which can eventually lead to kidney failure. Kidney failure is considered when 

the glomerular filtration rate of the bloodstream from toxins and urea is less than 

15 mL/min/1.73m2, a critical threshold at which the kidneys can no longer filter waste and 

maintain essential bodily function [177]. When at this stage, CKD could be treated either 

by hemodialysis, peritoneal dialysis, or ultimately kidney transplantation. Without any of 

these interventions, patients are facing life-threatening complications such as fluid 

overload, electrolyte imbalances, and accumulation of toxins in the bloodstream that could 

lead to other significant co-morbidities. Among the global population, 15-20% of adults 

worldwide are affected by CKD [178], with a critical need for therapies, which are 

administered to only 10% of the total population in need of treatment, and the majority 

are treated in only five countries which together represents only 12% of the global 

population: United States, Japan, Germany, Brazil, and Italy [179]. Despite other modern 

and more patient-compliant techniques such as peritoneal dialysis, significant challenges 

remain. The cost of dialysis remains prohibitive for many, especially in low-income 

countries where healthcare resources are scarce. In such settings, the life expectancy of 

treated patients is still increased, but the effort to sustain hemodialysis therapy and the 

prohibitive nature of the conditions negatively influence the mental health and lifestyle of 

CKD patients, with several of them facing depression and anxiety due in part to symptoms 

 
4 The work in this chapter has been conducted in collaboration with prof. B. Ratner, Department of 
Bioengineering, University of Washington (Seattle, USA) The candidate’s work is only referred to the 
development of regression models for urea quantification. 
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burden, but principally from hospitalization, inability to work and loss of independent 

living [180]. 

In this context, there have been many efforts to innovate and improve dialysis, with a focus 

on developing less invasive techniques and portable dialysis devices. These advancements 

aim to enhance patient comfort, increase treatment adherence, and lower the cost, making 

this life-saving treatment more affordable to everyone. One of the major challenges that a 

portable device should face is managing the large volume of water that is needed for 

treatment. Generally, every CKD patient that is treated with hemodialysis, which today is 

the predominant kind of dialysis – despite an increase in peritoneal dialysis mainly due to 

local government policies [180] – is exposed to approximately 200 L of clean dialysate per 

session [181]. For this reason, the regeneration of dialysate fluids by their purification or 

degradation of contaminants taken from the patient’s blood is one of the key points for 

the development of a portable device. 

 

V.1.1. Urea quantification methods in dialysates 

Continuous online monitoring of  urea levels in patients undergoing hemodialysis holds 

the potential to significantly enhance dialysis processes, dosing accuracy, and patient 

compliance. Several approaches have been explored for the quantification of  urea in spent 

dialysate, many of  which rely on measuring the absorbance of  other toxins correlated with 

urea concentration, such as uric acid or other dialysis-related markers. These markers are 

then used to estimate Kt/V, the parameter that guides therapeutic dialysis dosing [182]. In 

this parameter, K denotes the blood flow rate, t represents the duration of  the dialysis 

session, and V refers to the patient’s total body water volume. Currently, blood samples are 

drawn at predefined intervals to measure Blood Urea Nitrogen (BUN) using colorimetric 

kits or spectrophotometric assays. The dialysis dose is subsequently calculated using the 

formula given in Equation (20). 

𝐾𝑡

𝑉
= −ln 

𝐶𝑡

𝐶0
 

(20) 

 

Where 𝐶𝑡 represents the BUN concentration at a precise interval of time and 𝐶0 the initial 

patient’s BUN. Derivatization of urea is very common in spectrophotometric 

determination methods, as proposed by Hayashi et al. [183] who are continuously 
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quantifying urea in the spent dialysate that gets discarded from the machine exploiting the 

chemiluminescence of urea when in solution with hypobromous acid following the 

reaction (21): 

(NH2)2CO + 2Br- → N2
* + 2Br- 

N2
* → N2 +hν 

(21) 

The introduction of hypobromous acid inside dialysate fluids intended for purification and 

recycling would necessitate an additional purification step to eliminate ions from the 

solution. Therefore, an optimal system should capitalize on an intrinsic property of urea 

or its degradation processes, thereby avoiding the need for external reagents that introduce 

contaminants and complicate the purification process. Other potentiometric urea 

biosensors have been developed [184], mainly for the quantification of urea in dairy 

products. These sensors often utilize thin polymeric films embedded with the enzyme 

urease, taking advantage of the electrochemical changes resulting from the enzymatic 

degradation of urea. However, the functionalization of electrodes with biological 

compounds requires highly controlled conditions and is limited in long-term stability. As 

a result, these electrochemical biosensors are not well suited for continuous urea 

monitoring in recycled dialysate within portable dialysis devices.  

 

V.1.2. Urea removal from dialysate fluids 

Fresh dialysis fluids are generally composed of an osmotic agent, a buffer (generally lactate 

or bicarbonate), and an electrolyte. These components can be modified to affect in 

different ways blood purification and fluid removal and to face the patients’ needs. 

Generally, also a sugar such as glucose or dextrose is present in the dialysate, commonly 

with a concentration of 100 mg/dL. The resulting dialysate is an isotonic solution, with an 

osmolarity similar to the one of plasma, to ensure safety and prevent the destruction of 

red blood cells [185]. In common therapeutical procedures, the spent dialysate medium is 

discarded after one single passage into dialysis machines or contact with the patient’s fluids 

in case of peritoneal dialysis. Developing a purification unit able to remove toxins from 

spent dialysate could significantly reduce the need for fresh fluids from more than 100 L 

to around 2 L per patient. Several attempts involving various urea removal strategies have 

been proposed in pursuit of this goal, as urea degradation is a very slow process in aqueous 
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solution, where urea is usually found in equilibrium with some of its degradation products, 

such as cyanate and ammonium [186]. Common approaches involve mainly the 

development of sorbent resins with a particular affinity with urea, or a substrate with the 

urease enzyme immobilized on it, which is capable of catalyzing urea degradation [187]. 

The use of special resins or enzymes can be avoided by exploiting the electrochemical urea 

oxidation process, mainly based on a 6-electron reaction that transforms urea into CO2 

and N2, following the reaction in Equation (22) [188]. The complete reaction mechanism 

of the six-electron process required to fully oxidize urea into N2 and CO2 has been already 

studied and hypothesized by Tatarchuk et al. [189] for other electrocatalytic substrates, 

such as NiOOH as illustrated in Figure 38. 

Anode: CO(NH2)2 + H2O + 6e- + 6h+ → CO2 + N2 + 6H+ + 6e- 

Cathode: 3∕2 O2 +3 H2O + 6e−
circuit → 6 OH− 

Overall: CO(NH2)2 + 3∕2 O2 → CO2 + N2 +2 H2O 

(22) 

 

Figure 38 Schematic illustration of proposed reaction pathway for urea oxidation on a NiOOH substrate [189] 

POUR (Photo Oxidation Urea Removal Unit) has been proposed as a light-activated 

systems able to oxidate urea with the previously mentioned process [188,190,191]. Each 

POUR module is constituted of a permeable Pt-carbon paper as a cathode and 

nanostructured TiO2 in the form of nanowires on an FTO glass substrate as the 

photoanode. The mechanism of urea oxidation is activated by monochromatic LEDs that 

– as studied for other analytical matrices [192] – can induce electrochemical 

photooxidation of urea. In this way, POUR modules can regenerate dialysis fluids by 

eliminating urea in combination with an applied voltage on the electrodes, to induce the 

separation of electron-hole pairs and start the photooxidation processes together with a 
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semipermeable membrane and activated carbon cartridges, both contributing to the 

purification of spent dialysate from other toxins and the isolation of urea. 

 

V.1.3. Raman Spectroscopy 

Raman spectroscopy has gained increased attention as a quantitative analytical technique, 

especially with advancements in the miniaturization of  Raman spectrometers and the 

development of  Surface Enhanced Raman Spectroscopy (SERS) instruments. The 

miniaturization of  Raman spectrometers has opened new avenues for in-field application, 

particularly in food safety and biomedical diagnostics with many examples of  sensors built 

for the detection of  single Raman bands [193,194], as a selective method to quantify 

precisely different compounds in sometimes complex matrices such as dairy products. The 

Raman effect originates from the inelastic scatter of  light, and it can directly probe 

vibrational and rotational states in molecules and materials [195]. Spontaneous Raman 

scattering is a low probability process, as typically 1 in 108 [196] incident photons is 

scattered inelastically from molecules. Moreover, the entire process depends on the 

incident wavelength, as the inelastic Raman scattering is an example where the wavelength 

changes. The inelastic scattering of  a photon leaves the molecule in a different rotational 

and vibrational state. Figure 39 shows the energy level involved in the application regarding 

Raman Spectroscopy. The elastic scattering of  light is the most probable process, and it’s 

called Rayleigh Scattering. When a photon is scattered inelastically if  its energy is lower 

than the original photon, the process is called Stokes Raman Scattering, and the wavelength 

of  scattered photon results in red-shifted, while anti-Stokes Raman scattering happens 

when photons are blue-shifted from the original frequency. 
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Figure 39 Energy-level diagram showing the states involved in Raman spectroscopy 

The incident laser beam used in Raman spectrometers typically operates at visible or near-

IR wavelengths. The intensity of  the resulting Raman signal is inversely proportional to 

the wavelength, the molecular scattering cross-section, and the Boltzmann factor. 

Consequently, the use of  longer wavelengths requires extended acquisition times to obtain 

adequate signal strength. Unlike infrared spectroscopy, which is based on the absorption 

of  photons, Raman spectroscopy enables quantitative analysis as the scattering response is 

directly proportional to the concentration of  the analyte. Quantitative data obtained from 

Raman spectroscopy involves the area under the band’s curve or peak height. Information 

for unknown samples is then interpolated with a calibration curve or obtained using 

multivariate analysis such as Partial Least Squares regression. When using a calibration 

curve, the use of  an internal standard is particularly advantageous, and for an aqueous 

solution, the OH signal (1600 cm-1) is used, as it avoids additional manipulation of  samples 

[197]. 

 

V.1.4. Partial Least Squares regression 

Multivariate analysis comprehends a range of statistical techniques designed to handle large 

and complex datasets, allowing for the exploration of relationships, patterns, 

classifications, and quantitative measurements as a function of multiple independent 

variables and extrapolating more than one predictor. Unlike univariate analysis, which 

relies on a single independent variable to determine the analyzed property, multivariate 
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techniques—such as Principal Component Analysis (PCA) and Partial Least Squares (PLS) 

regression—can simultaneously incorporate multiple independent variables, such as 

absorbance values at different wavelengths. These techniques generate predictive models 

by identifying specific spectral regions that are particularly informative for quantitative 

analysis. Compared to univariate models and linear regressions that typically explore one 

predictor variable at a time, multivariate analysis offers key advantages: such as the ability 

to distinguish between different spectral components and to quantify multiple analytes at 

once, even when they overlap in the spectrum. In this way, the algorithm attempts to find 

a set of latent variables that explain the shared variance between the predictor matrix (𝑌) 

and the response matrix (𝑋). This method reduces the dimensionality while retaining the 

most relevant information for predicting responses. PLS works by iteratively extracting 

orthogonal components from the predictor variables that are most strongly correlated with 

responses [198,199]. After finding these components, the response variable can be 

regressed into the new components space. This process enhances the interpretability by 

focusing on the components that are the most important in contributing to the prediction, 

thus reducing the initial dataset. For this reason, the combination of PLS regression with 

Raman spectroscopy is especially effective for quantifying analyte mixtures, identifying 

possible interferents, and discriminating between them from a single spectrum [200,201]. 

The results of good PLS modeling are strongly dependent on the post-processing of 

spectra, as normalization, noise reduction, and other manipulations strongly influence the 

result. 
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V.2. Materials and Methods 

V.2.1. Data Acquisition 

400 μL of samples and standards were placed in a 92 black multi-well plate. A Thermo 

Fisher DXR2 Raman microscope equipped with a 10x objective lens was employed to 

acquire three distinct Raman spectra at a 4 cm-1 resolution for every specimen. The spectra 

acquisition process utilized a 5mW, 532 nm laser as the excitation source. Each spectrum 

was composed of eight separate acquisitions, with each acquisition having a duration of 

ten seconds (total acquisition time 80 s). Before each analytical session, the spectrometer 

was calibrated and aligned using a 50um pinhole window and the 1000 cm-1 absorbance 

band of polystyrene. The urea calibration dataset consists of 10 different concentrations in 

the range between 0 and 50 mM of urea, dissolved in a physiological (0.9% w/v NaCl) 

solution. All the samples were equilibrated at room temperature before spectral acquisition. 

A set of real samples from a POUR photooxidation process were quantified with a 

chemical analyzer, then their Raman spectra were acquired and used to predict urea 

concentration. Samples were collected each hour, for 6 hours of continuous urea removal 

performed with a POUR module on a 10 mM urea solution. 

 

V.2.2. Post-processing of spectra and multivariate analysis 

Baseline correction for raw spectral data was performed in the 2500-700 cm-1 range using 

an Asymmetric Least Squares (ALS) algorithm. The obtained corrected spectra were then 

mean-centered and normalized. The same post-processing algorithm was applied to both 

standards and samples. Partial Least Square Regression (PLSR) and post-processing were 

performed using OrignPro (OriginLab corporation) using spectra of different urea 

standards concentration, for a total of 47 different spectra. The whole analytical region was 

used as independent variables (1800 predictors) and analyzed by applying the SVD 

(Singular Value Decomposition) algorithm. Models were cross-validated using the PRESS 

algorithm to select the most significant number of components, while outliers were 

evaluated and eliminated based on T2 scores for each spectrum. Each PLS regression was 

reiterated until no outliers were present in the model. For all the presented models, the test 
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dataset consists of separately prepared standards with the same concentrations as the 

training dataset. 

V.2.3. Limit of Detection Estimates 

Evaluation of the Limit of Detection and quantification are not standardized for 

multivariate analysis. An IUPAC consistent method has been proposed by Allegrini et al. 

[202] as the minimum distance in the sample score space between the plan that contains 

all the samples with 0 analyte concentration and all the other samples included inside the 

model. In this work, the simplified approach described by Oleneva et al. [203] is based on 

Mean Relative Error (MRE), and the assumption that analyte concentrations lower than 

the LOD should have a high MRE, defined as in Equation (23). 

𝑀𝑅𝐸 =
|𝑀 − 𝑃|

𝑀
 

(23) 

 
Where M is defined as the measured value from a well-established analytical technique and 

P represents the predicted value from the statistical model. The LOD concentration is 

defined as the value at which the MRE has a statistically significant decrease. 
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V.3. Results and Discussions 

V.3.1. Spectral Acquisition and post-processing 

Figure 40a represents a typical urea solution spectrum. The significant band for the 

compound can be observed centered at 1004 cm-1, corresponding to the N-C-N stretching. 

The other absorption present in the spectral window is the water H-O-H bending, centered 

around 1600 cm-1. When compared to a urea spectrum in powder form (Figure 40b) [204], 

the Raman of solutions shows fewer features for the analyte, because more movement and 

vibration allow less scattering from molecules than in the crystalline form. 

  

(a) (b) 

Figure 40 Experimental spectra of a 50mM urea solution (a) and urea in crystalline form (b) 

The urea band centered at 1004 cm-1 is the most used for urea quantification purposes. A 

slight shift from the wavenumber is due to the different physical form of the compound. 

A data cut before baseline correction and mean subtraction allowed the removal of 

fluorescence signals from the spectra, giving a more accurate correction of the analytical 

region. Figure 41 shows respectively the results of baseline correction in the selected 

analytical region, and the height variation depending on urea concentration for the 

absorption band fixed at 1004 cm-1 for a single set of standards. 
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(a) (b) 

Figure 41 Analytical spectral range after ALS baseline correction, mean centering and normalization (a), Enlargement of 
corrected spectra in the urea N-C-N band region at different concentrations (b) 

Normalization by maximum value is only allowed because the urea band was always lower 

in intensity than the H-O-H bending from water. Moreover, contributions of  urea 

absorption bands in the same region (bands at 1532, 1570, 1636 cm-1, Figure 40b) were not 

influent to the water absorption intensity. The same correction was applied to both 

standards and real samples. 

 

V.3.2. Multivariate regression 

Two different normalizations were applied to post-processed data, namely by maximum 

value and Z-score normalization.  

The appreciable difference between the three normalization methods is mainly in the 

increase of  standard deviations between replicates of  a single sample. Figure 42 reports 

the Variable importance Plot of  the Z-score normalized PLS model. Other VIP plots are 

not reported, as the difference between models was minimal when it comes to predictors 

importance. 
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Figure 42 Variable Importance Plot for PLS model obtained after Z-score normalization 

The importance of variables has a maximum around the 1000 cm-1 value, meaning that the 

variance in the spectra is mostly due to the N-C-N vibration of urea in analysis. Another 

minimum contribution is also detected between 1600-1800 cm-1 where other urea 

adsorptions are present within the stronger H-O-H water absorption. This behavior is only 

appreciated when the Z-score normalization is applied, as the max normalization uses the 

water absorption as a reference. 

 

V.3.3. PLS regression on max-normalized values 

The PRESS cross-validation indicates that the optimal number of factors required to 

explain the variance is 4. In Figure 43, diagnostic plots are reported, showing the 

relationship between predicted and actual concentration values, how residuals are 

randomly scattered around 0, and the normal probability plot showing how variance is 

normally distributed. 
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Figure 43 Diagnostics plots for MAX-normalization PLS 

Prediction results for the set of samples in analysis are reported in Table 22, which also 

reports the P-Value test for testing statistically significant differences between the proposed 

model and urea concentration determined from the chemical analyzer. 

Table 22 Results from PLS data obtained with MAX normalization 

Sample name Chemical Analyzer 
urea (mM) 

Urea model 
(mM) 

P-Value Significant 

1/17 0 6.82 ± 0.27 7.40 ± 0.62 0.21 N 

1/17 1 6.48 ± 0.02 8.29 ± 0.74 0.01 Y 

1/17 2 5.68 ± 0.05 6.00 ± 0.35 0.20 N 

1/17 3 7.40 ± 0.04 7.78 ± 1.36 0.66 N 

1/17 4 6.68 ± 0.04 4.60 ± 0.24 1.43x10-4 Y 

1/17 5 5.86 ± 0.05 4.97 ± 1.05 0.21 N 

1/17 6 3.15 ± 0.03 4.74 ± 0.81 0.02 Y 
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V.3.4. PLS regression on Z-score normalized values 

One of the advantages of z-score normalization in multivariate regression is the ability to 

avoid having a constant internal standard or relative maximum within the spectral window. 

Using this normalization method, the minimum PRESS value was obtained for a regression 

composed of 2 factors. Figure 44 reports the diagnostic plots for the final selected model. 

 

Figure 44 Diagnostics plots for Z-score normalization PLS 

The effect of Z score normalization spectra is appreciated on the prediction for the sample 

dataset reported in Table 23. The generally observed trend is an increase in the standard 

deviation values, which is probably due to the presence of significative predictors also in 

the 1600-1800 cm-1 region. As the samples and standards for calibration were corrected all 

with the same method, the baseline correction could introduce some variance in the 

samples and in the urea predictors hidden under the water absorption bands. The increase 

in standard deviation is also noticeable from the predicted vs actual concentration graph 

(Figure 44) where each actual concentration value corresponds to more than one predicted 

value. 
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Table 23 Results from PLS regression with Z-score normalization 

Sample name Chemical Analyzer 
urea (mM) 

Urea model 
(mM) 

P-Value Significant 

1/17 0 6.82 ± 0.27 6.91 ± 0.66 0.88 N 

1/17 1 6.48 ± 0.02 8.35 ± 1.50 0.16 N 

1/17 2 5.68 ± 0.05 5.62 ± 0.14 0.61 N 

1/17 3 7.40 ± 0.04 7.99 ± 1.20 0.49 N 

1/17 4 6.68 ± 0.04 4.21 ± 0.61 0.02 Y 

1/17 5 5.86 ± 0.05 4.64 ± 0.53 0.04 Y 

1/17 6 3.15 ± 0.03 4.23 ± 1.11 0.23 N 

 

V.3.5. Limit of Detection 

From observations and comparison of significance between each model and the chemical 

analyzer urea concentration, the limit of detection was expected to be around 6mM, as the 

predicted values have a statistically significant difference below that value, and spectra 

obtained from standard 5 mM and 1 mM had a low signal to noise ratio. Using the method 

described above, the Limit of Detection for the PLS regression was calculated to be 

≈ 6.8 mM. The described approach works better with a large dataset of real samples 

predetermined with another analytical technique, so the value reported here is just an 

estimate of the actual LOD limit. 
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V.4. Future perspectives 

Here, a multivariate approach to quantify urea via Raman spectroscopy in spent dialysate 

fluids is reported, exploiting the absorption band centered at 1004 cm-1 arising from the 

N-C-N vibration. The obtained data suggests that post-processing of spectra and 

normalization are key factors associated with the performance of the final model. Among 

the various experimental conditions, all the spectra were acquired using a 5mW 532nm 

laser and 8 acquisitions of 10s each. Despite those conditions being satisfactory for most 

of the tested samples, there were some cases in which photobleaching effects were still 

detected. The spectral acquisition could be improved by switching from 96 multi-well 

plates to concave glass slides, allowing more control of the microscope focus and a 

consequent determination of other spectral acquisition parameters. The acquisition time 

should be reduced to provide the urea concentration more frequently than 80 seconds, but 

without losing the signal-to-noise ratio of the analytical signal of urea. 

Partial Least Squares (PLS) regression is indeed a valuable method for analytical chemists 

tackling various quantification challenges. However, its application requires meticulous 

evaluation and validation due to potential overfitting issues, particularly when the number 

of independent variables is significantly over the number of predictors. To mitigate this, 

independent variable reduction is advisable, yet they must be balanced against the need to 

detect and quantify potential interferents, which is often the primary use of PLS. A 

judicious balance is necessary, aiming to optimize both the prediction of urea 

concentration and the identification of interferents. In cases where this balance is not 

achieved, a calibration curve may yield more precise results. Additionally, the choice of 

normalization technique is critical as it should not rely on relative maxima or minima 

intensities to avoid biases. Z-score normalization is favored as it standardizes the data 

based on the mean and standard deviation, providing a more consistent basis for 

comparison and analysis. This approach ensures a robust and reliable application of PLS 

regression in complex analytical scenarios. 

To enhance the model’s reliability, resolution, and detection and quantification capabilities, 

it is essential to construct a comprehensive training dataset comprising nearly 100 samples. 

These samples must be accurately quantified for urea concentration using a robust and 

validated analytical method, such as ion chromatography or HPLC-MS. The dataset should 

encompass a diverse range of concentrations, distinct from those employed during model 
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calibration, covering the entire spectrum of interest, specifically from 1 mM to 50 mM. 

Utilizing this dataset will also facilitate the assessment of the model’s resolution and 

establish its detection and quantification thresholds. This approach will not only solidify 

the model’s foundation but also ensure its applicability, thereby improving its overall 

performance and accuracy. In conclusion, Raman spectroscopy has been demonstrated as 

a valid technique to develop a reliable sensor for urea quantification to be included in 

portable dialysis devices.  



 

I 

 

VI. CONCLUSIONS AND FUTURE 

PERSPECTIVES 

 

Lipid nanoparticles play crucial roles in the development of new drugs and personal care 

products, allowing a controlled and precise release of actives to different targets and 

preserving the structural and functional integrity of labile cargo molecules. Moreover, these 

fully biocompatible nanosystems can successfully be used as bioavailability enhancers for 

lipophilic compounds and drugs or substances included in Class IV of the 

Biopharmaceutics Classification System, allowing a more patient-oriented pharmaceutical 

form and more compliant therapy. In this thesis work, the investigation and optimization 

of several lipidic drug carriers have been carried out using different synthetical routes and 

optimization techniques, focusing on the improvement of physiochemical characteristics 

and encapsulated drug quantity. Solid Lipid Nanoparticles were demonstrated to be 

versatile systems able to encapsulate and preserve different kinds of active substances, 

ranging from nutraceuticals and natural extracts to anti-inflammatory drugs and volatile 

antibacterial compounds. Tailoring of lipidic nanosystems can be achieved by shell 

functionalization with antibodies, polysaccharides, or other kinds of polymers, allowing 

the use of those disperse systems as signal enhancers for mass-sensitive devices such as 

Quartz Crystal Microbalances, allowing accurate quantification of the analyte of interest 

and a targeted release of actives were more needed. The approach used to optimize 

synthetical routes and obtain the most desirable physiochemical properties of the carriers 

included the Quality by Design and Design of Experiment approaches, ensuring that the 

resulting characteristics obtained are a direct response of independent factors considered 

during the synthesis, and revealing the importance of each of them in the final nanocarrier 

properties.  

The development and scaling of lipid nanoparticle production using microfluidic 

apparatuses have been advanced by our research group. The synthesis of the three 

nanoparticle types explored in this study—Solid Lipid Nanoparticles, Lipid Nanoparticles, 

and Transethosomes—has been successfully adapted to a commercial microfluidic device 

(ANP, ParticleWorks). This adaptation facilitates the reproducibility and scalability of 

production, ensures improved control over particle size (ranging from 80 to 150 nm), and 



 

II 

 

enhances sample polydispersity (0.08–0.3). Furthermore, the system exhibits high 

encapsulation efficiency for Triamcinolone Acetonide, Natamycin, and other hydrophilic 

compounds. Further investigations are underway to establish protocols for on-line coating 

of these lipidic nanosystems with polymeric or polysaccharidic shells, such as hyaluronic 

acid-coated SLNs. The implementation of this rapid and highly controlled synthetic 

procedure is being integrated with the Design of Experiment (DoE) methodologies to 

optimize critical physicochemical parameters, including size, polydispersity, and 

encapsulation efficiency. 

The kinetics and assembly processes of these nanosystems are also being examined using 

time-resolved small-angle X-ray scattering (SAXS) in conjunction with rapid mixing 

stopped-flow devices. Experiments have been conducted at synchrotron radiation 

facilities, including DESY (Hamburg, Germany), ESRF (Grenoble, France), and 

ELETTRA (Trieste, Italy). These studies enable the investigation of assembly dynamics 

and their temperature dependence, particularly in the case of SLNs. Given that the 

relationship between physicochemical properties and the biological effects of these 

systems is not inherently guaranteed, the bioavailability and toxicity of the optimized 

formulations for all carrier types are currently under evaluation using also engineered 

systems that simulate the eye structure, in the case of ocular drug delivery for Natamycin 

and Triamcinolone Acetonide. 

Finally, the possibility of using Raman spectroscopy for the quantification of urea in 

nanostructure-based dialysis systems was investigated as a future development for a 

portable dialysis system that recycles the spent dialysate by inducing urea photooxidation 

on nanostructured titanium oxide structures. Partial Least Squares regression models 

showed good linearity and prediction of residual urea quantities, and along with the 

miniaturization of Raman instruments could function as a reliable detection element for 

portable dialysis devices, directly quantifying urea without any need for chemical 

derivatization. 
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