


 

 

ABSTRACT 

The emergence of nanotechnology has not only revolutionized the field of drug 

formulation but has also ushered in a new era of personalized therapeutic interventions. 

Over the past few years, nanoscale-controlled release systems have emerged as game-

changers, exhibiting extraordinary potential in augmenting therapeutic effectiveness 

while concurrently mitigating the adverse effects associated with traditional medications. 

This novel cohort of nanocarriers, comprising a rich array of materials including lipids, 

polymers, and non-ionic surfactants, stands as a testament to the versatility and ingenuity 

of nanotechnological advancements. By harnessing their unique properties, nanovehicles 

offer a precision-targeted approach to drug delivery, homing in on specific pathological 

sites with unprecedented accuracy. Moreover, the inherent adaptability of nanocarriers 

allows for bespoke modifications tailored to individual therapeutic needs, whether it be 

bolstering drug stability, facilitating permeation across biological barriers, or 

orchestrating sophisticated "intelligent" systems for targeted cancer therapy. 

Not only does this approach promise to enhance therapeutic outcomes, but it also presents 

a more efficient and cost-effective alternative to the traditional pursuit of novel 

pharmacologically active compounds. As such, the convergence of nanotechnology and 

drug delivery represents a compelling frontier in the quest for optimized therapeutic 

interventions, holding profound implications for the future of medicine. 
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Introduction  
I.  Structure of thesis  

The following thesis, based on the research activities carried out in the Pharmaceutical 

Technology group belonging of the Department of Pharmacy, Health and Nutrition 

(University of Calabria) is made up into five sections, focusing on the development of 

new drug delivery systems for various pharmaceutical applications. The following titles 

summarizes the sections composing the entirety of the thesis: innovative nanosystems 

based on pharmacologically active molecules with self-association capacity (surfadrug) 

Chapter 1, Innovative nanosystems for drug delivery, Chapter 2, Multifunctional 

nanosystems for cancer therapy, Chapter 3, Nanosystems for topical and transdermal drug 

delivery, and Chapter 4, Intelligent stimulus-responsive nanosystems for drug delivery.  

II.  Drug Delivery Systems 

In the last century, nanotechnology has experienced significant growth, leading to 

important innovations and applications in various areas of science. Indeed, 

nanotechnology has enabled medical, diagnostic and therapeutic treatments to be 

advanced and the quality of healthcare to be improved. The application of nanotechnology 

has led to the production of nanomaterials as carriers of active substances that enhance 

their action that could promote their action. Indeed, nanoscale design has made it possible 

to overcome the limitations of conventional drug delivery. The small size and large 

surface area of nanoscale particles allow them to be engineered to bind, adsorb, or 

transport target molecules, enabling targeted therapy [1]. These functional platforms 

protect the payload by preventing its premature decomposition in the biological 

environment and improve its bioavailability, blood persistence and cellular uptake [2]. 

The release of therapeutic molecules from vesicular systems is widely used to deliver 

hydrophilic and/or lipophilic drugs. Vesicles are nanostructures composed of an aqueous 

core and a lipid bilayer, typically between 10 and 1000 nm in size, which can encapsulate 

hydrophilic drugs in the core or lipophilic drugs in the lipid bilayer. These vesicular drug 

delivery systems are called VDDS (vesicular drug delivery systems). Nanosystems with 

different shapes and sizes (nanoparticles, polymers, dendrimers, emulsions, liposomes, 

etc.) can be formulated with different materials that control cellular uptake and promote 

permeation Figure 1. 
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Figure 1. Different micro and nanosystems used for therapeutic and diagnostic application. 

The considerable interest in nanocarriers is linked to the side effects and disadvantages 

of classical therapeutic treatments. Many therapeutic agents are used to treat various 

diseases, but their use is limited by their susceptibility to biodistribution in the human 

body and the resulting side effects. The use of nanocarriers for the delivery of 

pharmacologically active molecules offers significant advantages, including: 

- Ability to move efficiently in the blood stream, through the intestinal epithelia by means 

of facilitated diffusion, membrane transport and receptor/ligand-mediated transport; 

- Facilitated absorption of the transported drug due to their physicochemical properties; 

- Excellent membrane permeability; 

- Good biocompatibility and degradability; 

- Improved drug solubility; 

- Improved drug chemical stability and photostability; 

- Improved drug bioavailability. 

To date, great quantities of materials, such as polymers, lipids, and inorganic materials, 

have been developed and used as drug carriers to control the release behaviour of 

payloads [3,4] making drugs “smart”. Therefore, given their unique properties, 

nanosystems offer new opportunities for the treatment of numerous pathologies. 
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III. Multifunctional Nanosystems in Cancer Therapy 

The main objective of nanosystems as delivery agents is to deliver drugs with high 

selectivity to target tissues. The encapsulation of bioactive compounds in drug delivery 

systems (DDS) increases the stability of active substances and facilitates local therapies 

by enhancing the bioactivity of the drug, counteracting its degradation and facilitating it 

reaching the target tissue at the desired therapeutic levels and times. Nanosystems can be 

made smart by targeting strategies that allow the drug to be concentrated only where 

needed. The targeting of the administered active substance can be active or passive. 

Passive targeting consists of the passive accumulation of the drug in the diseased area. 

Within the tumour environment, in fact, blood vessels have a different nature from 

physiological ones, due to their irregular organisation and structure: non-conforming 

diameter, bulges, abnormal permeability, absence of basement membrane. Moreover, 

when diffusion within the tumour microenvironment is poor, a process of 

neoangiogenesis is triggered and it leads to the production of new vessels for the supply 

of oxygen and nutrients [5]. These neovases are more permeable than physiological ones; 

therefore, nanosystems with a smaller pore size are able to overcome the endothelium and 

circulate longer in the interstitial space. The plasma permanence of the drug also increases 

because solid tumours have a deficient lymphatic drainage system, resulting in 

preferential accumulation (Figure 2) of the nanocarriers by extravasation [6]. 

Figure 2. Illustration of passive targeting mechanism 
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 The combination of permeable blood vessels and poor drainage is recognised as the effect 

of enhanced permeation and retention (EPR). The accumulation of nanosystems in 

pathological tissue competes with absorption in the liver and EPR [7]. Consequently, 

vectors must circulate for days before they reach a concentration that has a noticeable 

pharmacological effect. One important approach is the design of nanosystems capable of 

responding to stimuli (Figure 2) typical of the tumour microenvironment [8]. In this way, 

the formulations remain in circulation in an inactive form, to be activated upon 

internalisation in the tumour cells. The stimuli that can be exploited are:  

- the extracellular pH of solid tumours, which is more acidic than that of healthy tissue 

[9]; 

- the hypoxia typical of the tumour habitat, as the abnormal microcirculation is unable to 

guarantee the correct supply of oxygen; 

- up-regulation of enzymes such as metalloproteases [10], topoisomerases or PARPs 

increases the activation of nanosystems in situ; 

- hyperthermia is indicative of a pathological condition because normally the body 

temperature is around 37°C and remains constant despite changing external thermal 

conditions. Instead, following the activation of an inflammatory process, there is the 

release of heat mediated by the production of an inflammation mediator which is 

histamine; this promotes a condition of vasodilation and hyperemia (increased blood 

volume). 

Therefore, it is possible to design nanosystems by chemically or physically combining 

materials of different natures that respond with morphological or surface alterations only 

when they come into contact with the specific microenvironment for which they were 

designed. This will make it possible to create site-specific systems and reduce the side 

effects associated with classic drug therapies. In addition to internal stimuli, due to the 

specific characteristics of the tumour environment, there are also external stimuli, such 

as magnetic radiation, application of an electric field and ultrasound. Active targeting, on 

the other hand, is achieved by conjugating directing agents such as monoclonal 

antibodies, peptide sequences or small molecules such as folic acid and transferrin onto 

the surface of the carrier systems, so that the system is only recognised and intercepted 

by target cells [11]. In this case, the targeting is therefore linked to the interaction of the 

specific ligand with antigens and receptors overexpressed by the diseased cells compared 

to normal cells Figure 3. 
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 Figure 3. Illustration of active targeting mechanism 

In this way, the system selectively targets the pathological microenvironment and actively 

affects the tumour vasculature. This leads to the destruction of the vessel endothelium and 

blocks the supply of oxygen and nutrients, resulting in cell death. The factors considered 

for surface modification of nanosystems are mainly peptides, folates, transferrin, 

antibodies, hyaluronic acid, proteins and vitamins, Table 1. These have numerous targets, 

including endothelial growth factors (VEGF or EGF); adhesion molecules (VCAM); 

metalloproteases (MMP) [12]; luteinising hormone (LH-RH); transferrin receptor (TfR) 

and chemokine receptor (CXCR). Therefore, modified and functionalised nanovectors are 

used to discriminately target tumour cells that overexpress the corresponding receptors, 

in order to improve the targeted release and cellular uptake of anticancer drugs, which are 

precisely delivered to diseased cells, reducing toxic effects on normal tissues [13]. 

A promising approach in nanotechnology therefore, lies in the development of 

multifunctional vesicles, simultaneously exploiting multiple targeting strategies. The 

combination of active and passive targeting could lead to increased safety and efficacy of 

the systems, ensuring a high degree of specificity for target cells. Multifunctional 

nanovesicles can simultaneously perform multiple functions such as: imaging, drug 

monitoring, targeted delivery and controlled release, improving the accurate diagnosis of 

therapies of disease. 
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Table 1. Types of ligands 
Carbohydrates Hyaluronic acid 

Small molecules Folic acid 

Peptides 
Transferrin  

Apo-E 

Antibodies 
Cetuximab 

Trastuzumab 

Synthetic molecules 
TPB (4-Carboxybutyl triphenylphosphonium 

bromide) 
 

IV.  Nanosystems for topical and transdermal drug delivery 

Skin administration has always been of great interest in the pharmaceutical field, due to 

its ease of administration, high flexibility, controlled drug release, controlled therapeutic 

effect, etc. The skin, in fact, represents one of the body's main defence mechanisms 

against foreign agents. Anatomically, it can be divided into three layers: the hypodermis 

layer (layer of subcutaneous fat), the connective dermis and the epidermis (layer of 

stratified avascular cells). The epidermis in turn consists of five layers, the stratum 

germinativum (basal layer), the stratum spinosum (spiny layer), the stratum granulosum 

(granular layer), the stratum lucidum and the stratum corneum. The stratum corneum, 

consisting of 15-20 layers of keratin-filled corneocytes, is in fact considered the main 

obstacle to transdermal permeation of many substances [14]. Indeed, when the skin 

barrier is not compromised and the stratum corneum is intact, it is only accessible to small, 

relatively lipophilic, and uncharged molecules with a partition coefficient between 1 and 

3 and weighing less than 800 Da. 

Since the ongoing request for localised drug delivery, administration through the skin can 

be a good application approach. Cutaneous administration can be of two types: 

- topical: in which a drug is administered at the skin site of action, resulting in a 

higher concentration of the localised drug and reduced systemic effects [15]; 

- transdermal: involves transporting the drug through the skin to the systemic 

circulation to reach therapeutic levels. 

In both cases, this administration is advantageous because it avoids first-pass metabolism 

and the gastrointestinal tract, thus improving the bioavailability of the drug. It improves 

patient compliance, as it is a convenient and painless administration, thus useful for 

paediatric or comatose patients. In addition, transdermal administration ensures a 

controlled release of the drug, thus reducing fluctuations in plasma concentration that 

occur with other routes of administration. [14]. Since cutaneous permeation is limited by 

the stratum corneum, nanotechnology aims to develop systems capable of temporarily 
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modifying the structural and biochemical characteristics of the skin in order to ensure the 

access of drugs to the body. To date, several systems have been designed that can 

reversibly reduce the stratum corneum barrier, modifying its structure and favouring the 

formation of additional pathways for the passage of exogenous molecules. One of the key 

advancements lies in the utilization of nanosystems, which harness sophisticated 

permeation enhancers adept at amplifying drug permeability [16]. These nanosystems 

include both lipid nanoparticles and vesicular systems. [17,18]. Their small size facilitates 

the transport of the drug through the skin and ensures its release, because their occlusive 

effect on the skin determines its hydration and elasticity, facilitating its permeation. [19]. 

Permeation enhancers, also known as potentiators, include polar low-molecular-weight 

solvents (ethanol, propylene glycol, dimethyl sulphoxide) and amphiphilic compounds 

containing a polar head and a hydrophobic domain, such as fatty acids -dodecylazepan-

2-one (azone), dodecyl-2-dimethylaminopropanoate (DDAIP)[20] .  

Also influencing the skin permeation of nanocarriers are some of their chemical-physical 

properties. For instance, it is well documented that the skin permeation of nanocarriers is 

influenced by their size. Vesicles with a diameter ≥ 600 nm are unable to penetrate deeper 

skin layers, whereas vesicles with a diameter ≤ 300 nm allow the release of their contents 

into the deep layers by penetrating through the transfollicular pathway. Particles with a 

size ≤ 100 nm, on the other hand, are suitable for deep penetration of the skin, resulting 

in the onset of the action [21]. Another parameter of great importance is shape. Disc-

shaped, cylindrical, and hemispherical vesicles may be more successful than classic 

spherical particles in avoiding absorption by phagocytic cells. [22]. The surface charge 

strongly influences the permeation of the transported drugs. Since the skin is negatively 

charged, it is expected to treat and thus diffuse cationic nanoparticles more than neutral 

and anionic ones. Hydrophobicity and hydrophilicity are also determining factors. Several 

studies have indeed shown that the surface hydrophobicity of nanoparticles strongly 

influences their penetration, but also absorption and biodistribution. [23,24]. Driven by 

the need to improve skin penetration of conventional vesicles, new ultra-deformable 

vesicles were also designed through structural and chemical modifications of liposomes. 

[25]. These include ethosomes, which, due to the presence of ethanol affecting their 

average size, zeta potential, stability, and drug entrapment efficiency, make them more 

effective than classical liposomes. Transferosomes, ultra-deformable vesicles that 

improve the deformability of double layers, mainly by varying their interfacial tension. 

[26]. Or cubosomes, which involve the use of an amphiphilic non-ionic triblock 
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copolymer of polyethylene oxide (PEO) and propylene polyoxide (PPO), which are 

among the most commonly used stabilisers [27]. Study of topical and transdermal 

absorpition is performed through the application of in vitro methods as Franz diffusion 

cells, in vivo as open-flow skin microperfusion, ex vivo methods as a tape stripping 

method. Therefore, various vesicle materials can be used to promote skin permeation, 

such as certain phospholipids, surfactants, lipids and small molecules (Table 2). This 

chemical enhancer act increasing (and optimizing) the thermodynamic activity of the drug 

when functioning as a co-solvent, increasing the partition coefficient of the drug to 

promote its release from the vehicle into the skin, conditioning the stratum corneum to 

promote drug diffusion and promoting penetration and establishing drug reservoir in this 

stratum. An ideal chemical enhancer should be pharmacologically inert, non-toxic, non-

allergenic, chemically and physically chemically and physically compatible with 

nanosystems and economical. Furthermore, after its removal, the SC should immediately 

and completely recover its normal barrier function. 
Table 2. Example of skin permeations enhancers 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Skin permeations enhancers 

Small Molecule Solvents 

Ethanol 
Propylene Glycol 
Dimethylsulfoxide 
Dimethylacetamide 

Decanol 

Sufactants 

N-Lauroylsarcosine 

Span 20 

 Spsn 80 

 Ascorbyl Palmitate 

Glycerol Monolaurate 

Span 80 

Tween 80 

Sodium Lauryl Sulphate 

Peptides 

Cell-Penetrationg Peptides 
(TAT, Penetratin, Arginine 
Oligomers), Antimicrobial 

Peptides (Magainin) 

Fatty Acids 

Linoleic Acid 

Oleic Acid 

Palmitic Acid 

Lauric Acid 

Glycols 
Propylen Glycole Dypropylene 

Glycol 
Polymer Chitosan 
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V.  Vesicular Systems 

In recent years, the pharmaceutical industry has placed great emphasis on the 

development of new drug delivery systems as innovative tools for diagnosis and 

therapy. This has led to the development of a wide variety of nanocarriers made of 

different materials, which are described in the following sections. 

V.I Liposomes and Niosomes 

Among the various DDS, great attention has been paid to niosomes. Niosomes have 

been developed as a better alternative to liposomes. They have a different chemical 

composition of the bilayer, which offers several advantages. They are hollow systems, 

consisting of an aqueous core bordered by one or more bilayers formed by surfactants; 

they are much more stable than liposomes as they are not degraded by the 

phospholipolytic enzymes of the stratum corneum as happens to phospholipids, and 

the surfactant structure is similar to that of epidermal ceramides allows them to 

assemble the corneous lamellae and reduce epidermal dehydration. The unique 

structures of niosomes make them capable of encapsulating both hydrophilic and 

lipophilic substances. Surfactants are substances capable of lowering the surface 

tension of a liquid (liquid/air interface) and/or the interfacial tension between two 

liquids or between a liquid and a solid. They generally consist of organic molecules 

with amphiphilic characteristics, i.e. containing both hydrophilic and hydrophobic 

(lipophilic) groups. From a chemical point of view, surfactants can be classified based 

on the characteristics of the hydrophilic portion of the molecule. The following 

categories can therefore be identified: anionic surfactants, cationic surfactants, 

amphoteric surfactants or zwitterionic surfactants. The most used non-ionic 

surfactants in the design of vesicles as release systems include ethers; esters, of which 

the best known are sorbitans, most frequently called Span, or ether-esters, of which 

the best known are polyoxyethylene sorbitans, also called Tween. The choice of 

surfactant is a critical factor to consider when designing such systems. Indeed, it is 

well known how the molecular structure of the surfactant clearly influences the size, 

stability, drug entrapment efficiency, pharmacokinetics, pharmacodynamics and 

targeting properties of vesicular systems [28]. Surfactants used in niosomal systems 

include Gemini surfactants. These comprise two hydrophobic chains and two polar 

head groups, covalently connected by a spacer group. Gemini surfactants have 

attracted much attention as they exhibit a very high aggregation capacity with 
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correspondingly low CMC values [29]. Further attention is paid to amino acid-based 

surfactants, both single-chain and gemini-type, as they derive from amino acid 

compounds and are less toxic, more biodegradable and with high encapsulation 

capabilities compared to classic surfactants. Niosomes are therefore liposomes based 

on non-ionic surfactants [30]. They are similar to liposomes in shape and geometry, 

but offer several advantages, thanks to their reduced tendency to aggregate and greater 

stability. As regards the physical stability of liposomes, this is determined by the type 

of phospholipids used, i.e. their head and the nature of the fatty acids. The instability 

of liposomes could also be related to the possible leakage of the contents from the 

vesicles, this could occur due to the presence of oxidizing agents or due to possible 

aggregation or fusion of the vesicles themselves. In addition to the problems of 

chemical-physical stability, linked to the storage time, there are also stability 

problems in biological systems, because once introduced into the blood circulation, 

liposomes are subject to both opsonization mediated by immunoglobulins, 

complement factor proteins, both by fibronectin which stimulate the reaction of 

macrophages, and with plasma proteins and lipoproteins which destroy the vesicular 

structure. Furthermore, liposomes are fragile systems; therefore, care is required in 

their handling to keep the vesicles intact and allow them to perform the intended 

controlled release. Therefore, precisely to overcome these limitations linked to the 

lack of stability of liposomes in the nanoencapsulation of active ingredients, the use 

of niosomes has been proposed Table 3.  

Table 3. Niosome and Liposome differences 

 Niosome Liposome 

Components Surfactant Phospholipid 

Components avaibility High Low 

Component purity Good Variable 

Preparation and storage No specific condition required 
Inert atmosphere, low 

temperature 

Stability Very good Low 

Cost Low High 

Toxicity Low Low 

Dimension < 1 μm 3 μm 
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Unfortunately, although a notable variety of such nanocarriers have been developed over 

time, success appears to be limited to a few formulations [31], this because it has been 

seen that niosomes also have a series of disadvantages, such as a low drug encapsulation 

capacity. 

V.II Self-assembled drugs 

To overcome the limitations induced by niosomal systems, the use of pharmacologically 

active molecules, with an amphiphilic structure, for the creation of the bilayer has been 

proposed. Many of the pharmacologically active compounds used for the preparation of 

niosomal systems are amphiphilic molecules, which tend to self-associate and interact 

with biological membranes in the same way as classic surfactants. These 

pharmacologically active compounds have been identified in some studies with the term 

“surfadrug” [32]. The structure and characteristics of amphiphilic drug molecules 

influence their association in aqueous solution and consequently their interaction with 

biological membranes. Typically, amphiphilic molecules, such as surfactants, of sub-

colloidal dimensions, when present at low concentrations in a liquid medium tend to exist 

separately. As the concentration increases, and over a narrow concentration range, they 

form aggregates made up of multiple molecules, called "micelles". The concentration at 

which they form is called the critical micelle concentration (CMC), and the number of 

molecules that aggregate to form the micelle is called the "aggregation number". 

Therefore, in aqueous medium, surfadrugs can exist as monomers or can aggregate into 

micelles, bilayers, depending on the concentration, hydrophilic-hydrophobic balance, and 

preparation method. They therefore tend to form different structures, which can 

interconvert depending on pH, temperature, ionic strength, and concentration. Several 

drugs have shown the ability to self-associate, including phenothiazine [33], analgesic 

drugs [34], antibiotics, Tricyclic antidepressants [35, 36], local anesthetics [37, 38], 

anticancer drugs [39] etc… Table 4.  
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Table 4. Class of surfadrugs and relative Critical Micellar Concentration (M). 
Class Drug CMC (M) 

Antibiotics 
Streptomycin 9.0x10-5 

Actinomycin D 1.0x10-4 

Analgesic Dextropropoxyphene 1.0x10-1 

Local anesthetics 
Dibucaine HCl 6.6x10-2 

Tetracaine HCl 1.3x10-1 

Tricyclic antidepressants 

Amitriptyline HCl 3.6x10-2 

Clomipramine HCl 2.2x10-2 

Imipramine HCl 4.7x10-2 

Phenothiazines 

Trifluopromazine 4.5x10-3 

Chlorpromazine HCl 1.9x10-2 

Trifluoperazine 4.2x10-5 

Chemically, surfadrugs contain one or more flexible, hydrophobic aromatic nuclei, to 

which an ester group or a charge-carrying N atom is directly attached, or which include a 

pyridine-like N atom; and it is precisely the flexibility of the aromatic ring that makes 

these drugs resemble typical surfactants in their associative behaviour [40]. Surfactant 

drugs with quite different chemical structures have been reported to self-associate and 

bind to membranes, causing them to rupture and solubilize, similar to a detergent [41]. 

These molecular characteristics mean that the use of an amphiphilic drug in the design of 

nanocarriers, in addition to minimizing the use of other excipients, speeds up clinical 

trials. So much so that excipients are substances that certainly contribute to the 

characteristics of the product, such as stability, biopharmaceutical profile, organoleptic 

properties, patient satisfaction, etc., however they can often determine various risks for 

the patient such as: allergic reactions and anaphylaxis; food intolerance; drug interactions. 

Furthermore, surfadrug-based nanocarriers can be used to deliver other drugs and achieve 

combination therapy. Surfadrug-based DDSs could therefore represent a great innovation 

in the pharmaceutical field, due to their dual function: that relating to the pharmacological 

nature of the molecule and that relating to the technological properties of the vehicles 

obtained such as biocompatibility and formulation versatility. The latter, deriving from 

the different characteristics of the niosomes, such as size, any net surface charges, fluidity 

of the double layer etc... which can be modified in relation to the application 

requirements. 

V.III Polymeric micelles 

Polymeric micelles are core-shell structures synthesized to form amphiphilic block 

copolymers in aqueous solution [42, 43]. Indeed, they are composed of two separate 
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functional segments: the inner core, responsible for drug loading capacity, and the outer 

shell, which controls pharmacokinetic (PK) behaviour in vivo. Several conventional 

features of these polymeric micelles, such as enhanced solubilization of poorly 

hydrophobic drugs, exhibiting a sustained release profile, and most importantly, 

protection of the encapsulated cargo from degradation by various enzymes and even 

metabolism, make them favourable candidates for the administration of drugs. [44]. They 

represent an innovative tool to overcome problems related to drug administration, such 

as low solubility in water and poor permeability of the drug through biological 

membranes. Micelles are formed from a polymer solution, when the concentration of the 

latter exceeds the Critical Micellar Concentration (CMC) and a certain threshold 

temperature known as the critical micelle temperature (CMT) [45,46]. The CMC value is 

one of the most important parameters to define its thermodynamic stability and kinetic 

stability, the latter indicates the tendency of the micelles to disassemble over time when 

the system is diluted below the CMC [47].  

Figure 4. Formulations of polymeric micelles 

The most used polymers to produce micelles are amphiphilic block copolymers, including 

polystyrene and polyethylene glycol, triblock copolymers such as poloxamers but also 

graft copolymers e.g. G-chitosan [48,49]. Drugs can be encapsulated either during their 

preparation or at a later stage, depending on the characteristics of the drug and the 

preparation method used. Practically insoluble drugs can be incorporated into these 

micelles by various known techniques, such as physical loading by the solvent 

evaporation or dialysis method, or by chemical conjugation or other emulsification 

techniques. Chemical conjugation usually involves the formation of a stronger covalent 

bond, such as an amide bond between the end groups of the drug molecule and the 

polymer chain. The loading obtained with this technique is quite robust and with adequate 

combinatorial chemistry it is possible to tailor a higher loading percentage based on the 

chemical characteristics of the drug molecule's surface and polymer structure [50]. The 

stable and robust binding can lead to some problems with the splitting and release of the 
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drug molecule into the blood circulation, in the presence of enzymes. For this reason, 

suitable groups that can easily degrade in contact with enzymes must be inserted into 

specific sites between the drug molecule and the polymer chain.  

Polymeric micelles exhibit favourable characteristics, such as small size, long circulation, 

ease of production, reduced toxicity, and the ability to alter the drug internalization 

pathway and subcellular localization, reducing the efflux effect of P-glycoprotein (P-gp) 

and consequently they exert a different mechanism of action than the encapsulated drugs 

[51,52]. Their size is adequate since, in combination with the pathophysiological 

characteristics of solid tumor tissues, they lead to an increase in the permeability and 

retention (EPR) effect in solid tumors [53,54] and allow passive targeting towards tumors 

solid [55]. Compared to newer DDSs, such as liposomes, niosomes and nanoparticles, 

micelles possess greater drug encapsulation capacity, generally smaller size, easier 

preparation, and sterilization processes and good solubilization properties, unfortunately 

they are associated with lower stability in fluids environments physiological body fluids.   

V.IV Polymeric nanoparticles  

Among DDSs, polymeric nanoparticles represent a key tool for improving the 

bioavailability of drugs or their release at the specific site of action. Nanoparticles (NPs) 

are colloidal solid particles with dimensions between 10 and 1000 nm. They can have a 

spherical, branched or shell structure and consist of biodegradable and non-biodegradable 

polymers in which drugs are incorporated by dissolution, adsorption, and attachment or 

by encapsulation. Polymeric nanoparticles have been widely used in recent years due to 

their ease of processing, design and good biocompatibility. Compared to microparticles, 

NPs allow sustained and controlled drug release, site-specific targeting and a large 

surface-to-volume ratio. By doing so, these systems make it possible to reduce the drug 

dose required and the frequency of administration, ensuring better patient compliance 

[56]. Nanoparticles are synthesized by size reduction using either top–down methods such 

as milling, high-pressure homogenization and sonication or bottom–up processes like 

reactive precipitation and solvent displacement. Polymers are macromolecules generated 

by joining one or more monomer units to form a linear or branched chain. By selecting 

the right monomer, a polymer with the desired specific properties can be obtained. Many 

polymers are in fact synthesised from the corresponding monomers, giving rise to a wide 

range of structures and applications, such as optimising specificity. But natural polymers 

are also used, including chitosan, collagen, albumin and gelatin. These natural polymers 
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have high application potential as they possess intrinsic properties such as 

biocompatibility, biodegradability and ease of surface modification. 

Figure 5. Molecular structure of natural polymers. 

The release of the active ingredient from NPs depends on the properties of the polymer 

and the encapsulated drug. For non-biodegradable polymers, the release is a function of 

the rate of diffusion of the drug through the polymer matrix. For biodegradable polymers, 

it is a function of matrix degradation, resulting in drug release, solubilisation and diffusion 

through channels formed in the matrix because of its erosion [57]. In the case of both 

biodegradable and non-biodegradable polymers, the so-called 'burst' effect occurs, which 

consists of the rapid release of a percentage of drug adsorbed onto the surface of the 

nanoparticle. 

Chitosan, for example, is a derivative of chitin, produced by its partial deacetylation. In 

nature, it is abundant in the shells of crustaceans and in the cell walls of fungi. The degree 

of deacetylation influences its properties of hydrophobicity, solubility, and toxicity. 

Chitosan with a high degree of deacetylation has a molecular weight-dependent toxicity. 

While chitosan with a low degree of deacetylation acts as an absorption enhancer at both 

molecular weights [58]. Therefore, the molecular weight of chitosan also influences its 

properties. From the degree of acetylation and the molecular weight also depends on the 

speed of drug release. Therefore, it is possible to modulate the release rate of a drug, 

depending on the desired action, by choosing from various types of chitosan. Another 

distinctive feature is its polycationic nature, which translates into the ability to form cross-

links with different polyanions that, through gelation, lead to the development of 

nanoparticles, as well as being responsible for biological activities such as 
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mucoadhesiveness [59], antimicrobial [60] and antioxidant activity [61]. Chitosan NPs 

are used for various types of administration, including parenteral, oral, ocular, topical, 

intranasal. Chitosan NPs are of great interest in cancer therapy, as the ideal goal would be 

to develop therapeutic agents with effective toxicity on cancer cells without affecting 

normal cells. These nanoparticles can indeed be modified, e.g. with aptamers, antibodies 

or small molecules, to target specific tissues in order to prevent non-specific interactions, 

increase local drug concentration and reduce systemic side effects [62]. For example, 

doxorubicin loaded with chitosan NPs showed a regression of tumour growth and an 

increase in the survival rate of tumour-implanted rats after the fourth administration. 

There are several methods of preparing chitosan NPs, but the most common is ionotropic 

gelation, which exploits the cross-linking between the positively charged primary amine 

groups of chitosan and the negative groups of an anionic substance. 
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V.V Liquid Lyotropic Crystals  
Lyotropic liquid crystals (LLCs) are self-assembling nanomaterials, usually 

consisting of water and one or more surfactants in defined ratios. They have attracted 

much attention as drug delivery systems. Depending on the concentration of the 

components and the temperature, they can be divided into mesophases: cubic, 

hexagonal (H2) and lamellar (Lα). They possess anisotropic physical properties, 

except for the cubic phases, such as refractive index, dielectric constant, elastic 

behaviour, or viscosity. Cubic mesophases can comprise a curved bicontinuous 

bilayers and two aqueous nanocannels interpenetrating but not in contact, or be 

composed by separated spheres being either water or oil continuous and discontinuous 

in the other phase [63]. This mesophase can be used to deliver drugs of a hydrophilic, 

lipophilic, or amphiphilic nature. Lipophilic drugs will be in the lipid bilayer, 

hydrophilic drugs near the polar head or in the aqueous channels, and amphiphilic 

drugs at the interface [64]. Typically, cubic phases are transparent, viscous, semi-solid 

gels [65], which makes them difficult to handle. Furthermore, they are optically 

isotropic and are therefore often called viscous isotropic phases. In hexagonal 

mesophases, molecular aggregates are organised in closed, extended columnar 

structures of hexagonal order [66] Figure 6.  

 

Figure 6. Liquid crystalline phases: a) hexagonal phase (b) cubic phase (c) Lamellar phase 

Polymers used to obtain the hexagonal mesophases include glycerate-based 

surfactants such as oleylglycerate and phytanylglycerate. These phases appear 

birefringent when observed between crossed polarisers and show optical structures 

under a polarized light microscope [67]. The lamellar mesophase, on the other hand, 

is an arrangement in which the hydrophilic head groups are in contact with the 
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aqueous environment and the hydrophobic groups are arranged to avoid water. It is a 

fairly fluid phase, and the double layers can easily slide over each other. Due to the 

alternating arrangement of the lipophilic double layers, it exhibits interesting 

solubility properties. Furthermore, it shows a similarity to the organisation of the 

intercellular lipid matrix of the skin, especially the stratum corneum [68]. According 

to the phase diagram of structuring lipids (Figure 7), the transition from lamellar to 

cubic phases can be completed by heating from room temperature to body temperature 

or by swelling with water. Thus, lamellar phases with inherently fluid properties can 

serve as precursors of viscous cubic phases.  

 

Figure 7. Typical phase diagram of an amphiphilic molecule forming lyotropic phases. 

Among the most commonly used polymers for the production of LLCs are pluronic 

surfactants. Pluronic surfactants, poloxamer block copolymers, are synthetic three-

block copolymers consisting of repeating units of ethylene oxide (EO) and propylene 

oxide (PO), denoted by the general formula (PEO)n(PPO)m(PEO)n. These 

surfactants are non-ionic, water-soluble macromolecules with amphiphilic properties, 

due to the alternation of hydrophobic propylene oxide (PPO) chains and hydrophilic 

ethylene oxide (PEO) chains. When Pluronic surfactants come into contact with a 

solvent such as water, which is selective for hydrophilic building blocks (PEO), and 

an oily solvent, which is selective for lipophilic building blocks (PPO), they structure 

themselves into the various LLC gel phases. Various bioactive molecules, such as 
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chemical drugs, peptides and proteins, can be solubilised in both aqueous and oil 

phases and be protected from hydrolysis or oxidation. 

Therefore, liquid crystalline phases are used as DDS as they offer numerous 

advantages. For example, the high viscosity makes localised application of drugs to 

the skin possible and allows them to remain on the skin surface during application. 

LLCs show good penetration due to the low surface tension at the oil/water interface, 

facilitating the progressive diffusion of biologically active substances into the skin 

and systemic circulation [69]. These systems also make it possible to increase the 

solubility of transported drugs when they are insoluble or poorly soluble in an aqueous 

environment, allowing high concentrations to be achieved in the system. In addition, 

they make it possible to control the speed of release and increase the chemical stability 

of drugs. Their production is not extremely complex, has a low energy input and is 

rather inexpensive. Liquid crystal gels can be prepared by simply mixing the aqueous 

phase with the lipid phase using vortex or ultrasound.  
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1. Innovative nanosystems for drug delivery 

1.1 Lidosomes: Innovative Vesicular Systems Prepared from Lidocaine 
Surfadrug 
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Abstract: Lidocaine is a local anesthetic drug with an amphiphilic structure able to self-

associate, under certain conditions, in molecular aggregates playing the role of both 

carrier and drug. The aim of this study was to determine the optimal conditions for 

obtaining vesicular carriers, called lidosomes. The new formulations were obtained using 

both lidocaine and lidocaine hydrochloride and different hydration medias (distilled 

water, acid, and basic aqueous solution). Lidosomes formulations were characterized in 

terms of size, ζ-potential, drug retained, stability formulation, and ex vivo permeation 

profile. Moreover, lidosomes were incorporated in two different gel structures: one based 

on carboxymethylcellulose and one based on pluronic F-127 to achieve suitable 

properties for a topical application. Results obtained showed that lidocaine showed a 

better performance to aggregate in vesicular carriers in respect to hydrochloride form. 

Consequently, only formulations comprised of lidocaine were studied in terms of skin 

permeation performance and as carriers of another model drug, capsaicin, for a potential 

combined therapy. Lidocaine, when in form of vesicular aggregates, acted as 

percutaneous permeation enhancer showing better permeation profiles with respect to 

drug solutions. Moreover, lidosomes created a significant drug depot into the skin from 

which the drug was available for a prolonged time, a suitable feature for a successful local 

therapy. 

 

1. Introduction 

Painkillers are the most widely used local anasthetics, which reversibly inhibit pain 

impulse transmission by blocking voltage-dependent channels. 

Among them, Lidocaine (LID), or Xylocaine, is an amino-type anasthetic largely 

employed in clinical practice, since its binding ability to voltage-gated sodium channels 

of excitable membranes results in the inhibition of action potential depolarization and the 
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conduction of noxious stimuli to the central nervous system [1]. LID is an efficacious 

local anesthetic at fast onset and low systemic toxicity. Further, LID exhibits a short action 

duration and antiarrhythmic activity and, thus, its administration needs caution due to 

these cardiovascular effects. 

LID performance could be improved by nanotechnology approaches that could in- crease 

resistance time on the skin, in order to allow the penetration into corneum stratum and 

pain receptors underlying desensitization [2,5]. Nanoscale drug delivery systems (DDS) 

have been designed as inert systems that can transport drugs at the target site with high 

selectivity and controllable kinetic release profile [6,7]. Various DDS, such as niosomes, 

liposomes, transferosomes, and solid lipid nanoparticles, have already been employed to 

improve LID efficacy due to the role of these systems as skin permeation enhancers able 

to increase drug permeability, and consequently, ensure a higher drug accumulation at the 

target site and thus, an improved analgesic effect [8,11]. Their better permeation ability 

allows for lower drug doses and could reduce cardiovascular side effects [12,13]. LID 

possesses an interesting amphiphilic structure that allows it to act as a surface- active 

drug. 

The ability to aggregate in micelles depends on the drug chemical structure and the 

balance between drug–water interaction and hydrophobic interaction (i.e., solute–solute 

interaction). Shaik and co-workers [14] investigated the aggregation properties of 

Lidocaine Hydrochloride (LIDHCL) in water and found that at specific concentrations it 

formed micelles due to the establishment of hydrophobic interactions between the amide 

bond (CH2CONH) and the methyl side group of the benzene ring. 

In our previous study, we demonstrated the ability of other surfadrugs, such as Cromolyn 

and Diclofenac Sodium, to form at specific conditions in vesicular structures, while 

simultaneously playing the role of both bilayer constituent and drug [15,16]. These 

innovative nanosized vesicles offered several advantages, such as the ability for better 

skin permeation and the possibility to avoid the use of additional excipients, improving 

formulation biosafety, and increasing drug loading [17]. Considering these findings, we 

decided to study, for the first time, the aggregation properties of lidocaine as vesicle 

structures (lidosomes, LD) and to find the best experimental conditions to achieve nano- 

size carriers with physicochemical properties suitable for topical applications. LD were 

also included in gel created of carboxymethylcellulose (CMC) or pluronic F-127, while 

ex vivo permeation studies were carried out to investigate drug permeation profile. 

Moreover, surfadrug-based vesicles may also be used as carriers of other drugs for a 
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potential synergic therapy. In this light, a further step forward had been taken in this work 

with respect to the previous study, since vesicles comprised of surfadrugs and loaded with 

a model drug, capsaicin (CA), were designed and their skin permeation performance was 

simultaneously investigated to predict their role for a potential synergic therapy. 

Materials and Methods 

Chemicals 

Lidocaine Hydrochloride monohydrate (LIDHCl), Lidocaine (LID), Capsaicin (CA), and 

pluronic F-127 were purchased from Sigma-Aldrich (Milan, Italy, purity 99%); Car- 

boxymethyl cellulose was purchased from Polichimica S.R.L (Bologna, Italy); the 

organic solvents were supplied from Sigma-Aldrich (Milan, Italy). 

Lidosomes Preparation 

Niosomes based on LID and LIDHCl were prepared by a thin layer evaporation [18]. 

Accurately weighed quantities of the drug were dissolved in ethanol into a round-bottom 

flask. The solvent was evaporated through the application of reduced pressure and 

constant rotation to form a thin lipid film. The lipid film was then hydrated with 10 mL 

of distilled water, acid, or basic solution (pH 5.5 or 7.9, respectively) at 60 ◦C for 30 min, 

to form large multilamellar vesicles (MLV). After preparation, dispersions were left to 

equilibrate at 25 ◦C overnight. The reduction of vesicular size was achieved by sonication 

conducted in an ultrasonic bath at 60 ◦C for 30 min. The amplified mechanical vibrations 

generated small unilamellar vesicles (SUV) from MLVs. Subsequently, the vesicles were 

purified by exhaustive dialysis for 4 h in distilled water using Visking tubing 

(Spectra/Por®, cut-off 12–14 kDa), manipulated before use according to Fenton’s method 

[19]. After purification, formulations were stored at 4◦C until the subsequent experiments. 

LD loaded with CA (LD-CA) in a 9:1 molar ratio were subsequently prepared by using 

the same method. CA together with LID were dissolved in ethanol. The LD-CA was 

purified by exhaustive dialysis for 4 h using an 80:20 hydroalcoholic solution as a 

medium. Details on vesicles compositions are reported in Table 1. 
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Table 1. Composition details of lidosomal formulations developed using LID and LIDHCl and various 

hydration solutions. 

  

 

Furthermore, LD gel formulations were prepared to ensure they were suitable for skin 

application. Specifically, we decided to formulate two different gels, using two different 

polymers: F127 and CMC. In fact, F127 was widely known as a skin permeation 

enhancer, thus we compared its performance with that of an inert polymer. To this 

purpose, 5 mL of LD solution was added to 0.150 g of CMC or 0.900 g of block 

copolymer and homogenized in accordance with the procedure reported in [20]. 

Niosomal Characterization 

LD diameter, size distribution, and ζ-potential were determined by Zetasizer ZS Malvern 

Instruments Ltd. (Malvern, U.K.) at 25 ± 0.1 ◦C. After the samples were purified by 

dialysis, all analyses were conducted in triplicate and expressed as mean ± standard 

deviation. The morphology of lidosomes was determined by Transmission Electron 

Microscopy (TEM) and the images were obtained with TEM ZEISS EM 10. Two drops 

of formulations placed on a copper grid with a nitrocellulose covering were stained with 

phosphotungstic acid (2%, w/v) and left to dry at room temperature before the microscopy 

observation. The stability of the niosomes was evaluated by storing the formulation at 4 

◦C for three months and monitoring diameter, PI and ζ-potential initially after 15 days, 

and then every month. Each analysis was carried out in triplicate. 

Determination of the Amount of LID in Vesicular Systems 

The amount of LID retained in the vesicles was determined after sample purification by 

exhaustive dialysis. A total of 1 mL of purified and 1 mL of non-purified LD were diluted 

Formulation LID (mg) CA (mg) Hydration 
Medium 

LD HCl A 14  H2O 

LD HCl B 27  H2O 

LD 5.5 A 27  H2O pH 5.5 

LD 5.5 B 30  H2O pH 5.5 

LD 30  H2O 

LD:CA 27 4 H2O 

LD 7.9 30  H2O pH 7.9 

LD HCl 7.9 30  H2O pH 7.9 
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in 100 mL of ethanol, and the LID concentration was measured spectrophotometrically 

(Thermo Fisher scientific evolution 201/220, Waltham, MA, USA) at 262 nm 

corresponding to the LID wavelength. The drug content retained in the formation of 

vesicles structure (DL%) was calculated according to the following Equation (1): 

where Cdr is the initial drug concentration measured after purification process and Cdi is 

drug concentration used for the preparation of vesicles.  

For the LD:CA formulation, purification was carried out using 80:20 hydro-alcoholic 

solution as a medium for dialysis. The encapsulation efficiency (E%) of CA and DL% of 

LID in the formulation LD:CA was determined by HPLC (Varian 920-LC Series Liquid 

Chromatograph) equipped with a chromatographic column C18 reverse phase. The 

mobile phase used was 0.1% phosphoric acid: acetonitrile (50:50 v/v) at pH 2.4. The 

wavelength used for analysis was 280 nm for CA and 210 nm for LID. The CA E% was 

calculated using the following Equation (2): 𝐸𝐸% = 𝐶𝐶𝐴 𝑖𝑛 𝑙𝑖𝑑𝑜𝑠𝑜𝑚𝑒𝑠 𝐶𝐶𝐴𝑖 𝑥 100                                                    (2) 

 

where CCA in lidosomes is the drug concentration measured after the purification process, 

while CCAi represents the initial drug concentration. All experiments were conducted in 

triplicate and expressed as mean ± standard deviation (SD). 

Ex-Vivo Permeation Study 

Skin permeation profiles of the formulations proposed in this work were evaluated using 

vertical Franz diffusion cells for 24 h at 37 ◦C using rabbit ear skin obtained from a local 

farmer, as reported elsewhere [17]. The skin was frozen in advance at −18 ◦C and pre- 

equilibrated in a physiological solution at room temperature for 1 h before the 

experiments. A portion of skin was placed between the two compartments with the 

epidermal part in contact with the receptor compartment. The effective diffusion area of 

cells was 0.416 cm2. The donator compartment was charged with 0.3 mL of the niosomal 

sample in all exper- iments and covered by Parafilm to prevent water loss, while the 

acceptor compartment was loaded with 5.5 mL of medium. Specifically, the medium used 

was distilled water for LD and LD 5.5 B formulations, while a hydro-alcoholic solution 

DL% = 
Cdr 

× 100 

Cd
i
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(80:20 water:ethanol) for that LD:CA. At regular intervals, the medium was removed to 

be analysed and restored with equal volume of fresh medium, maintained at a temperature 

of 37 ◦C. The amount of LID in the receptor solution was analysed by UV-vis 

spectrometry, whereas HPLC was employed to investigate the amount of LID and CA 

released from LD:CA formulation. Skin permeation of free LID and LID gel was also 

investigated as the control with the same conditions. All experiments were performed in 

triplicate and expressed as mean ± SD. 

Skin LID Retention Studies 

The LID amount retained into the skin was evaluated after skin permeation studies. To 

this purpose, the piece of skin was removed from the Franz diffusion cells, placed in 10 

mL of ethanol and magnetically stirred for 2 h. Then, the solution was filtered using 

0.22 µm Millipore membrane filters and analysed by UV-vis spectroscopy or HPLC 

chromatography to evaluate the amount of LID and CA accumulated into the skin. 

All experiments were conducted in triplicate and expressed as mean ± standard 

deviation. 

Statistical Analysis 

All experiments were performed in triplicate and the results were expressed as mean 

± SD. Statistical analysis was performed using a Student’s t-test and p values of 

≤0.05 were considered statistically significant. 

Results and Discussion 

LID is a local anasthetic largely employed for topical therapy and other medical and 

chirurgical procedures, such as skin sores treatment and wound sutures. Its main use 

is for parenteral way, typically for intravenous way, instead, less frequent is 

intramuscular administration [21]. The chemical structure of LID suggests the 

possibility of aggregation in aqueous solution, typical of amphiphilic drugs. In 

literature, conflicting data are shown; in fact, some authors reported that LID did 

not lead to the formation of micelles, while in other studies a critic micellar 

concentration value of 0.12–0.13 mol kg−1 was reported [22,23]. For this reason, we 

decided to investigate the ability of both LIDHCl and LID to form vesicles. Using 

LIDHCl, we obtained systems that were poorly populated by LD. In fact, vesicular 

solution appeared only slightly opalescent and the amount of LID retained in the 

vesicle’s formation was very low. Conversely, the use of LID, already with a 
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quantity of 27 mg but even better with 30 mg, led to obtaining homogeneous 

vesicular systems with good DL%. The hydration of the lipid film was carried out 

both in distilled water and in aqueous acid (pH 5.5) or basic (pH 7.9) solution. The 

size of the LD, depending on the quantity of LID and the hydrating medium used, 

were between 430 and 574 nm with a PI in the range 0.22–0.27, indicating a 

homogeneous and narrow size distribution. The negative ζ−potential obtained with 

LIDHCl may have seemed unusual considering the positive charge of LIDHCl. In 

order to better investigate the developed formulations, vesicular systems based on 

both LIDHCl and LID were prepared using for the hydration process solutions with 

pH equal to the pKa of the drug (pKa = 7.9). In fact, when the pH was equal to the 

pKa, the drug was present in equal concentrations, both as LID and LIDHCl. The 

LD obtained, both with the lipid film prepared with LID and with LIDHCl, had a 

high negative ζ−potential, about −30 mV, and a high DL% that contributed to their 

formation, over 60%. This could be since only the neutral LID form represented the 

main constituent of vesicle bilayer, while LIDHCl participated only in a small 

percentage. Consequently, negative zeta potential values obtained may have been 

due to the arrangement of amphiphilic molecules with a neutral polar group in their 

structure, such as that present in LID. In addition, we investigated the use of LD as 

drug carriers and used the formulation obtained from 30 mg of LID to load a model 

drug, CA. Table 2 reported all characterization data for the formulations prepared. 

Table 2. Physico-chemical characterization of lidosomes prepared at different concentrations and pH: 
Hydrodynamic diameter, P.I, ζ−potential, DL%, and E% at 25 ◦C. Results are the average of three 

different independent experiments ± standard deviation. 

Formulation Diameter 

(nm) 

I.P. ζ-Potential 

(mV) 

DL(%) LID E(%) CA 

LD HCl A 707 ± 15 0.249 −13.0 ± 0.709 2.13% ± 0.2 - 

LD HCl B 506 ± 12 0.288 −14.3 ± 1.190 1.19% ± 0.7 - 

LD 5.5 A 430 ± 10 0.264 −26.1 ± 0.900 19.5% ± 0.5 - 

LD 5.5 B 574 ± 11 0.271 −27.6 ±0.833 35.6% ± 0.3 - 

LD 437 ± 10 0.229 −23.5 ± 0.208 37.1% ± 0.2 - 

LD:CA 519 ± 14 0.277 −23.1 ±0.493 67.5% ± 0.2 87.75% ± 0.8 

LD 7.9 512 ± 11 0.287 −31.2 ±0.666 61.2% ± 0.3 - 

LD HCl 7.9 612 ± 13 0.277 −30.5 ±0.351 64.8% ± 0.6 - 
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The morphological analysis showed that LD formulations were spherical, homogeneous 

in shape and size (Figure 1), with regular and well-defined edges. 

Figure 1. Typical TEM photomicrograph of lidosomes: (A) LD 5.5B; (B) LD 7.9, and (C) LD 

formulations. Bar is 1 µm. 

 

LD Stability 

The stability of LD was evaluated monitoring physical-chemical properties of samples 

stored at 4 ◦C for three months and the results are depicted in Table 3. The LD 5.5 B 

formulation showed a higher size stability than the LD formulation, but no significant 

changes in DL% and ζ -potential values were observed with either for two months. 

Table 3. Stability analysis of LD stored at 4 ◦C evaluated by measuring diameter, P.I., ζ−potential, and 
DL%. Data was collected at specific time points, up to 3 months, and expressed as mean of three 

independent experiments ± SD. 

Formulations Time 

(day) 

Diameter 

(nm) 

P.I. ζ-potential 

(mV) 

DL

% 

 0 437 ± 10 0.229 −23.5 ± 0.208 37.1 ± 0.2 

 15 321 ± 9 0.235 −23.2 ± 0.907 36.9 ± 0.3 

LD 30 305± 11 0.295 −22.3 ± 0.819 37.3 ± 0.2 

 60 253± 9 0.180 −21.4 ± 0.896 36.7 ± 0.5 

 90 175 ± 9 0.294 −19.3 ± 0.451 36.8 ± 0.4 

 0 574 ± 15 0.271 −27.6 ±0.833 35.6 ± 0.3 

 15 570 ± 17 0.204 −27.5 ± 0.173 34.3 ± 0.2 

LD 5.5 B 30 520 ± 19 0.235 −27.4 ± 0.864 34.4 ± 0.3 

 60 506 ± 19 0.215 −25.7 ± 0.366 33.4 ± 0.2 

 90 501± 18 0.276 −26.5 ± 0.456 33.3 ± 0.2 
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Ex-Vivo Permeation Studies 

Lidosomes 

Ex vivo skin penetration efficiency of LD, LD 5.5 B, and LD:CA, was evaluated using 

the Franz diffusion apparatus. The permeation profile as a function of time of LD and LD 

5.5 B samples are shown in Figure 2 and compared with LID solution. As observed, 308 

µg/cm2 corresponding at 38.38% of drug permeated after 24 h by LD, with respect at 

almost 214.84 µg/cm2 corresponding at 27.89% by LD pH 5.5. However, skin 

permeations obtained were always higher than those obtained from LID solution, 122.96 

µg/cm2 corre- sponding to 5.68%. This suggests that LID, when in the form of vesicular 

aggregates, act as percutaneous permeation enhancer. This better permeation ability could 

be ascribed to two different mechanisms. Generally, permeation increases with carrier 

lipophilicity, probably due to better interaction with the skin layers [17]. Moreover, the 

skin permeation of amphiphilic molecules depends on their structure [24]. Indeed, as 

reported in the literature, non-ionic surfactants can interact with both keratin and lipids, 

altering the lipid layer of the skin and thus making this membrane more permeable [25]. 

Instead, regarding ionizable compounds, the chemical form that provides better skin 

permeation is the non-ionised form, as it has a lower polarity and high logP, which 

provides better affinity for the stratum corneum, which must be crossed to promote 

absorption after topical application [26]. 

 

Figure 2. LID permeation profile through rabbit ear skin at 37 ◦C over 24 h using Franz diffusion cells 

from various formulations: ( ◆) LD; (■) LD 5.5 B; (X) LD 7.9; (▲) LID SOL. Data are represented as 

mean ± SD (n = 3). 

LID exhibits both behaviours, being an ionizable drug with an amphiphilic structure. 

Both aspects can, therefore, influence its skin permeation. 



Chapter 1: Innovative nanosystems for drug delivery 

37 

To achieve a localised pharmacological effect, it would be desirable for the drug to 

accumulate in the upper layers of the skin [27]. In fact, the formation of intracutaneous 

drug depot would be suitable to prolong drug duration of action over the time leading to 

better treatment outcomes. Therefore, we decided to investigate the amount of drug 

accumulated into the skin after skin permeation studies and the results are reported in 

Table 4. Data showed that LD led to a higher drug depot into the skin, with respect that 

obtained with LID solution. In particular, the amount of LID retained increased with the 

pH increase, since the acid-base balance of LID increases the concentration of the neutral 

species, which are more affinity to skin bilayer. 

Table 4. Amount of LID (µg/cm2) retained into the skin after 24 h of ex-vivo permeation study 

carried out for 24 h using Franz cell apparatus. 

 

Gel Formulations and Combined Drug Therapy 

Gels have proved to be an advantageous vehicle for drug administration over the skin for 

their long retention time and ability to slow and prolong drug absorption. Specifically, we 

decided to investigate the effect of two different gel structure on LD skin permeation, one 

based on CMC, which does not lead to the creation of structured gels, and one based on 

pluronic F-127, a well-known pluronic surfactant capable of giving gel-like cubic phase 

at specific concentrations [28]. 

Ex-vivo skin permeation profiles of CMC LD gel and CMC LID gel are shown in Figure 

3A. In this case, skin permeation capacity of LID by LD gel was significantly higher than 

that achieved by LID gel. In fact, only 11.66% of LID permeated after 24 h from LID-

CMC gel. Conversely, a permeation two times higher equal to 20.21% was observed when 

the drug is in the form of vesicular aggregates, confirming their role as a percutaneous 

permeation enhancer. Instead, similar performances were observed comparing 

permeation profile of LD from CMC and F127 gel as shown in Figure 3B. Anyway, a 

slightly higher amount of LID was retained into the skin with LD-CMC gel compared to 

that obtained with LD- F-127 (about 450 µg/cm2, 353 µg/cm2, respectively). These skin 

depot results were advantageous when an analgesic local effect was required, since the 

Formulation LID Retained into Skin (g/cm2) 

LD 387.02 

LD 5.5 B 352.16 

LD 7.9 545.67 

LID SOL 165.87 
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drug was made available in high concentrations for longer times, prolonging drug effects. 

Finally, to test the possibility of using LD as a carrier of other pharmacological active 

molecules, CA was used as a model drug and the effect of CA encapsulation on physical- 

chemical and permeation properties of LD was investigated. As reported in Table 2, 

physical-chemical parameters were not affected by CA loading in the vesicular structure 

and high drug content of both drugs (67% LID DL% and 88% E% CA) were observed. 

The amount of LID and CA permeated was found to be 89.90 µg/cm2 and 126.65 µg/cm2, 

respectively, as shown in Figure 4. Instead, the amount of drug retained in the skin 

resulted to be about 399 µg/cm2 and 20.50 µg/cm2 for LID and CA, respectively. 

Considering that, the proposed system based on the co-delivery of LID and CA could be 

very interesting topical tools for pain relief able to prolong and improve pharmacological 

efficacy through synergic effect. 

Figure 3. Comparison of LID permeation profiles through rabbit ear skin at 37 ◦C from several gel 

formulations: (A) (◆) Gel LID vs. (■) LD gel CMC; (B) (▲) LD gel F-127 vs. (■) LD gel CMC. Results 

are expressed as mean mean ± SD (n = 3). 
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Figure 4. Permeation profile of (◆) LID and (■) CA simultaneously released from LD:CA formulation 

through rabbit ear skin at 37 ◦C over 24 h. Results are expressed as mean mean ± SD (n = 3). 

Conclusions 

In this work, aggregation properties of an analgesic drug lidocaine in vesicles (lido- 

somes) have been investigated using various experimental conditions. Specifically, 

vesicles were prepared using both lidocaine and lidocaine hydrochloride and different pH 

in the preparation process. From the experimental data, we concluded that Lidocaine 

formed vesicle structures with nanometric size, spherical morphology, and good stability 

at least for 3 storage months. Particularly interesting were the results of the ex-vivo 

permeation studies that highlighted an enhanced LID skin permeation and a higher drug 

depot in the skin when in the form of vesicular aggregates with respect to the free drug. 

Moreover, the work evaluated as well as the ability of lidosomes to act as carriers of a 

model drug, capsaicin, and the obtained results revealed the formation of a reservoir of 

both drugs into the skin, suggesting the great potentiality of these system to be used in 

synergic therapeutic treatment of pain relief. However, this paper represents only a 

preformulation evaluation, and further studies in the future are necessary to investigate 

the in vivo efficacy of these systems for their consideration as clinically viable 

formulations. 
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Abstract  
In this paper, the surfactant properties of Ammonium Glycyrrhizate, a bioactive 

compound present in Licorice root were studied. Considering the ability of this bioactive 

molecule to form micelles, we investigated for the first time the self-assemble of 

Ammonium Glycyrrhizate in vesicle structures. The organization of Ammonium 

Glycyrrhizate in vesicles allows to increase its bioavailability and, so, efficacy but also to 

use them as carrier of other drugs for potential combination therapy. Niosomes made up 

of Ammonium Glycyrrhizate were prepared using thin layer evaporation technique 

without the use of additional excipients and characterized in term of size, polydispersion 

index, Zeta potential and colloidal stability. Moreover, the performance of these 

innovative vesicles as carriers of hydrophilic drug (Fluorescein sodium) or a lipophilic 
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molecule (Curcumin), was evaluated. Nanocarriers showed nanometric sizes, hexagonal 

shape, high colloidal stability and ability to encapsulate both hydrophilic and hydrophobic 

molecules. These vesicles did not showed cytotoxicity nor antimicrobial activity. 

Moreover, it was found that these niosomes enhanced skin permeation and diffusion in 

several media and an important ability to interact with mucin. Considering its 

antinflammatory nature, in vitro inhibition of albumin denaturation assay was also carried 

out to test if the drug maintains these properties also when organized in colloidal 

structures. The obtained results highlighted an important antinflammatory activity 

suggesting the potential role of these nanodevices alone or loaded with other therapeutic 

molecules for the treatment of inflammatory-based diseases.  

Keywords: 

Biosurfactant, niosomes, ammonium glycyrrhizate, skin permeation enhancer, 

mucoadhesive drug delivery systems, antinflammatory activity.  

1. Introduction 

In recent years, an increased interest has been addressed to the rational design of tailored 

nanomedicines able to deliver payload with tuneable release to the action site at which it 

is required in a manner dependent on the therapeutic need. To improve nanocarriers 

performance, a new line of research has arisen focusing on the study of the self-

aggregation ability of amphiphilic drugs in several colloidal structures leading to the 

development of drug self-delivery systems (DSDSs). DSDSs exploit drugs nanoscale 

properties to realize intracellular delivery by themselves without the help of nanocarriers. 

This innovative approach allows to overcome several drawbacks related to traditional 

nanodevices such as the low drug loading efficiency, carrier-induced toxicity and 

immunogenicity, and the complexity of synthetic process. 

Amphiphiles drugs are like surfactants owing the simultaneous presence of hydrophilic 

as well hydrophobic properties conferring them strong surface activity and the ability to 

self-assemble into nanoaggregates.  Amphiphilic moieties may be intrinsically present in 

active structure of the drug or may be covalent conjugated with cleavable or non-

cleavable linkage to it in order to confer appropriate HLB to induce self-assembling 

process [1]. Very interesting are biosurfactants, naturally occurring surfactants or 

surfactants synthesised from natural components that are water-soluble surface-active 

species. Among them, triterpenoid sapon ins present in different plant species exhibit a 

high surface activity. Licorice root is a endemic plant of Mediterranean countries that 
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contain several bioactive compounds with anti-inflammatory, antioxidative, 

antimicrobial,  anticancer properties [2], and , more recently, a potential role in  the 

treatment of coronavirus infections. From a technological point of view, very interesting 

is the presence in this plant of Ammonium Glycyrrhizate (AG), an amphiphilic molecule 

with surface active properties. Indeed, AG has a bola structure consisting in an aglycon 

skeleton as the hydrophobic part and two glucuronic acids as hydrophilic groups at both 

ends of the hydrophobic groups. Thanks to this amphiphilic structure, AG, when used at 

the concentration 5 mM, has been shown excellent surface activity, leading to the 

formation of forms rod-like micelles involving non-covalent interactions and hydrophilic 

and hydrophobic interplays [3]. 

Various research groups improved the application of this compound as a potential anti-

inflammatory drug using certain drug delivery systems such as non-ionic surfactant 

vesicles [4] and chitosan nanoparticles [5] enhancing the permeation through the skin 

stratum corneum and, hence promoting pharmacological activity. In literature, the ability 

of AG to self-assemble in micelles was widely reported [6, 7, 8].  

Anyway, aggregation capacity of AG in vesicle structures has never been investigated. 

Considering that, the main goal of this study is to evaluate for the first time the potentiality 

of AG not only as anti-inflammatory drug but also as carrier constituent with low toxicity, 

high biodegradability and permeation enhancer properties. Vesicles were prepared using 

thin layer evaporation method and characterized evaluating size, ζ-potential, drug 

entrapment efficiency, stability and biocompatibility. Release profile was determined in 

vitro both using the Franz diffusion cell apparatus and cellulose membranes in different 

media in order to investigate their potentiality to be employed across different 

administration routes such as topical, oral and nasal delivery for the treatment of various 

inflammatory-based diseases.  Additionally, we have investigated if the loading on the 

device of   a hydrophilic drug Fluorescein sodium (FL) or a lipophilic molecule Curcumin 

(CUR) affect biosurfactant aggregation ability, nanocarrier physicochemical properties 

and the performance of the device as carriers. Vesicles were further checked for hemolysis 

and antibacterial properties against various bacteria strains as a prerequisite for its 

biocompatibility. Finally, we evaluated if the drug, also when organized in vesicle 

bilayers, maintains its anti-inflammatory potential using egg albumin denaturation 

method.  

 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/coronavirus-infection
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2. Materials and methods  

2.1 Chemicals 

 Monoammonium Glycyrrhizate (AG), Diclofenac sodium (DCF), mucin, basic fucsin, 

periodic acid were purchased by Sigma Aldrich, Milan, Italy, purity ≥ 97%. The organic 

solvents used, were supplied by VWR International SRL and Sigma Aldrich.  

2.2Vesicle preparation  
Thin layer evaporation method was used for vesicle preparation as previously reported 

[9]. AG (45 mg) was firstly dissolved in methanol and then, organic solvent was removed 

under reduced pressure at 40 °C using a rotary evaporator leading to a formation of thin 

film on the flask inner wall. After that, the dried film was rehydrated using 10 ml of 

distilled water at 60°C for 30 min and left to equilibrate overnight. Next, samples were 

subjected to sonication for 30 min to achieve niosomes with uniform size distribution and 

then, stored at 4°C until the subsequent experiments.  

Moreover, vesicle loaded with CUR (2.44 x 10-3 M) and FL (5 x 10-4 M) were prepared 

to test the ability of these vesicle as carrier of other active molecules. CUR-loaded 

niosomes were obtained by dissolving CUR in the initial surfactant solution, evaporating 

it to form a thin lipid film and then hydrating it with 10 mL of distilled water. While FL-

loaded vesicles were prepared hydrating the thin layer film of AG with FL aqueous 

solution at 60 °C for 30 min. Next, both AG NIO CUR and AG NIO FL were subjected 

to sonication for 30 min and then stored at 4°C for the subsequent experiments.  

 

2.3 Physico-chemical characterization.  

Vesicles were characterized in term of size, size distribution and -potential by Zetasizer 

ZS Malvern Instrument Ltd (Malvern, U.K.). The samples were diluted sufficiently with 

distilled water and measured at 25 °C. The measurements were done in triplicate and 

expressed as average values  standard deviation. The morphology of vesicles made up 

of AG was examined by Transmission Electron Microscopy (TEM) using TEM ZEISS 

EM 10, operating at an acceleration voltage equal to 80 kV. Two drops of formulations 

placed on a copper grid with a nitrocellulose covering were stained with phosphotungstic 

acid (2%, w/v) and left to dry at room temperature before the microscopy observation. 

The stability of the niosomes was evaluated by storing the formulation at room 

temperature for three-months monitoring diameter, PI and ζ‐potential values.  
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2.4 Determination of association and encapsulation efficiency 

Drug association efficiency (DE %) was determined by analysing the ratio between the 

amount of biosurfactant aggregated in vesicle structure and the total initial biosurfactant 

used for the vesicle preparation. To this end, unentrapped AG was removed from niosomal 

dispersion by exhaustive dialysis for 4 hours using Visking tubing (Spectra/Por®, cut-off 

12–14 kDa). The amount of AG retained in vesicle formation was evaluated 

spectrophotometrically at 250 nm corresponding to the AG wavelength using a UV–VIS 

spectrophotometer (Thermo Fisher scientific evolution 201/220, Waltham, MA, USA) 

after dilution of 1 ml purified sample in 10 ml of methanol. DE % was calculated 

according to the following equation: 

DE%= (Cdrug retained/Cdrug tot.) x100 

Where Cdrug retained refers the amount of drug retained after dialysis process and Cdrug tot 

represents the initial amount of the drug added to the formulation. 

The amount of drug encapsulated in vesicle bilayer (EE %) was evaluated using the same 

technique and analysing spectrophotometrically the concentration of CUR and FL at 420 

and 480 nm, respectively. 

 

2.5 In vitro mucoadhesion assay  

Mucin-particle method was used to investigate mucoadhesive properties of the developed 

vesicles made up of AG measuring the changes in size and zeta potential upon mucin 

interaction. First, a soluble fraction of mucin (0.5% w/v) was prepared according to 

procedures reported in literature [10]. Vesicles were, then, incubated in mucin aqueous 

solution at different concentration (0.2-0.5 mg/ml) at 37 °C for 1 h and their 

physicochemical parameters after mucin contact were determined. The amount of mucin 

adsorbed  was evaluated by colorimetric method using periodic acid/Schiff assay.  

2.6 In vitro release studies 

In vitro release studies of niosomal formulations were performed under sink conditions 

in several media in order to mimic different body districts such as systemic circulation, 

nasal, intestinal and gastric tract conditions. Aliquots (1 ml) of niosomal suspension or 

free AG at the same concentration was placed in dialysis bags manipulated before use 

(Visking dialysis tubes, 20/30 cut-off: 12,000–14,000 Da), and suspended in 50 mL of 

medium. At set time points, 2 mL of the medium were withdrawn at predetermined time 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/calorimetry
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intervals an exchanged with the fresh medium and analysed by UV-VIS 

spectrophotometry at 258 nm. Each experiment was carried out in triplicate. The 

percentage of AG released was evaluated applying the following formula: 

% of Drug released = Ct / C0 × 100 

Where: C0 is initial drug concentration and Ct the drug concentration released over time. 

To simulate systemic circulation, release studies were carried out in PBS (0.01 M, pH 

7.4) at 37 °C. Instead, vesicles were first incubated for 2 h in HCl 0.01 M solution and 

then placed in PBS (0.01 M, pH 6.8) for the rest of the experiment to mimic 

gastrointestinal conditions. In order to simulate nasal administration, simulant nasal 

electrolyte solution (SNES) was prepared [11]. Moreover, the nanocarrier ability to 

release FL and CUR were investigated. Specifically, the controlled release of CUR anf 

FLwas investigated in PBS pH 7.4/ethanol (7:3 v/v) mixture and gastrointestinal 

conditions as described above.   

2.7 Ex-vivo permeation study 

Percutaneous permeation profiles were evaluated using Franz diffusion cells for 24 hours 

at 32°C as previously described [12]. Rabbit ear skins obtained from local breeders were 

placed into the Franz cells with a diffusional area equal to 0.786 cm2 between the donor 

and receptor compartment where dermis faced the receptor fluid. Next, the donor 

compartment was loaded with 0.3 mL of niosome samples, the acceptor compartment was 

filled with 8.6 ml of distilled water maintained at 32 ± 0.5 ◦ C. At the pre-determined time 

intervals, the receiver medium was removed and spectrophotometrically analysed. 

At the end of skin permeation experiments, the amounts of AG retained in the skin was 

determined. To this goal, the skin was rinsed three times with distilled water and the 

incubated for 1 h with 10 mL of ethanol, under magnetic stirring. Subsequently, the 

solutions were filtered 0.22 μm Millipore membrane filters and analysed via UV-Vis. 

Each experiment was performed in triplicate. 

2.8 Antimicrobial activity 

The antimicrobial activity was determined in vitro using a broth microdilution assay to 

obtain the minimal inhibitory concentration (MIC) defined as the lowest concentration 

that inhibits the development of visible growth after 24 h of incubation at 37°C [13]. 

Antimicrobial assays were carried out using 4 Gram positive bacteria and 3 Gram 

negative bacteria: Bacilus subtilis ATCC 6633, Staphylococcus aureus ATCC 29213, 
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Staphylococcus epidermidis ATCC 12228, Listeria monocytogenes ATCC 15313, 

Enterococcus faecalis ATCC 29212, Acinetobacter baumanniii ATCC 19606, Klebsiella 

pneumoniae ATCC 4352 and Escherichia coli ATCC 25922 

Serial dilutions of the compound, between 376 and 14.75 μg mL−1   were dispersed in 

Mueller–Hinton broth (MHB), and 200 μL of these were added in the corresponding wells 

of a 96-well polypropylene microtiter plate.  The nutrient broth starter culture of each 

bacterial strain (10 μL) was added to achieve final inoculum of ca. 5 x 10-5 colony-

forming units (CFU) per mL. Nutrient broth medium without the compound served as 

growth control. The development of turbidity in an inoculated medium is a function of 

growth and reflects an increase in both mass and cell number. The MIC was defined as 

the lowest concentration of antibacterial agent that inhibited development of visible 

growth after 24 h of incubation at 37 ºC. To confirm this observation, 20 μL of resazurin 

at 0.015% w/v was added to each well and left to react for approximately 2 h at 37 °C. 

After the incubation period, the indicative of bacterial growth, i.e., changing from blue to 

pink, confirmed the MIC value. To obtain the MBC, the antimicrobial concentration 

corresponding to at least 3 log reductions of viable cells, an aliquot of 10 μL of the MIC 

well and the 2 concentrations immediately above were seeded over agar MH and 

incubated for 24 h at 37 °C. The MBC were determined as the lowest concentration in 

which no colonies were observed on the agar plates. 
 

2.9 Hemolytic activity  

The determination of hemolytic activity was carried out on fresh rate blood using an 

adaptation of the method described by Pape et al. [14].  

For the preparation of erythrocyte suspensions, rabbit blood was supplied by the Animal 

Experimentation Unit (Instituto de Química Avanzada de Cataluña - IQAC). Erythrocytes 

were washed three times in PBS (pH 7.4) and suspended in PBS at a cell density of 8x109 

cells/mL. To determine the hemolytic activity a series of different volumes of a niosomal 

solution (3760 μg/mL), ranging from 10 to 130 μL, were placed in small Eppendorf tubes 

containing 25 μL of erythrocyte suspension and PBS was added to each tube to a total 

volume of 1 mL. Samples were shaken for 10 minutes at room temperature and the tubes 

were then centrifuged (5 min at 10000 rpm). The percentage of hemolysis was determined 

by comparing the absorbance (575 nm) of the supernatant of the samples with that of the 

control totally hemolyzed with distilled water using the follow formula: 
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% H𝑎𝑒𝑚𝑜𝑙𝑦𝑖𝑠 = 100𝑥 (𝐴𝑏𝑠𝑡𝑒𝑠𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑)⁄(𝐴𝑏𝑠𝐵𝑎𝑠𝑎𝑙 ℎ𝑎𝑒𝑚𝑜𝑙𝑦𝑡𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦) 

Each analysis was performed in triplicate. 

2.10 In vitro antinflammatory activity.  
Anti-inflammatory activity of AG niosomes was evaluated by protein denaturation assay 

[15]. Briefly, reaction mixture was prepared consisting of 2.8 mL of phosphate buffer 

saline pH 6.8, 0.2 mL of fresh egg albumin and 2 mL of sample at different concentration. 

A similar volume of distilled water served as negative control, while diclofenac sodium 

(DCF) at various concentrations was used as reference drug. The mixtures were first 

placed in incubator at 37 °C for 15 min and then heated to 70 °C for 5 min. After that, 

samples were cooled, and absorbance was spectrophotometrically measured at 660 nm. 

Inhibition activity of protein denaturation was calculated using the following equation: 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = 100𝑥 (𝐴 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴 𝑠𝑎𝑚𝑝𝑙𝑒) ⁄𝐴 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
 where A control is the absorbance of negative control and A sample is the absorbance of 

the sample. The drug concentration for 50% inhibition (IC50) was determined from the 

dose–response curve by plotting percentage inhibition against treatment concentration. 

3.Results and discussions  
3.1 Niosomes characterization  

Ammonium glycyrrhizate, a monodesmosidic triterpenoid saponin, exhibits directly or 

after metabolization a wide range of biological activities such as anti-inflammatory, anti-

fungal, anti-viral, anti-cancer and cholesterol lowering functions [2]. Recently, these 

classes of natural compounds have been also emerged as biosurfactants for their high 

surface activity, adsorption to different interfaces and surfaces and their ability to self-

assemble into different aggregates [16]. This AG similarity to surfactants is due to the 

presence in their structure of a hydrophobic component which is a triterpenoid aglycon 

linked to a hydrophilic glycon consisting of two linked d-glucuronic acid groups by 

glycoside bonds [17]. It has been recently demonstrated the AG ability to adsorb at the 

air/water interface and to form micelles in solution [18]. But, to best of our knowledge, 

there is no study focusing to investigate AG ability to form vesicles before us. Hence, we 

prepared vesicle aggregates made up of AG via thin-film hydration method using a 

concentration higher to the CMC reported in literature (3.7 mM) [19]. Preliminarly, we 
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used 90 mg of AG for niosomes preparation but the vesicles obtained undergo to 

gelification overnight. So, we decided to test lower AG amounts (45 mg and 22.5 mg).  

The measurements carried out by DLS Table 1, indicated that the 45 mg AG formed 

homogeneous vesicular structures with a mean diameter size of 610.5 nm and a narrow 

size distribution as demonstrated by the low PI value (0.231) obtained without the use of 

additional excipients. Conversely, formulations prepared using 22.5 mg of AG exhibited 

a mean diameter of 593.2 nm, a PI equal to 0.304 and low particle concentration. 

Considering the high count rate of AG niosomes prepared with 45 mg of AG, we used 

these formulations for the next experiments. As expected, due to the hydrophilic anionic 

group of AG, a high negative ζ -potential (-28.2  0.53 mV) was recorded indicating a 

good colloidal stability and preventing potential instability phenomena, such as 

aggregation, agglomeration, and/or flocculation. The formation of vesicles was also 

confirmed by TEM analysis: Figure 1 clearly underlines the presence of hexagonal 

vesicles with a staggered/irregular profile and sizes like that obtained with DLS analysis. 

AG probably forms polyhedral bilayer membranes characterized by flat faces connected 

by ridges and vertices with high local curvature, and are energetically favorable compared 

to spherical vesicles [20].  
Table 1. Physicochemical characterization of empty and FL and CUR loaded AG NIO in terms of mean 

diameter, P.I, -potential, AG association efficiency (DE%) and drug encapsulated in vesicle bilayer 

(EE%). 

 

 

Figure 1. Typical photomicrographs of AG NIO formulation: A) scale 200nm and B) 500nm 

FORMULATIONS Diameter (nm) P.I -potential 

(mV) 

(DE%) (EE%). 

AG NIO 610.5  5.3  0.231 -28.2  0.53 86.33 - 

AG NIO- FL 500.4  6.9 0.216 - 27.4  1.84 58.30 58.02 

AG NIO CUR 334.1  3.4 0.153 -22.4  0.50 74.88 90.03 

https://www.sciencedirect.com/topics/chemistry/bilayer-membrane
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AG seems to possess an optimal fluidity of the hydrophobic chains resulting in the 

formation of hexagonal aggregates without the presence of any membrane additive. 

Probably, this morphology is due to the surfactant hydrophilic lipophilic balance that 

possesses rather hydrophobic characteristics (log P=4.637) and led to the formation of 

hexagonal shaped vesicles. As reported in literature, natural-like branched-chain 

glycolipids with high hydrophobic character form hexagonal structure in aqueous solution 

[21, 22]. In fact, Ahmad and coworkers [21] investigated the aggregation properties of 

two glycolipids with same branched alkyl chain lengths but different headgroup 

demonstrating the formation of unilamellar vesicles in the case of more hydrophilic 

surfactant and, instead, hexosome dispersions for that with a more pronounced 

hydrophobic character. This type of hexagonal organization is commonly observed for 

saponin surfactant class. Indeed, saponins can form highly viscoelastic networks through 

intermolecular hydrogen bonds between neighboring sugar residues [23]. Moreover, AG 

aggregation capability in niosomes was very high as demonstrated by the high value of 

DE % obtained (86.33 %).  

The loading of FL and CUR did not affect AG ability to form regular and stable vesicles 

homogenous in size. Specifically, the incorporation of CUR in vesicle bilayer led to a 

significant size decrease (Table 1) due to that this compound acts as a membrane 

condensing agent. This behaviour has been already observed by Kotenkov et al. [24]. AG 

NIO also exhibited a high ability to encapsulate both hydrophilic and hydrophobic 

molecules as highlighted by the EE% values obtained for FL and CUR, 58.02 and 90.03%, 

respectively. The loading of both drugs, instead, significantly affects the vesicle 

morphology, in this case spherical niosomes were obtained (data not reported). 

Next, we investigated the colloidal stability of niosomes stored at 25 ± 1 °C for 90 days 

by assessing changes in physicochemical parameters. Interestingly, no sedimentation was 

found in any sample. Moreover, after 3 months, size distribution, -potential and DE % 

were not significantly different from the initial preparation. Only a little increase of 

vesicle size and reduction of -potential values was recorded just after 30 days with some 

little variations up to 90 days (Table 2).  
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Table 2. Stability of AG niosomes evaluated measuring diameter, P.I., -potential, D.E. at specific time 

points up to 3 months. Data are expressed as mean of three different experiments  SD. 

Times (days) Diameter (nm) P.I. -potential (mV) AG DE % 

0 610.5  5.3 0.231 -28.2  0.529 86.33  0.87 

30 666.8  4.9 0.221 - 25.3  0.415 83.68  1.32 

60 680.6  3.8 0.212 -26.8  0.764 84.00  0.95 

90 678.3  5.1 0.278 -22.5  0.865 82.91  3.67 

 

In the search for of novel and efficient drug delivery systems, considerable attention has 

been focused on the nanodevices with low irritancy potential able to influence the 

therapeutic use. To verify the compatibility and safety of AG vesicles, their hemolytic 

effect and antimicrobial activity were investigated considering the reported antibacterial 

properties of AG metabolite. Antimicrobial activity of AG NIO was tested against a range 

of representative Gram-positive and Gram-negative bacteria by determining their MIC, 

the concentration required to completely inhibit microorganism growth, and the MBC, 

the concentration of surfactants required to kill microorganisms. It has been found that at 

the highest concentration used, 376 µM, the formulation did not exhibit activity against 

any of the tested bacteria. These results were confirmed by MBC as bacterial growth was 

not observed for any strain at the highest concentration of NIO AG. Lack of anti-bacterial 

activity could be advantageous since confer them inert nature making them to be good 

candidates for drug delivery applications without any cross-reactivity. Haemolytic 

activity is also an important factor to be considered in the design of biocompatible 

pharmaceutical carriers. Even in this case, it has been observed that in the concentration 

range investigated (45-582 μM) NIO AG did not exhibit any hemolytic activity. 

Therefore, it seems that AG vesicles can be considered safe carriers representing new 

devices useful in various administration routes. 

Mucoadhesion is a key factor to be considered in the design of nanodevices for oral and 

nasal delivery since as a result of the adhesion, the residence time of nanocarriers at the 

absorption site results prolonged improving drug absorption. Consequently, 

mucoadhesive properties of the designed vesicles were evaluated monitoring nanoparticle 

interaction with mucin at different concentration. To this purpose, changes in 

physicochemical parameters after mucin interaction were evaluated and the results are 

reported in Table 3.  
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Table 3. Physicochemical characterization of AG NIO contacted with mucin at various concentrations 

after 1 h at 37 °C 

Sample 
Diameter 

(nm) 
P.I. -potential (mV) 

Mucin Adsorbed 

(mg/ml) 

AG NIO 610.5  5.3 0.231 -28.2  0.529 - 

 AG NIO-Mucin 0.2 mg/ml 647.2   3.7 0.020 -27.3  1.88 0.037 

AG NIO-Mucin 0.3 mg/ml 971.9  6.5 0.292 -24.8  0.551 0.130 

AG NIO-Mucin 0.4 mg/ml 923.3  8.1 0.229 -9.01  1.15 0.188 

AG NIO-Mucin 0.5 mg/ml 899.3   4.4 0.229 -6.97  0.804 0.193 

 

An increase in particle size as well as reduction of zeta potential values in a manner 

dependent on the amount of mucin absorbed on particle surface was observed. This 

increase of particles sizes indicates an interaction between vesicles and mucin and, so, 

the mucoadhesive properties of vesicles able increase the residence time at the action site 

resulting in prolonged drug absorption. In general, the mucoadhesive behaviour of 

nanocarriers is dependent on both the high specific surface area resulting in a sharp 

increase in the interface that establishes the bond with the mucosa and the chemical 

groups (eg, hydroxyl, amine, sulfate, and carboxyl groups) available on carrier surface 

able to establish electrostatic interactions, hydrogen bonding, and hydrophobic 

interactions with mucin glycoprotein. Considering the negative surface charge of the 

developed formulations, interaction with mucin do not occur via electrostatic force but 

probably trough hydrogen bonding and hydrophobic effects leading to “non-specific” 

interaction and a physical entanglement between vesicles and mucin [25]. Particle size 

intensity distribution after interaction with mucin at various concentrations was also 

showed in Fig.2. Vesicles that interacted with the lowest amount of mucin used presented 

a single broader population than the uncoated niosomes. Increasing mucin amount, a 

bimodal size distribution occurred as before interaction but with populations with 

increased sizes. The higher amount of mucin absorbed on particle surface resulted also in 

a higher instability according to their important ζ-potential reduction.  
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Figure 2. Intensity-based size distribution as detected by DLS for niosomes after interaction for 1 h at 37 

°C with mucin at several concentrations. 

These results highlighted the mucoadhesive nature of the developed formulations that if 

associated to an enhanced penetration. These results indicate that these new niosomes 

could be very successful for oral and nasal delivery systems. 

3.2 Ex-vivo permeation studies  

The AG niosomes developed in this work have been designed for inflammatory based 

diseased. In this regard, multi-experimental setup has been carried out in order to evaluate 

various potential administration routes of the developed AG NIO. Franz type diffusion 

cells were used to perform ex vivo skin permeation studies to evaluate the topical and 

transdermal profile of the niosomal systems and the results are shown in Figure 3A. AG 

NIO exhibited an increased skin permeation equal to 162.74 μg/cm2 compared to free AG 

that had a cumulative permeation of 104.93 μg/cm2 after 24 h. The poor permeation rate 

of AG solution could be due to its high molecular weight that limits its spontaneous 
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permeation through the skin. Moreover, this increased skin permeation is also associated 

with a higher drug skin retention: in fact, the amount of drug retained after 24 h resulted 

be equal to 789.49 μg/cm2 for NIO AG respect that obtained with AG solution equal to 

693.40 μg/cm2. This indicates that when AG organized in nanoscale vesicles acts as skin 

permeation enhancer showing a higher skin permeation and a higher drug depot in the 

stratum corneum respect the drug solution.  

3.3 In vitro release studies  

The release studies of AG NIO were evaluated in various fluids simulating parenteral, 

oral and nasal administration in order to assess if these vesicles can be employed across 

different administration routes such as topical, oral and nasal delivery. As shown in Figure 

3B, C and D, cumulative amounts of AG released from niosome formulations in the all 

media used in this study were found to be higher than that observed for AG solution. This 

higher bioavailability may be due to a relatively high surface area of AG exposed to the 

fluids, thereby increasing its solubilization leading to a more rapid release of AG [26]. 

Probably, this behaviour may be due to both the low AG solubility in water and the fact 

that, at the concentration used, free AG forms micelles that decrease its interaction with 

water resulting in a decreased dissolution rate. Clearly, micelles and vesicles differ in the 

molecular-scale organization, the higher size of vesicles results in a slightly lower 

effective viscosity giving rise to less motional freedom within the smaller structures [27]. 

Moreover, the hydrophobic core zones of micelle are significantly less exposed toward 

aqueous medium, which contributes to slow release time into aqueous medium [28].  

To mimic the behaviour of AG NIO in the gastro-intestinal tract after oral intake, in vitro 

release profiles simulating the different steps of human digestion were evaluated: pH 2 

(2h stomach) and pH 6.8 (up to 24h small intestinal). AG and AG NIO showed low release 

in the stomach (pH=2) implying drug protection (Figure 3D).  
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Figure 3. Permeation and release studies: A) Ex-vivo permeation of free AG solution and AG NIO; B) in 

vitro release of AG solution and AG NIO in PBS pH 7.4; C) in vitro release of AG solution and AG NIO 

in SNES fluid; D) in vitro release of AG solution and AG NIO in gastrointestinal simulant fluid 

However, an increased release was observed in intestinal conditions (pH=6.8), this 

behaviour results desirable for oral delivery systems demonstrating that the AG 

bioavailability was pronouncedly enhanced. 

Moreover, we investigated the potentiality of AG niosomes as nasal drug delivery systems 

since this route results be very interesting not only for the treatment of local and 

pulmonary disease but also for the possibility to reach brain bypassing blood-brain barrier 

and hepatic first pass metabolism. For this regard the release of AG was carried out in 

SNES fluid ((Figure 3C). It was also observed that, in this medium, the release of AG 

from the AG NIO solution was faster than that of drug solution suggesting the enhanced 

dissolution profile and solubility in SNES achieved when organized in vesicle 

nanostructure.  This increased diffusion associated with the ability of the device to interact 

with mucoadhesive biological surface contributes to a better drug absorption.  

In addition, we prepared vesicle loaded with a hydrophobic (CUR) or hydrophilic (FL) 

molecule as model drug and investigated their release profile. The release of CUR anf FL 

was carried out in gastrointestinal and physiologic simulant fluid. At pH=7.4 (Fig. 4C and 

4D) a sustainable release of FL and CUR with time was observed with a maximum of 

20.28 % of CUR, 17.22 and 26.27 % of FL after 24 h.  In these conditions the release of 
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free FL and CUR were much more rapid, more than 70% in 5 hours. This slow release 

indicates the high stability of encapsulated substance and the possibility to use them as 

long-lasting delivery systems. 

Interesting results were obtained in the gastrointestinal medium. At pH=2 a high release 

of FL and CUR from the free drug solution was observed indicating that these drugs will 

release in the stomach and consequently can be potentially degraded. However, very slow 

release at pH=2 was observed when these molecules were incorporated in AG NIO.  

 It should be noted that AG NIO act as carrier and as drug given the biological activity of 

the AG. Moreover, when the AG NIO incorporate other drugs these nanodevices can have 

numerous therapeutic applications.  

 

Figure 4. In vitro release profile of CUR and FL from AG NIO and free solution of: a) FL in 

gastrointestinal simulant fluid; b) FL in PBS pH 7.4 ; c) CUR in PBS pH 7.4/Ethanol (7:3 v/v). 

3.4 In vitro antinflammatory assay 

It is well documented that protein denaturation leading to the loosing of their biological 

activity is involved in the formation of inflammatory disorders [15]. Therefore, the ability 

of both free AG and AG NIO to inhibit egg albumin denaturation have been investigated 

(49-147 mg/mL) to predict their potential anti-inflammatory action mechanism and the 

results are summarized in Figure 5.  
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Figure 5. Inhibition activity of AG solution, AG NIO and Diclofenac sodium solution in the egg albumin 

denaturation method. Data are presented as mean  SD. 

Results revealed that free AG inhibited thermally induced albumin denaturation in a dose 

dependent manner with a IC50 equal to 118.15 g/mL. Moreover, even when organized 

in vesicular structures, AG maintains its capacity to control protein denaturation involved 

in the inflammatory process evidenced by the similar IC50 values obtained (110.11 

g/mL). The inhibitory activity was also compared with a standard anti-inflammatory 

drug DCF and at all concentration tested, AG and AG NIO showed a higher inhibitory 

activity than DCF, that exhibited an IC50 of 179.47 g/mL. These results highlighted that 

when AG is organized in vesicles its pharmacokinetic profile is improved by reducing the 

use of other carrier excipients, increasing drug loading and, also, maintaining the anti-

inflammatory activity. In this light, these nanodevices could be used as carrier of other 

drugs for potential synergic therapies.  

 

Conclusions  
A successful application of drug delivery systems, a promising area of nanomedicine, still 

depends on our capability as scientists to design efficient, biocompatible and eco-friendly 

vehicles. This manuscript reports, for the first time, the use of a biosurfactant with anti-

inflammatory properties, the ammonium glycyrrhizate (AG) present in a Mediterranean 

plant, to prepare a drug self-delivery system. 
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This biosurfactant (AG) form suitable homogeneous and biocompatible vesicles with 

high stability and great drug loading without the use of additional excipients. AG 

niosomes appear to be a versatile nanocarriers able to behave as drug percutaneous 

permeation enhancers after topical application, and, also, as mucoadhesive delivery 

systems in the case of oral and nasal administration 

These AG based vesicles exhibited important anti-inflammatory properties assessed 

through the albumin denaturation inhibition assay suggesting their great potentiality in 

the treatment of inflammatory based diseases. Moreover, these AG nanodevices 

successfully encapsulated a hydrophobic (CUR) and a hydrophilic (FL) molecule giving 

rise to a sustained release with time for both compounds.  

The obtained results indicate that AG NIO act simultaneously as both carrier and 

therapeutic drug. In addition, these vehicles can encapsulate other medicines, thus expanding 

their therapeutic properties. The strategy used in this paper represents a great innovation 

from a technological viewpoint suggesting the potentiality to use amphiphilic drugs not 

only for their pharmacological activity but also as a carrier of other substances in 

combined or synergic therapies. 
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 1.3 Formulations and characterization of novel drug delivery 
systems based on Folic acid 

Introduction 

The increase in scientific knowledge in recent years has led to the pharmaceutical 

industry's increased interest in developing new drug delivery systems. This has made it 

possible to improve the therapeutic efficacy of the drug, increase the stability of the 

encapsulated drug and minimise side effects. These new delivery systems fall into the 

category of DDS (drug delivery systems). In particular, niosomes are spherical vesicular 

systems consisting of surfactants, arranged to form a lipid bilayer bordering a hydrophilic 

core [1]. Although several types of these nanocarriers have been developed, success is 

limited to a few formulations [2]. With the aim of overcoming the limitations induced by 

niosomal and liposomal systems, nanotechnology has proposed the use of 

pharmacologically active molecules with an amphiphilic structure to make the bilayer. 

These molecules have been defined by many authors as surfadrugs, and indeed possess 

the ability to self-associate in an aqueous environment and interact with biological 

membranes in the same way as classical surfactants [3]. Folic acid (FA), also known as 

vitamin B9, is a B-complex vitamin required for the transfer of carbon units in the 

intermediate metabolism of amino acid synthesis and in the production of S-adenosyl 

methionine (SAM) through methylation reactions [4]. Given this role, a deficiency can 

have a profound effect on cell replication and metabolism. In humans, folate deficiency 

leads to megaloblastic/macrocytic anaemia in all age groups [5]. In the elderly, however, 

it can lead to dementia and cognitive decline [6]. However, its consequences are more 

pronounced in pregnancy, as folate deficiency can lead to serious consequences on 

embryonic and foetal development [7,8]. Chemically, folic acid consists of a pteridine 

derivative, 4-aminobenzoic acid and L-glutamic acid. Due to its involvement in DNA 

synthesis and repair, FA in topical applications has been shown to have remarkable effects 

in the treatment of skin ageing and photodamage [9]. In recent decades, delaying the onset 

of skin ageing has become increasingly important for large segments of the population. 

Skin ageing is the result of the interaction between endogenous and exogenous factors. 

About 80 per cent of the changes associated with skin ageing can be attributed to extrinsic 

factors such as ultraviolet (UV) radiation. Among other effects, UV-A and UV-B radiation 

induce cellular DNA damage, which plays a crucial role in the progression of skin ageing. 

Consequently, skin cells are constantly engaged in repair processes to maintain cellular 
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homeostasis [9]. Due to folic acid's ability to act as a cell nutrient, many topical 

formulations containing FA are available on the market for the treatment of 

photodamaged or ageing skin [10]. The very low solubility of FA makes its homogeneous 

dispersion in hydrophilic solvents difficult; therefore, surfactants, co-surfactants or co-

solvents must be used to achieve a homogeneous formulation [11]. Many studies in the 

literature show that folic acid is promising in active targeting. This is possible because 

folic acid receptors are overexpressed on the surface of 40% of solid tumours but are 

negligible in healthiest tissues [12]. Therefore, folate-based delivery systems could 

represent a strategy to overcome the limitations associated with classical delivery 

systems, enabling combined and targeted therapy with the administered drug. 

Material and method  

Chemicals 

Folic acid (FA) and all solvent were purchased by Sigma Aldrich, Milano, Italy.  

Niosomal preparations 

Folic acid niosomal systems were formulated using the thin-layer evaporation technique. 

To obtain niosomal systems consisting of FA, folic acid was salified with a KOH solution 

at pH 10 to form the corresponding salt, potassium folate, since FA in acid form does not 

allow the formation of vesicular systems. Different amounts of FA (13, 21 and 26 mg) 

were evaluated, but only 26 mg resulted in the formation of niosomes. Therefore, 

subsequent formulations were obtained from this quantity, corresponding to a 

concentration of 4.76x10-3. Niosomal vesicles were obtained using water as the hydration 

solvent at various pH. Weighed quantities of FA were solubilised in ethanol in a round-

bottomed flask. The solvent was then evaporated under reduced pressure and constant 

rotation, forming a lipid film. The film was then hydrated with 10 mL of hydration solvent 

for 30 min at 60°C, forming multilamellar vesicles, which then transformed into small 

unilamellar vesicles following sonication in an ultrasonic bath conducted after 24 h. The 

niosomal vesicles were then purified by exhaustive dialysis for 4 h, using Visking tubes 

(Spectra/Por, cut-off 12/14 kDa). 

From the physical-chemical characterisation of these formulations, it was observed that 

the optimal experimental conditions were when the hydration solvent had pH 10. 
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Physical-chemical characterization  
Size distribution and ξ potential 

The dimensional analysis of the vesicles was conducted with a Brookhaven Instruments 

Corporation, New York, USA, at 25°C. The autocorrelation function was measured at 

90°C and the laser beam operated at 658 nm. The polydispersion index was used to 

measure and evaluate the size distribution. The potential ξ of the formulations was 

measured with the Zetasizer ZS (Malvern Instruments Ltd., Malvern, UK), at 25.0 ± 0.1 

°C. Each analysis was conducted in triplicate. 

Morphology 

To further verify the formation of vesicles by FA under these experimental conditions, 

their morphology was observed using transmission electron microscopy (TEM). Images 

were obtained with a Jeol 1400 Plus TEM electron microscope operating at an 

accelerating voltage of 80 kV. A drop of vesicle suspension was placed on a 

Formvar/Carbon-coated copper grid, forming a thin liquid film. Excess water was 

removed with a piece of filter paper, followed by air drying. 

Encapsulation efficiency  

The amount of Folic acid reitained in the vesicles is expressed as the percentage of 

surfadrug that participates in the formation of the bilayer, compared to the initial amount 

used. It was determined by freezing 0.1 mL of purified sample for several hours, then 

diluting it with 10 mL of ethanol, which allows vesicular membrane rupture and 

solubilisation of FA. The DL% was derived using the following equation: 
 

DL%= (Cf/Cin.) x100 

Where Cf constitutes the amount of drug retained in the bilayer after dialysis and Cin 

indicates the amount of drug initially used in the formulation. Using UV 

spectrophotometry, the absorbances of the samples were measured at the FA wavelength 

of 280 nm. 

Ex-vivo skin permeation  
Skin permeation studies were conducted using vertical Franz diffusion cells for 24 hours 

at 37°C on rabbit skin obtained from a local slaughterhouse. The method is the same as 

previously described [art lorena]. At regular intervals, up to 24 hours, the release medium 

was removed, replaced with an equal volume of fresh medium and analysed by UV-Vis 



Chapter 1: Innovative nanosystems for drug delivery 

67 

spectrophotometry. The replacement of the release medium is necessary to ensure the 

absorption conditions and the determination of the amount of permeated drug. Each 

experiment was conducted in triplicate.  

Skin retention studies 

After the permeation experiments, the amount of FA not permeated but accumulated on 

the skin surface after 24 hours was assessed. The active ingredient was then extracted 

from the skin by placing it in 10 mL of ethanol under magnetic stirring for 1 hour. 

Subsequently, the solutions were filtered and the amount of retained FA was assessed by 

UV spectrophotometry. Each experiment was conducted in triplicate. 

In vitro release studies  
The release of the niosomal formulations was also evaluated at different pHs to assess the 

release behaviour under different environmental conditions. PBS pH=7.4 for the systemic 

tract; PBS pH=6.8 for the intestinal tract and a 0.01 M HCl solution, pH=2 for the gastric 

tract were used. Release was assessed over 24 hours and 2 mL of medium was taken at 

fixed intervals and analysed by UV spectrophotometry. The amount of FA released was 

evaluated in percentage terms using the equation: % 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅 = 𝑪𝒕𝑪𝟎 × 𝟏𝟎𝟎 

Where C0 is the initial concentration of the drug and Ct is the concentration of the drug 

released over time. 

Results and discussions 

Upon visual observation, the different FA-based niosomal formulations were yellow and 

opalescent in colour, indicating the actual presence of colloidal systems. Several 

formulations were created starting from a concentration of 4.73 x 10 -3 M using distilled 

water at various pHs as the hydration medium. The vesicular systems obtained were 

analysed from a chemical-physical point of view and the results are reported in Table 1. 
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Table 1.  Physical-chemical characterizations of niosomal system based on FA at 25°C 

Formulations FA (mg) 
Hydration 

solvent 
Size (nm) IP ξ potential ± DS DL% 

Nio FA pH 8,49 26 H2O pH 8,49 308,4 nm 0,232 - 27,3 ± 0,346 27,6% 

Nio FA pH 10 26 H2O pH 10 341,0 nm 0,204 -34,8 ± 1,04 72,65% 

Nio FA pH 12 26 H2O pH 12 304,4 nm 0,266 -31,9 ± 1,26 58,01% 

Among different hydration media, distilled water at pH 10 gave vesicles with 

encapsulation efficiency >70%, indicating the best experimental conditions to obtain 

these new systems. The vesicular dimensions were not modified by the hydration 

medium, being predominantly around 300 nm with a polydispersity index between 0.2 

and 0.26 (value indicative of a homogeneous size distribution). The ξ potential instead 

varied slightly as the pH of the medium varied, indicating good stability for each 

formulation. Nio FA b appears to be the optimal formulation as it has the highest ξ 

potential values, being highly stable and the highest E%, indicating that a significant 

amount of drug constitutes the bilayer. 

The TEM images (Figure 1) obtained for the Nio FA b formulation showed vesicles with 

spherical morphology, homogeneous in shape and size, with a size range between 200 

and 500 nm. 

 

Figure 1: Microphotograpy of FA niosomal formulation 
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pH 6.8 and HCl pH 2 for gastrointestinal administration, to simulate the environments 

that the formulation would encounter during its systemic absorption. 

 

Figure 3. Diffusion release profile of Nio FA b: (♦) pH 7.4 and (■) pH 2/6.8 at 37°C  

Figure 3 shows how the release trend varies depending on the release medium. In the 

presence of a pH 7.4 there is a more rapid release; in fact, around the fourth hour a 

plateaux phase is reached in which an 80% release is observed. When release is conducted 

in a medium that simulates the gastrointestinal tract (pH 2/6.8), a gradual release is 

observed over time. In an acidic environment (up to 2 hours), a considerable release of 

FA is not observed, but when it changes to pH 6.8 it begins to gradually release. In this 

case the plateaux phase is reached around the eighth hour in which approximately 80% 

release is reached. 

Conclusions 

In summary, innovative niosomal formulations based on folic acid have been developed. 

The innovation lies in the use of surfadrug, as using FA as a constituent of the lipid film 

and as a pharmaceutical molecule could improve the safety of the formulation and at the 

same time reduce the use of other components. FA can form small vesicles, around 300 

nm, with a spherical and homogeneous shape. Permeation is slow and gradual over time, 

thus allowing for a delayed and controlled release. While diffusion studies at various pHs 

have shown that vesicles release faster under systemic conditions and more slowly under 

conditions simulating the gastrointestinal tract. This first study represents a first step 

towards the development of pharmacological systems in which FAs such as surfadrug 
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could allow, by conveying other pharmacologically active molecules within them, to 

obtain a combined or synergistic effect. 
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1.4 Antimicrobial and anesthetic niosomal formulations based on 
amino acid based-surfactants. 
Submitted on Molecules 

Introduction 

Lidocaine (LID) is a local anesthetic drug widely used in clinical practice to reduce or 

eliminate pain, both for surgery and for the management of other acute or chronic pain. 

However, lidocaine, being a lipophilic compound, has poor permeation through the skin, 

which constitutes the main obstacle to its application in the field of transdermal 

administration [1, 2]. Nanotechnology has led to the production of nanomaterials as 

carriers of active substances that amplify their efficacy. Indeed, nanoscale engineering 

can overcome the limitations associated with traditional drug delivery methods. A good 

drug delivery system (DDS) acts as a protective shield for the payload, preventing 

premature decomposition in the biological environment while improving bioavailability, 

duration of blood circulation, cellular absorption, and therapeutic activity over longer 

periods. [3, 4]. Recently our group has prepared lidosomes: innovative vesicular systems 

prepared with lidocaine. It was found to be able to self-associate forming nanosized 

vesicle structures with good stability. Therefore, lidocaine can be defined as a 

"surfadrug", i.e. a pharmacologically active molecule with amphiphilic properties. 

Chemically, surfadrugs contain one or more flexible, hydrophobic aromatic nuclei, to 

which an ester group or a charge-carrying N atom is directly attached, or which include a 

pyridine-like N atom; and it is precisely the flexibility of the aromatic ring that makes 

these drugs resemble typical surfactants in their associative behaviour [5]. It has been 

observed that the use of these vesicular aggregates improves skin permeation and drug 

deposition in the skin of lidocaine but can act as a capsaicin transporter [6]. Capsaicin 

(CA) is another analgesic and anti-inflammatory drug. This compound affects the nerve 

cells in the skin responsible for pain. Today, infections produced by multidrug-resistant 

bacteria are one of the top three dangers to world health [7]. Then, the incorporation of 

antimicrobial compounds to the new therapeutic vesicular systems can reduce the spread 

of infectious illnesses. In this context, cationic amino acid-based surfactants represent 

promising new green and sustainable antimicrobial materials. These are structurally 

heterogeneous amphiphilic compounds with an amino acid hydrophilic group and an 

aliphatic chain as the lipophilic moiety [8]. Due to their amphiphilic nature, positive 

charge, and high surface activity, these cationic amphiphiles, like QACs (Quaternary 
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Ammonium Compounds), are expected to act via perturbation of the bacterial membrane. 

This mode of action hampers the development of resistant bacteria. Moreover, in contrast 

with QACs, they can be designed to be biodegradable in the environment and 

consequently, they show lower ecotoxicity.  

Newly, our group has reported the synthesis of new cationic amino-acid-based surfactants 

based on tryptophan and phenylalanine. The synthetic approach used to prepare these 

compounds fits some of the green chemistry requirements: utilization of renewable 

starting materials and a synthetic procedure consisting of two simple chemical reactions 

that do not require the use of organic solvent nor protecting amino acids. The cationic 

charge of these compounds was situated on a protonated amine group and, consequently, 

their cationic character depended on the pH. It was found that these new surfactants 

formed unilamellar vesicles with DPPC mixtures [9]. Surfactants with C12-C14 alkyl chain 

exhibited good antimicrobial activity, moreover, vesicles containing 60-80% of 

surfactants maintained their antimicrobial effectivity. Considering these findings, in this 

work, we have prepared similar phenylalanine cationic surfactants, but in this case, the 

cationic charge is situated in a trimethylated amine group, then the charge does not depend 

on the pH (Figure 1). We have characterized these new surfactants, and we have prepared 

niosomes containing lidocaine, capsaicin and the cationic surfactant in order to obtain 

colloidal formulation with both anesthetic and antimicrobial properties. The physical 

characteristics of the new formulations, vesicle size and size distribution, zeta potential, 

entrapment efficiency, and stability were determined. The antimicrobial effectivity of 

both the pure surfactants and their niosomal formulations was determined. Finally, the 

biocompatibility of these new formulations have been studied. 
 

 

Figure 1. Chemical structure of new antimicrobial cationic surfactants based on phenylalanine.  
(n = 12 C12PHN(CH3)3Cl and n = 14 C14PHN(CH3) 3 Cl. 
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Materials and Metods 

Lidocaine (LID), Capsaicin (CA), and Dipalmitoylphosphatidylcholine (DPPC), were 

purchased by Sigma-Aldrich (Milan, Italy, purity 99%), C14PNH(CH3)3 Cl- (P14) and 

C12PHN(CH3) 3
 CL- (P12) were synthesized in Department of Surfactants and 

Nanobiotechnology (IQAC-CSIC Barcelona). The organic solvents were supplied by 

Sigma-Aldrich (Milan, Italy). Muller-Hinton (MH) broth and agar were obtained from 

Difco Laboratories (Franklin Lakes, NJ, USA). Their purity was checked by High 

Performance Liquid Chromatography with a Waters HPLC system equipped with a 

Kromasil 100 C8 5 µm 25 × 2.12 column. 

2.1. Synthesis of the phenylalanine based-surfactants 

 

 

Figure 2. Synthetic pathway to obtain the phenylalanine derivatives. 

The phenylalanine based-surfactants used in this work have been prepared following the 

synthetic procedure showed in figure 2. The CnPC3NH2 have been synthesized using the 

process outline in our previous work [9]. In brief, the free amine group of the 

phenylalanine methyl ester was acylated with the dodecyl or tetradecyl acid chloride, then 

the CnPOMe compounds were dissolved in diaminopropane at 60ºC to obtain the 

corresponding CnPC3NH2. Then, 1 g of the CnPC3NH2 was reacted with methyl iodide 

(CH3I) in a DMF medium to yield the target compounds CnPC3NC3I. The reaction 

mixture was kept at 60°C for the required duration, with progress monitored using HPLC. 

After completing the reaction, excess CH3I was removed using a rotary evaporator, and 

the sample was purified via preparative HPLC. The identification of the target surfactants 

was accomplished through HPLC, MS, and NMR analyses (refer to the Electronic 

Supplementary Information for details). 
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2.2 HPLC analysis 

The reaction progress as well as the purity of all prepared molecules were monitored by 

HPLC (Merck-Hitachi D-2500) using a UV–vis detector (L- 4250 at 215 nm) and a 

Lichrospher 100 CN. The gradient elution profile used went from 25 %B to 95 %B in 24 

min. Aqueous phase A was 0.1 % (vol/vol) trifluoro acetic acid (TFA) in H2O and organic 

phase B was 0.085 % (v/v) of TFA in H2O/CH3CN (1:4). 

2.3 NMR experiments  

Sample solutions were prepared in deuterated methanol (20 mg/0.8 mL) using 5 mm 

NMR tubes.1H NMR and 13C NMR analyses were recorded on a Varian 400MHz 

spectrometer. All experiments were performed in an indirect broadband probe. Data were 

processed with the MestReNova (Mestrelab Research 14.1) software.  

2.4 Mass spectroscopy  
Surfactant solutions (in the 1 × 10-4 to 1 × 10-6 M range) were prepared in methanol. High-

resolution mass spectra (HRMS) were performed on Acquity UPLC System and an LCT 

PremierTM XE Benchtop orthogonal acceleration time-of-flight (Waters Corporation, 

Milford, MA) equipped with an electrospray ionization source. All data were processed 

and displayed using MestReNova (Mestrelab Research 14.1) software. 

2.5 Niosomes preparation 

Niosomes were prepared by a thin layer evaporation. The lipid film was then hydrated 

with 10 mL of distilled water (pH 5.5) at 60 ◦C for 30 min. Subsequently, the vesicles 

were purified by exhaustive dialysis for 4 h in distilled water using Visking tubing 

(Spectra/Por®, cut-off 12–14 kDa), and manipulated before use according to Fenton’s 

method [10]. After purification, formulations were stored at room temperature until the 

subsequent experiments. Details on vesicle compositions are reported in Table 1. 
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Table 1: Composition of niosomal formulations. 

 

2.6 Physical-chemical characterization of vesicles 

The diameter, size distribution, and ζ-potential were determined by Zetasizer ZS Malvern 

Instruments Ltd. (Malvern, U.K.) at 25 ± 0.1 °C. After the samples were purified by 

dialysis, all analyses were conducted in triplicate and expressed as mean ± standard 

deviation. The morphology of niosomes was determined by TEM (Transmission electron 

microscopy) with TEM ZEISS EM 10. Two drops of niosomal preparations placed on a 

copper grid with nitrocellulose and left to dry at room temperature before the microscopy 

observation.  

2.7 Small-Angle X-ray Scattering (SAXS) 
SAXS measurements were carried out using a S3-MICRO (Hecus X-ray systems GMBH 

Graz, Austria) coupled to a GENIX-Fox 3D X-ray source (Xenocs, Grenoble), which 

provides a detector focussed x-ray beam with λ = 0.1542 nm Cu K α -line with more than 

97% purity and less than 0.3% K β . Transmitted scattering was detected using a PSD 50 

Hecus. Temperature was controlled by means of a Peltier TCCS-3 Hecus. The samples 

and background solutions were inserted in a flow-through glass capillary 1 mm diameter 

with 10 m wall thickness. The SAXS scattering curves are shown as a function of the 

scattering vector modulus: 𝑞 = 4𝜋𝜆 sin(𝜃2)           (1) 

FORMULATIONS 

ACRONYMS 

LD 

(mg) 

DPPC 

(mg) 

C14PC3N(CH3)3 

(mg) 

C12PC3N(CH3)3 

(mg) 

CA 

(mg) 

L 30 - - - - 

L/C (9:1) 40.5 - - - 4.5 

L/D (8:2) 24 6 - - - 

L/C/P12 (7:1:2) 31.5 - 9 - 4.5 

L/D/P12 (6:2:2) 18 6 - 6 - 

L/P14 (9:1) 27 - 3 - - 

L/C/P14 (8:1:1) 24 - 3 - 3 

L/C/P14 (7:1:2) 21 - 6 - 3 

L/D/P14 (6:2:2) 18 6 6 - - 

L/C/D/P14 (6:1:2:1) 27 9 4.5 - 4.5 

L/C/D/P14 (5:1:2:2) 22.5 9 9 - 4.5 

L/C/D/P14 (2:1:5:2) 9 22.5 9 - 4.5 
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where θ is the scattering angle. The q values with this setup ranged from 0.1 nm-1 to 6.0 

nm-1. The system scattering vector was calibrated by measuring a standard silver behenate 

sample. Because of the use of a detector focussed small beam (300 x 400 m full width 

at half maximum) the scattering curves are mainly smeared by the detector width and 

detector depth. This smearing mainly produces a widening of the peaks without noticeable 

effect on the peak position in the small angle regime. The scattering curves have been 

background subtracted taking into account the concentration of solvent and solutes in the 

samples. The instrumentally smeared experimental SAXS curves were fitted to 

numerically smeared models for beam size, detector width and detector depth effects. A 

least squares routine based on the Levenberg-Marquardt scheme was used. A model of 

the scattering by liposomes was used with is based on the description of the bilayer 

electronic density profile using a Gaussian for each polar head and a Gaussian for the 

description of the methyl dip at the centre of the bilayer and an error function to describe 

the methylene contribution [11]. 

2.8 Determination of the Amount of LID and Efficiency Encapsulation of CA and 
PH in Vesicular Systems  

The amount of LID retained in the niosomal formulation was carried out after sample 

purification by exhaustive dialysis. A total of 1 mL of purified and 1 mL of non-purified 

LD were diluted in 100 mL of methanol, and the LID concentration was measured by 

HPLC (Merck-Hitachi D-2500) using a UV–vis detector (L- 4250 at 215 nm) and a 

Lichrospher RP-18 (5 µm) LiChroCART® 250-4. The gradient elution profile used went 

from 25 %B to 95 %B in 24 min. Aqueous phase A was 0.1% (vol/vol) trifluoro acetic 

acid (TFA) in H2O, and organic phase B was 0.085% (v/v) of TFA in H2O/CH3CN (1:4). 

The wavelength used for analysis was 280 nm for CA, 210 nm for LID and 215 for Pn 

derivatives. The LID, CA and Pn content retained in the formation of vesicle structure 

(E%) was calculated according to the following Equation:  

E % = C R  / C I  × 100 (2) 

where C R is the initial component concentration measured after purification process and 

C I is the concentration used for the preparation of vesicles.  

All experiments were conducted in triplicate and expressed as mean ± standard deviation 

(SD). 
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2.9 Stability Evaluation 

To determine the stability of vesicles, the formulations were stored at room temperature 

(25 ± 2 °C) and evaluated at predetermined time intervals (0 and 30 days) in terms of 

visual inspection, particle size, PI, E% and -potential.  

2.10 Biocompatibility of the formulation: ex-vivo Hemolytic activity 

The determination of hemolytic activity was carried out on fresh rate blood taken and 

used on the same day of the experiments. Rabbit blood was supplied by the Animal 

Experimentation Unit (Instituto de Química Avanzada de Cataluña—IQAC). We 

followed an adaptation of the method described by Pape et al. (1987) [12]. The red blood 

cells were washed three times in a phosphate buffer solution (PBS pH 7.4). The cells were 

then suspended at a cell density of 8x109 cells per mL. A series of different volumes of 

niosomal solution (3760 μg/mL), ranging from 10 to 130 μL, were placed in Eppendorf, 

25 μL of erythrocyte suspension and phosphate buffered saline were added to Eppendorf 

to a total volume of 1mL. Samples were incubated at room temperature while shaking for 

10 min. Following the Eppendorf were centrifuged for 5 min at 10.000 rpm. The 

percentage of hemolytic activity was determined by comparing the absorbance at (575 

nm) of the supernatant of the samples with that of the control hemolyzed with distilled 

water. Each analysis was performed in triplicate.  

The therapeutic index (TI) in this context is calculated as the ratio of the concentration at 

which 50% of the cells are affected (HC50) to the minimum inhibitory concentration 

(MIC) for each surfactant formulation against both microorganisms and eukaryotic cells. 

The equation for calculating the therapeutic index (TI) is: 𝑇𝐼 = 𝐻𝐶50𝑀𝐼𝐶   (3) 

This index provides a quantitative measure of the selectivity of the surfactant 

formulations against microorganisms relative to eukaryotic cells. A higher TI suggests 

greater selectivity and lower potential toxicity to eukaryotic cells. 

2.11 In vitro antimicrobial activity  
Antimicrobial tests were conducted using bacteria stored in our laboratory. The 

microorganisms were Bacillus subtilis (BS) ATCC 6633, Staphylococcus epidermis (SE) 

ATCC 12228, Staphylococcus aureus (SA) ATCC 29213, Listeria monocytogenes (LM) 

ATCC 15313, Enterococcus faecalis (EF) ATCC 29212, Escherichia coli (EC) ATCC 

25922, Acinetobacter baumanii (AB) ATCC 19606, Klebsiella aerogenes (KA) ATCC 
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13048. The antimicrobial activity was determined in vitro to obtain the MIC value, 

defined as the lowest concentration of antimicrobial agents that inhibits the development 

of visible growth after 24 h of incubation at 37°C [13]. The MIC of our niosomes was 

determined using a broth microdiluition assay [14]. Serial diluition of niosomes in 

Mueller–Hinton broth (MHB) was dispensed, and 200 μL of these were in the 

corresponding wells of a 96-well polypropylene microtiter plate. Then, 10 μL of an initial 

culture of each bacterial strain was added to obtain a final inoculum of about 5 × 

10 −5 colony-forming units (CFU) per mL. The nutrient broth medium without the 

compound served as a growth control. The development of turbidity in an inoculated 

medium is a function of growth and reflects an increase in cell mass and number. To 

confirm the MIC observation after 24h, 20 μL of 0.015% w/v resazurin was added to each 

well and allowed to react for about 2 h for bacteria, al 37°C. After the incubation period, 

the bacterial growth indicator, which changed from blue to pink, confirmed the MIC 

value. To obtain the MBC, the antimicrobial concentration corresponding to at least 3-log 

reductions of viable cells, a 10 μL aliquot of the MIC well, and the two concentrations 

immediately above were seeded on MH agar and incubated for 24 h, al 37°C. MBC was 

determined as the lowest concentration at which no colonies were observed on the agar 

plates.  

2.12 Statistical analysis of data 

Results are expressed as the mean ± standard deviation (SD) or standard error of the 

mean (SEM). Data were analysed statistically by Student’s t-test was used to compare 

the samples and p-values of ≤0.05 were considered statistically significant. 

3. Results and discussion 

Cationic surfactants based on quaternary ammonium groups, such as CTAB or HTAB, 

have been widely used as antimicrobial agents in hospitals and food industries. 

Nowadays, the use of these compounds is questioned because they are prepared using 

petrochemical feedstock and, in addition, these surfactants exhibit very low 

biodegradation levels in the environment [15]. In this context, there is a need to develop 

new antimicrobial surfactants through environmentally friendly approaches to reduce 

their carbon footprint. Cationic Amino acid-based surfactants may be an interesting 

alternative, given that they show good antimicrobial activity and can be designed to be 

rapidly biodegradable compounds [16]. From an economic and environmental viewpoint, 

single-chain surfactants with one amino-acid and one polar head, are desirable because 
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they can be prepared without using complicated procedures that require the use of huge 

quantities of organic solvents. With these considerations in mind, in this work we 

prepared two cationic single-chain amino acid-based surfactants. The synthesis was 

carried out in 3 steps: first, the free amine group of the phenylalanine methyl ester was 

acylated with the corresponding fatty acid chloride, second, the obtained intermediates 

were treated with diamine propane to obtain an amide and finally, these intermediates 

were reacted with CH3I to get the target trimethylated derivative (Figure 3). 

This synthetic procedure is straightforward and fits some of the green chemistry 

requirements for organic synthesis: use of renewable starting materials such as fatty acids 

and amino acids, a synthetic method consisting of three simple chemical reactions that do 

not require the use of protective amino acids and, moreover, two of them neither require 

organic solvents. Furthermore, the hydrophobic alkyl chain is linked to the α-amine group 

of the phenylalanine through amide bonds to ensure high biodegradability and good 

chemical stability. The purity of the synthesized compounds was greater than 96%, as 

assessed by, HPLC, 1H-NMR, 13C-NMR, HPLC-MS. 

3.1 Physical-chemical characterization of niosomes 

The incorporation of different biologically active compounds can create multifunctional 

nanocarriers with promising potential applications in biomedicine. Here we have created 

for the first time niosomes containing two different anesthetic drugs (lidocaine and 

capsaicin) and an antimicrobial surfactant. In recent years, great interest has been in 

amino acid-based surfactants, as they are biocompatible, biodegradable, and 

environmentally friendly compared to conventional surfactants. [17, 18, 19]. Given the 

different types of amino acids and their different nature, it is possible to design different 

amphiphilic structures with specific properties. [16]. Due to the vesicular structure of 

these aggregates, they can be considered drug delivery systems. To modulate the physico-

chemical and biological properties of these vesicular formulations with different 

percentages of every component were prepared. The vesicles were always prepared using 

thin layer evaporation and their physico-chemical properties were evaluated by a Z-sizer 

instrument in terms of size distribution, polydispersion index (PI), −potential and E%, 

parameters that may influence their biological activity (Table 2). Initially, vesicles 

composed of LID, C14PC3N(CH3)3 or C12PC3N(CH3)3 carriers of the CA drug were 

formulated. Additionally, DPPC was also incorporated to study the effect of this 

phospholipid on the niosome properties. 
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Table 2. Physico-chemical characterization of vesicular systems prepared at different concentrations in 

term of Hydrodynamic diameter (SIZE), polydispersion index (P.I), ζ−potential (PZ), percentage 

encapsulation of lidocaine (E LID%), percentage encapsulation of capsaicin (E%CA) and percentage 

encapsulation of cationic surfactants (E%Pn) at 25 °C. 

FORMULATIONS SIZE nm PI PZ  E LID%  E% Pn E% CA 

L 348.25 ± 93.7 0.381 -16.8±4.59 47.64±1.92 - - 

L/C (9:1) 294.9 ± 63.37 0.393 -9.6±1.39 28.73±5.78 - 56.13±20.3 

L/D (8:2) 675.6± 31.56 0.602 -5.62± 1.54 42.30±2.65 - - 

L/C/P12 (7:1:2) 279.6 ± 77.45 0.446 +11.6±0.69 29.98±2.30 67.25±0.56 40.23±3.56 

L/D/P12 (6:2:2) 194.3±15.77 0.301 +0.406±3.78 27.92±1.45 51.87±0.84 - 

L/P14 (9:1) 289.3 ± 46.5 0.284 +15.5 ± 0.88 26.94±3.65 68.49±2.47 - 

L/C/P14 (7:1:2) 309.6 ± 104.79 0.349 +15.7±0.42 31.30±0.31 84.18±1.28 64.34±1.52 

L/D/P14 (6:2:2) 176.9±8.21 0.611 +15.2±1.24 23.75±2.72 86.87±2.43 - 

L/C/D/P14(6:1:2:1) 302.3 ± 60.52 0.564 +21±2.54 33.34±0.87 79.66±2.11 70.07±10.2 

L/C/D/P14 (5:1:2:2) 258.6 ± 23.33 0.394 +19.6±10.25 42.86±3.87 81.49±2.48 74.69±1.27 

L/C/D/P14 (2:1:5:2) 260.3 ± 4.10 0.583 +22.6±1.34 40.52±1.34 85.07±0.14 65.56±0.74 

 

The L and L/C niosomes showed medium size (294-348 nm) with similar IP and negative 

-potential values. These results agree with that observed recently by our group [6]. The 

incorporation of the DPPC into the LID niosomes gave rise to large aggregates with 

higher PI (polydispersion index). Notice that size of niosomes or vesicles is very crucial 

in the transdermal drug delivery systems. Ideally, the size must be below 300 nm to be 

able to pass through the deepest skin layer.  

First, we will focus on the two niosome formulations containing the C12PC3N(CH3)3. The 

L/C/P12 niosomes had a medium size (279 nm) with a positive -potential due to the 

presence of the positively charged surfactant. The L/D/P12 exhibited lower diameter size 

with low positive -potential values, in this case, the C12PC3N(CH3)3 derivative did not 

offset the negative character of the LID. 

For the C14PC3N(CH3)3 derivatives 7 different formulations were prepared: one with LID, 

two with LID and CA (L/C), another with LID and DPPC (L/D) and 3 with LID, CA and 

DPPC (L/C/D). The physico-chemical properties of the L/C/P14 and L/D/P14 were similar 

to those observed for the analogous C12PC3N(CH3)3 formulations, the only difference 

being that the C14PC3N(CH3)3 based-niosomes had higher positive -potential values. The 

formulations containing all components (L/C/D/P14) displayed comparable sizes 

(between 260-302 nm) with PI between 0.4-0.5 and large positive -potential values 

(19.6-22.6). These parameters indicated a low degree of particle size heterogeneity and 

sufficiently high particle positive charges for electrostatic stabilization of the niosomes. 

All formulated niosomes were subjected to E% to assess the amount of CA and cationic 

surfactant encapsulated in the aggregates. In general, a high percentage of encapsulation 
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was obtained. It can be observed that the E% of CA is better for the niosomes containing 

the C14PC3N(CH3)3 surfactant. Moreover, this percentage increases as the Lidocaine% 

decreases and the DPPC% and C14PC3N(CH3)3% increases. Formulations containing the 

four components result in better percentages of lidocaine or capsaicin retained in the 

vesicles structures. It was also observed that the percentage of encapsulation of the P14 

derivatives increased as the percentage of DPPC augmented.  

The morphology of some of these formulations (L/C/P14, L/C/P12 and L/C/D/P14 (5:1:2:2) 

and L/C/D/P14 (2:1:5:2) was subsequently analysed by transmission electron microscopy. 

Figures 4 and 5 show the photomicrographs of these niosomal formulations. The L/C 

formulation contains spherical vesicles (Figure 4A). Morphological analysis of Lidocaine 

formulations also showed that this drug forms spherical vesicles that are homogeneous in 

shape and size [6]. The incorporation of DPPC into the L/C formulation (Figure 4B) did 

not change the morphology of the aggregates. Finally, it was observed that the formulation 

containing all components (L/C/D/P14) also showed spherical vesicles homogeneous in 

shape and size. Figure 5 shows the images obtained for the P12 derivatives. The vesicles 

also were spherical in shape. 

 

Figure 4. Typical TEM photomicrograph of lidosomes: (A) L/C/P14 (7:1:2) (B) L/C/D/P14 (5:1:2:2), and 

(C) L/C/D/P14 (2:1:5:2) formulations. Bar is 500 nm for A, and 200 nm for B and C. 
 

 

 

Figure 5. Typical TEM photomicrograph of lidosomes L/C/P12 (7:1:2) formulation. Bar is 200 nm. 
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3.2. Stability Evaluation 

The potential use of vesicle formulations is related to their stability at different storage 

temperatures. The stability of these niosomal formulations was evaluated by determining 

average vesicle size, size distribution, and entrapment efficiency over one month of 

storage at 4ºC. The results, depicted in Table 3, showed that all, in general, these 

formulations maintained similar dimensions to the starting size. It was also observed that, 

for almost all preparations, the percentage of lidocaine, capsaicin, and cationic surfactant 

entrapped in the aggregates remains stable. However, the percentage of the E% of the P12 

derivatives decreased significantly after one month, this behaviour can be ascribed to the 

lower hydrophobic character of these compounds compared with the P14. It was also 

observed that the initial E% of this surfactant was lower than that obtained with P14, it is 

expected that P12, due to its lower alkyl chain, results in weaker hydrophobic interactions 

with the other components of the niosomes bilayer. For formulations without DPPC in 

the lipid film, vesicles polydispersion increases with time, while those containing DPPC 

maintain the initial values.  
Table 3. Stability evaluation of LD formulations stored at 4 ◦C, expressed in diameter, P.I., ζ−potential, 

E% at 25°C. Data reported as mean of three independent experiments ± SD. 

FORMULATIONS TIME SIZE PI PZ E LID% E% Pn E% CA 

L/C 
0 294.9 0.393 -9.60 28.73 - 56.13 

30 1761 0.508 -6.65 36.84 - 31.32 

L/C/P12 
0 279.6 0.446 +11.6 29 67.25 40.23 

30 183.6 0.505 +6.19 33.55 18.72 74.29 

L/C/P14 
0 309.6 0.349 +15.7 31.30 84.18 64.34 

30 275.9 0.447 +20.6 - - - 

L/D/P14 
0 176.9 0.611 +15.2 23.75 86.87 - 

30 271.5 0.430 +14.0 - - - 

L/C/D/P14 (6:1:2:1) 
0 302.3 0.564 +21.0 33.34 79.66 70.07 

30 122.3 0.393 +25.1 35.53 82.55 67.16 

L/C/D/P14 (5:1:2:2) 
0 258.6 0.394 +19.6 42.86 81.49 74.69 

30 162.6 0.444 +19.0 44.22 87.93 75.54 

L/C/D/P14 (2:1:5:2) 
0 260.3 0.583 +22.6 40.52 85.07 65.56 

30 102.5 0.520 +22.2 39.57 84.97 66.68 
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3.3 Small-Angle X-ray Scattering (SAXS) 
The SAXS spectra have been scaled in absolute intensity and the water spectra subtracted. 

The spectra have been fitted to bilayer models consisting of two symmetric Gaussian with 

excess electron density representing the polar heads and a central slab with defect electron 

density representing hydrocarbon density [11]. 
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Figure 6. SAXS scattered intensity as a function of dispersion vector modulus q for all the analysed 
samples. The lines correspond to the best fit of bilayer models. 
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Figure 7. A zoomed-in view of SAXS scattered intensity as a function of dispersion vector modulus q for 

L, L/C and L/C/P14 7:1:2 removed DDPC samples. 

Both samples containing DPPC showed the typical band corresponding to phospholipid 

bilayers (with the maximum around 0.12 nm-1 and 0.15 nm-1 for L/C/D/P14 (2:1:5:2) and 

L/C/D/P14 (5:1:2:2) respectively, more clearly the sample with higher DPPC content. The 
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bilayer corresponding to the sample richer in DPPC [9] show parameter values closer to 

that of pure DPPC and better fitting result that the lower content one. This is expected 

since we can consider the bilayer as being DPPC with the introduction of some 

perturbation due to the additives. 

The other three samples showed much lower scattered intensities and the maxima are 

displaced to larger q values (therefore corresponding to smaller features), as it can be 

appreciated in the enlarged view of these three samples (Figure 7). If we calculate the 

volume fraction of hydrocarbon-like moieties of the different samples, we can observe 

that the volume fraction of samples L/C/D/P14 (2:1:5:2) and L/C/D/P14 (5:1:2:2) are 

1.6x10-3 and 1.1x10-3 respectively. While the Lidocaine sample (L) corresponds to 

0.84x10-3, 0.69x10-3 for L/C/P14 (7:1:2) and 0.45x10-3 for L/C. In this case, the SAXS 

scattering is much lower and with low signal/noise ratios. Nevertheless, the sample 

L/C/P14 7:1:2 seems to contain some significant information with a band similar to that 

of the two DPPC containing samples. One reason of this behaviour can be found in the 

reduced hydrophobic volume of both Lidocaine and Capsaicin (0.223 and 0.299 nm3 

respectively) compared to that of DDPC (0.866 nm3) and P14 (0.379 nm3). This is also 

congruent with the sizes fitted for bilayers, the two samples not containing DPPC or P14 

present small bilayer thicknesses (both well below 1 nm). 

We have restricted the fits to this simplified model (no depression in the center of the 

double layer) because of the large relative error in the measure, due to the low 

concentrations used. To further simplify, we have fixed the hydrophobic density to that 

corresponding to liquid hydrocarbon (-39 e/nm3). The meaning of the parameters of the 

model are shown in figure 9 and the fitted values are shown in table 4. 



Chapter 1: Innovative nanosystems for drug delivery 

87 

-4 -3 -2 -1 0 1 2 3 4

-50

0

50

100

150

c
o
n
tr

a
s
t 
e
le

c
tr

o
n
 d

e
n
s
it
y
 e

/n
m

3

Z (nm)

ZH

sH

rH

rCH2

 

Figure 8. Gaussian based bilayer profile fitted for all the simples except for Lidocaine. In Black the 
bilayer profile fitted for lidocaine 

 

Table 4. Parameters of the fits of the scattering profiles shown in figure1’ The meaning of the parameters 
are given in Figure 6 for the Gaussian model 

 L 
L/C/D/P14 
(2:1:5:2) 

L/C/D/P14 
(5:1:2:2) L/C 

L/C/P14 
(7:1:2) 

 3.5 1.5 1.7 1.5 1.2 

sH 0.7±0.15 0.46±0.10 0.33±0.10 0.25±0.10 0.62±0.15 

rH 36±10 111±10 118±10 40±10 65±10 

ZH 0.60±0.15 1.77±0.10 1.44±0.10 0.51±0.10 1.3±0.2 

 

The fitting of lidocaine sample to bilayers is in contrast to the findings of Shirota et al. 

who determined from SAXS the formation of small micelles of lidocaine hydrochloride. 

In their experiment on lidocaine hydrochloride they find a band present around 8 nm-1, in 

a q range not present in our experiments However, the size of the micelles, as described 

by Shirota et al. [20] is far too small. They determine a hydrocarbon core radius of the 

micelles of just 0.3 nm which is not enough even to accommodate a single hydrophobic 

moiety of lidocaine. Given the high level of noise, from the point of view of the SAXS 

technique, the two samples containing only lidocaine (L) and lidocaine with capsaicin 

(L/C), are only tentatively fitted to the bilayer model. Other models would provide similar 

goodness of fit. What can be stated is that the structures formed are smaller in comparison 

with the ones in the presence of DPPC.  

According to the literature, LIDHCl forms small micelles in water (Shirota et al.) [20]. 

At the concentrations used in the experiments here, up to 1.5 mg/mL, that is 6.3 mM, is 
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very well below the CMC of the ionized species (around 170 mM according to literature 

Efthymiu et al [21]). Using the neutral form at very low concentrations, the water acidity 

(more if we consider the spontaneous solubilization of CO2) plays a role, therefore, using 

the neutral form at low concentrations is equivalent to having a significant amount of LID 

in the protonated form. In this situation, there are not enough charges in the system to 

form micelles but there are enough charges to stabilize vesicles. The fitting suggests that 

a plausible model for the observed scattering is that of vesicles with a three-slab electronic 

density perpendicular to the bilayer and with some polydispersity of the polar head width. 

However, the polydispersity of the hydrophobic slab also produced plausible scattering 

profiles. The noise does not allow to precise if using one or other polydispersity parameter 

is better, however, the electronic density distribution and overall intensity favours the 

polar head polydispersity. 

-4 -3 -2 -1 0 1 2 3 4

-50

0

50

100

150

 L

 L/C/D/P14 (2:1:5:2) 

 L/C/D/P14 (5:1:2:2)

 L/C 

 L/C/P14 (7:1:2)

c
o

n
tr

a
s
t 

e
le

c
tr

o
n
 d

e
n

s
it
y
 e

/n
m

3

Z (nm)

 

Figure 9. Electronic density profiles obtained from the fitting of the different samples 

3.4 Antimicrobial activity  

The growing emergence of bacterial resistance requires the development of antimicrobial 

systems with new modes of action that hamper the growth of resistant pathogens. Because 

of that, in the last years, much effort has been focused on the development of innovative, 

safe, and efficient antimicrobial systems. In this work, we developed new amino acid-

based surfactants that have been incorporated in lidocaine-based niosomes to obtain a 

new anesthetic system with antibacterial activity. The antibacterial activity was tested 
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against some Gram-positive (Bacillus subtilis, Staphylococcus epidermidis, 

Staphylococcus aureus, Listeria monocytogenes, Enterococcus faecalis) and gram-

negative representative bacteria strains (Escherichia coli, Acinobacter baumannii, and 

Klebsiella aerogenes). The obtained MIC values (concentration required to totally inhibit 

bacterial growth) as well as the MBC values (concentration of compounds required to kill 

bacteria) were determined for the pure surfactants and their niosomal formulations.  

Table 5. MIC/MBC values of the pure phenylalanine-based surfactants 

 
C12PC3N(CH3)3 

MIC (MBC) (µM) 

C14PC3N(CH3)3 

MIC (MBC) (µM) 

BAC 

(µM) 

Gram-positive 

BS 62  (62) 16 (16) 16 

SE 32  (64) 8  (64) 16 

SA 32  (128) 8  (16) 16 

LM 125  (250) 16  (32) 62 

EF 64  (64) 16  (16) 8 

Gram-negative  

EC 125  (500) 125  (125) 62 

AB 250  (250) 32  (125) 62 

KA >500  (>500) 250  (250) 62 

 

Table 5 contains the MIC values corresponding to the pure compounds.  

These two surfactants show antibacterial activity against a wide range of bacteria, the P14 

derivatives is effective against all the microorganisms tested and P12 is active in 7 of the 

8 bacteria assayed. It was reported that the antimicrobial activity of the cationic 

amphiphiles is related to the electrostatic and hydrophobic interactions with bacterial 

membranes and depends on the hydrophobic character and cationic charge of the 

surfactant. Firstly, the cationic surfactants interact with the negatively charged 

compounds of the bacterial membranes; subsequently, the alkyl chain interacts with the 

lipid bilayers of the membranes and changes their structure, ensuring transport across the 

cell membranes. As expected, the alkyl chain length affects the antimicrobial activity, in 

this case, the best effectivity was obtained for the P14 derivatives. The good activity of 

these compounds can be related to their chemical structure, which is designed to enhance 

interaction with lipid bilayers. By one hand, it has been reported that the presence of 

aromatic groups can improve the interaction of surfactants with the lipid bilayer of 

bacterial membranes [22]. 

Indeed, benzyl ammonium chloride, a widely used antiseptic agent, contains an aromatic 

group in the polar head. By another hand, regarding the hydrophobic group, generally, 

cationic amphiphiles with medium alkyl chains, usually 12/14 methylene groups, show 
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the best antimicrobial activity. These two surfactants showed better activity against the 

Gram-negative bacteria, this behaviour agrees with their mode of action, cationic 

surfactants activity mainly involves membrane disruption, and the Gram-negative 

bacteria have lower permeability of their outer membranes [23]. It should be noted that 

the development of antimicrobial agents with this mode of action may help to reduce the 

growth of resistant bacteria, given that this mechanism hampers the apparition of 

resistance.  

Table 5 also contains the MBC values, the concentration at which >99.9% of bacteria are 

killed, of these phenylalanine-based surfactants. The obtained MBC/MIC ratio ranged 

from 1 to 2, indicating that these compounds not only impede the growth of these 

microorganisms but also kill them.  

Comparing the antimicrobial activity of these CnPNH(CH3)3 with that of some pH-

sensitive surfactants with similar chemical structure [9]. It is observed that all these 

cationic amphiphiles exhibit in common a broad spectrum of antibacterial activity. In this 

regard, the advantage of these phenylalanine derivatives is that the cationic charge does 

not depend on pH, so they are expected to maintain their activity in all pH mediums. 

Furthermore, the antimicrobial efficacy of these new cationic surfactants is comparable 

to that of BAC (table 5) and QACs with equivalent hydrophobic group [24]. 
Table 6. MIC/MBC values (µM) of formulations based on the CnPNH(CH3)3 

 L/D/P12 

(6:2:2) 

L/C/P12 

(7:1:2) 

L/D/P14 

(7:2:1) 

L/C/P14 

(7:1:2) 

L/C/D/P14 

(5:1:2:2) 

Gram-positive 

BS 161  (161) 62  (62) 41  (41) 53 (106) 12  (25) 

SE 161   (161) 124 (124) 20  (20) 27  (27) 12  (12) 

SA 80   (80) 62 (124) 20  (20) 54  (54) 25  (50) 

LM 322   (>322) 249 (>249) 82  (82) 27  (27) 50  (50) 

EF 80   (80) 124 (249) 41  (41) 54  (54) 25 (25) 

Gram negative 

EC 322   (322) 249 (249) >164 (>164) 54  (54) 100  (100) 

AB 322  (322) 249 (249) 82  (82) 54  (54) 50  (50) 

KA >322   (>322) 249 (249) >164 (>164) 106  (106) 400  (400) 

 

Table 6 showed the MIC values obtained for some representative niosomal formulations. 

L/C-based niosomes did not exhibit any activity against the bacterial strains tested. 

Formulations based on the P12 derivatives did not exhibit a large difference, the MIC 

values for the two formulations are similar. It can be observed that the antimicrobial 

efficacy of this surfactant was reduced when it was incorporated into niosomal 

formulation. This behaviour can be ascribed to both the size and the low -potential value 
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of these niosomes. It is well known that the cationic charge of surfactants is one of the 

main factors affecting their antimicrobial potency, in fact, increasing the cationic charge 

density of surfactants is the most common approach to improve the antimicrobial activity 

of cationic amphiphiles [24]. In this regard, for cationic vesicles based on amino acid 

surfactants, it was observed that the antimicrobial activity drastically diminished as the 

positive -potential values decreased [25]. Given their chemical structures, it is expected 

that the monocatenary P12 derivatives forms micelles whereas its niosomes contained in 

the study formulations have great sizes. It was reported that large aggregates interact 

worst with biological membranes [26]. 

Interestingly, the CnPNH(CH3)3 encapsulated in these niosomes retains its antimicrobial 

activity. Note that the pure surfactant is more active than the P12 derivatives; moreover, 

the P14 based-niosomes have large positive -potential values. It was observed that 

niosomal formulations based on this surfactant exhibited very good activity against all 

the Gram-negative bacteria tested and moderate activity against the Gran-negative. These 

results suggest that niosomes also interact with bacterial membranes, which is very 

interesting for reducing the growth of resistant bacteria. Niosomes containing L/C/P14 and 

L/D/P14 showed similar effectivity whereas those containing the four components 

exhibited better activity against the gram-positive bacteria, probably due to the better 

cationic charge density on the surface. It was also observed that these niosomes maintain 

the bactericidal activity of the cationic surfactant. 

Liposomes containing antibiotics are widely reported. It has been observed that these 

systems can improve the stability and antimicrobial activity of these compounds [27]. In 

the literature works regarding the preparation of liposomes with antimicrobial activity 

using amino-acid based surfactants and phospholipids can be found [9, 28]. It has been 

also reported by our group the properties of catanionic vesicles based on arginine 

surfactants [25]. These systems are very interesting to be used as antimicrobial 

formulations. The results of this work suggest that these niosomal formulations represent 

a step forward in the pharmaceutical field, because of their dual pharmacological 

function: one related to the antimicrobial activity of the encapsulated cationic surfactant 

and the other related to the innate anesthetic properties of the lidocaine and capsaicin 

carriers.  
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3.5 Biocompatibility of the formulations: ex-vivo Hemolytic activity 

To evaluate the biocompatibility of surfactants and vesicular systems, one of the most 

frequently used methods is the determination of hemolytic activity. Lidocaine-based 

systems proved to be non-hemolytic in the range of concentrations tested. Figures 7 and 

8 show the HC50 values obtained for the pure surfactants and their formulations. The 

hemolytic activity of the P12 surfactant was very low compared to that obtained for the 

P14 derivatives. Numerous studies reported that when the hydrophobicity of the surfactant 

increased, stronger membrane permeabilization was achieved and the molecules became 

more hemolytic [29]. However, the effect of hydrophobic character on toxicity still has 

not been satisfactorily addressed to date,  in some studies this trend has not been followed, 

for example, Fogt et al reported that traditionally for aliphatic chains, single-tailed 

cationic lipids are more toxic and less efficient than their double-tailed counterparts [30, 

31],  whereas Pinnaduwage et al. [32] reported that cetyltrimethylammonium bromide 

(CTAB) was more toxic and less efficient than DOTMA. 

L L/C and LD vesicles did not showed hemolytic activity in the concentration ranged 

tested. Nonionic surfactant-based vesicles (niosomes) are considered non-toxic 

aggregates. The literature describes niosomes studies based on blood-compatible 

amphiphilic surfactants. Niosomes prepared with different nonionic surfactants (Brij72, 

Span 20,and Tween 60) exhibited very low hemolytic activity, less than 5% [33]. Ullah et 

al. also prepared non hemolytic niosomes with a non-ionic surfactant, atocopherol [34]. 

Niosomes containing the phenylalanine surfactants exhibited hemolytic activity. When 

niosomes interact with blood, cationic surface charge seems to be one of the most 

important influencing factors. The plasma membrane of erythrocytes is composed of 

negatively charged compounds (glycocalyx sialic acid), then, cationic niosomes exhibit 

higher interactions. These interactions tend to increase the surface area of the outer lipid 

monolayer on the erythrocytes than its inner lipid monolayer. This will eventually alter 

the shape of the RBC and cause the lysis. Because near-neutral charge niosomes show 

better biocompatibility [35]. Given the higher hemocompatibility of the P12 derivatives, 

niosomes containing this cationic surfactant also showed higher HC50 values. The L/D/P12 

(6:2:2) formulation is more hemolytic than the previous formulation, reaching an HC50 

equal to 129 Μm (Figure 10).  

The hemolytic activity of cationic liposomes based on the P14 phenylalanine derivatives 

is shown in Figure 11. The L/P14 (9:1) and L/C/P14 (7:1:2) formulations showed HC50 

values comparable to that of the cationic surfactant (around 30 µM). The addition of 
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Table 7. Therapeutic index of formulations tested 

 

Conclusions 

The development of antimicrobial niosomes using lidocaine together with phenylalanine 

derivatives as primary constituents represents a significant advance in pharmaceutical 

formulation. Capsaicin has been used as a model drug. The niosomal systems formulated 

in various ratios with P12 and P14 phenylalanine derivatives and subsequently enriched 

with DPPC, showed sizes between 180 and 300 nm, with a uniform spherical structure. 

SAXS analysis showed that the DPPC-containing samples exhibited the typical band 

corresponding to phospholipid bilayers. The other samples showed much lower scattering 

intensities, however, the L/C/P14 sample (7:1:2) seems to contain significant information 

with a band similar to that of the two DPPC-containing samples. Surface pressure/area 

isotherms revealed that the presence of P12 and P14 at the interface significantly disrupts 

the DPPC monolayer. The phenylalanine derivatives exhibit a good antimicrobial activity 

against Gram-positive bacteria and moderate against the Gram-negative. The designed 

niosomes, particularly those containing the C14 phenylalanine homologue, retained the 

good bactericidal activity against Gram-negative bacteria associated with the cationic 

surfactants. Niosomes containing phenylalanine surfactants showed varying degrees of 

hemolytic activity being remarkable that some of the vesicles containing the C14 

derivative and DPPC showed lower hemolytic and superior selectivity against almost all 

Gram-positive bacteria, probably attributed to a higher cationic charge density on the 

surface these results suggest an interaction between niosomes and bacterial membranes, 

Microrganism 

Therapeutic Index (TI) 

P12 P14 
L/D/P12 

(6:2:2) 
L/D/P14 

(7:2:1) 
L/C/P14 

(7:1:2) 
L/C/D/P14 

(5:1:2:2) 
BS ATCC 6633 2,98 2,13 0,80 1,30 0,64 4,13 

SE ATCC 12228 5,78 4,27 0,80 2,67 1,27 4.13 

SA ATCC 29213 5,78 4,27 1,61 2,67 0,63 1.98 

LM ATCC 15313 1,48 2,13 0,40 0,65 1,27 0.99 

EF ATCC 29212 2,89 2,13 1,61 1,30 0,63 1.98 

EC ATCC 25922 1,48 0,27 0,40 0,32 0,63 0.49 

AB ATCC 19606 0,74 1,07 0,40 0,65 0,63 0.99 

KA ATCC 13048 0,37 0,14 0,40 0,32 0,32 0.12 
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which is promising for combating resistant strains. This study highlights the potential of 

these niosomal formulations as a versatile delivery system with dual functionality. Their 

utilization shows promise for antimicrobial applications in pharmaceuticals by harnessing 

the antimicrobial properties of the encapsulated cationic surfactant, along with the 

intrinsic anesthetic and analgesic effects of lidocaine and capsaicin.  
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2. Multifunctional nanosystems for cancer therapy  

2.1 A novel hyaluronic acid-conjugated niosome for controlled and 
targeted delivery of Doxorubicin in cancer therapy 

Introduction  

Cancer is a disease with complex pathogenesis that represents a serious threat to human 

health. To date, chemotherapy remains the most clinically used strategy, as it is capable 

of blocking cell proliferation, inhibiting tumor growth, up to necrosis of the pathological 

tissue [1]. However, chemotherapy is an invasive treatment, as it affects all highly 

duplicating cells. Not only tumor tissues are targeted but also healthy tissues such as bone 

marrow, intestine, etc... which cause serious side effects. DDS drug delivery systems, 

such as niosomes, liposomes, and nanoparticles, are promising candidates to overcome 

the limitations of conventional chemotherapy. DDSs have attracted great attention given 

their excellent characteristics such as small size, biocompatibility, good stability, and 

solubility, sustained and targeted drug release via nanocarrier functionalization [2]. To 

improve the selectivity of the nanocarrier it is possible to exploit the unique characteristics 

of tumor tissues. In fact, in the tumor environment, there is a greater permeability of the 

new vessels and a deficient lymphatic system, also known as the EPR (enhanced 

permeation and retention) effect [3,4]. These characteristics facilitate the entry and 

accumulation of nanosystems at the tumor site. The tumor environment has a more acidic 

pH than healthy tissues [5] and presents a condition of hypoxia and hyperthermia. These 

attributes significantly influence the success of DDSs and, if carefully integrated into their 

design, could provide significant benefits in targeted cancer treatment. Another strategy 

is the functionalization of the nanocarrier surface with ligands, such as aptamers, 

antibodies, proteins, peptides, or small molecules, capable of interacting with a specific 

receptor. Among the most exploited receptors in tumor therapy is the CD44 receptor, a 

transmembrane glycoprotein, expressed in many solid tumors including V79-C13 lung 

cancer cells [6], breast MDA-MB 231 [7], colorectal Caco-2 [6], gastric ECL [8], cervical 

HeLa [9], kidney cancer [10] and Hep G2 liver cancer [11]. CD44 ligand is the 

extracellular matrix (HA) hyaluronate, a linear, negatively charged polysaccharide, the 

alternatively repeating monomers are D-glucuronic acid and N-acetyl D-glucosamine. 

Hyaluronic acid then binds to the extracellular domain of CD44 ensuring its activation 

through a conformational change of the molecule itself or a change in the distribution of 

CD44 molecules on the cell surface [12]. It is a biocompatible and biodegradable 
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hydrophilic polymer. The presence of -COOH and -OH groups allow HA to be exploited 

for the functionalization of nanocarriers, ensuring active targeting. This functionalization 

improves the internalization of the vesicular systems and increases the intracellular 

concentration of the drug delivered to the tumor environment [13]. Among DDS, 

particular importance has been given to cationic niosomes, which have a positive surface 

charge thanks to the presence, in the lipid film, of cationic surfactants (CTAB, DODAB, 

or DDAB). The presence of quaternary N in the structure allows these surfactants to 

mimic the effects of vitamins, enzymes, phosphatidylcholine, and acetylcholine and to 

exhibit antimicrobial and antifungal activity. Doxorubicin is an anticancer drug, that acts 

as a DNA intercalator, inhibiting topoisomerase II, generating single and double 

interruptions that form the basis of mutated fragments, such as to induce cellular apoptosis 

[1]. However, the clinical use of this drug is limited by acute and chronic side effects, 

including marrow wasting, vomiting, alopecia, and cardiotoxicity when used at high 

doses [14]. To date, DOX-based liposomal formulations are present commercially, such 

as Doxil ® used for the treatment of cancer. Liposomes present limitations due to rapid 

elimination from the blood circulation by macrophages and the endothelial reticulum [15, 

16], physical and chemical instability (fusion, degradation, hydrolysis, and oxidation of 

phospholipids), as well as high production costs [17]. For these reasons, we thought about 

designing smart niosomes to improve the direction of an anticancer drug like DOX. 

Cationic liposomal systems were formulated, and subsequently functionalized with HA, 

by cross-linking. If HA were to bind to the surface of cationic nanocarriers containing 

anticancer agents such as Doxorubicin, thanks to CD44-mediated endocytosis, it would 

allow its internalization into the cell and the subsequent release of the anticancer agent. 

The specific administration of DOX in the tumor environment would therefore allow to 

reduce the administered dose and improve patient compliance. 

Materials and methods  
Materials  

Span 80 (S80), cholesterol (CHOL), dioctadecyl-dimethylammonium bromide 

(DODAB), Hyaluronic acid (HA), doxorubicin (DOX), buffer, and all solvents used were 

bought by Sigma-Aldrich (Milan, Italy).  

Cationic niosomal preparation  
To formulate the cationic niosomal systems, the two surfactants S80 and DODAB were 

mixed with cholesterol in different molar ratios. Once mixed, the components were 
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dissolved in chloroform in a single-neck flask, and subsequently evaporated under 

reduced pressure. To eliminate residual traces of solvent, a vacuum pump was used for 8 

hours. The lipid film was then hydrated with 10 mL of distilled water for 30 minutes at 

60°C and for the formulations were loaded with a doxorubicin solution (5x10-4 M). The 

formulation was left to rest overnight at room temperature and after 24 hours subjected 

to a sonication bath for 30 min, to ensure the flaking of the vesicles. Each formulation 

was then dialyzed using synthetic cellulose membranes (molecular mass Spectra/Por, cut-

off 12/14 kDa), previously treated with the Fenton method [18]. The samples were stored 

in the dark at 4°C until further use. Four different formulations (S1, S2, S3 and S4) were 

obtained maintaining a ratio of total surfactants to cholesterols of 1:1 and characterized 

in term of size and ζ-potential. 

Conjugation of vesicles with hyaluronic acid 

HA conjugation is based on ionic cross-linking between empty niosomes or positively 

charged DOX-loaded niosomes and negatively charged HA. HA solution was added to 1 

mL of niosome suspension, under magnetic stirring, to promote complete conjugation. 

Niosomal characterization  

All vesicular formulations were characterized in terms of size (nm), polydispersion index 

(PI), ζ-potential, and morphology. Dynamic Light Scattering (DLS) was used for 

dimensional analysis using the 90 Plus Particle Analyzer (Brookhaven Instrument 

Corportion, New York, USA) at a temperature of 25.0 ± 0.1 °C. The scattering angle is 

90°C and the incident light beam has a wavelength of 658 nm. The ζ potential was 

assessed using a Zetasizer ZS (Malvern Instrument Ltd, Malvern, UK). All analyses were 

performed on purified samples, in triplicate. Finally, the morphology was observed by 

transmission electron microscopy (TEM), using a ZEISS EM 10 TEM, operating with an 

accelerating voltage of 80 kV. Sample preparation was carried out by pouring a drop of 

colloidal suspension onto a Formvar/Carbon copper screen, until a thin liquid film was 

formed, and excess water was removed using filter paper. 

Encapsulation efficiency  
The amount of drug encapsulated in the vesicular systems was expressed as a percentage 

(EE%), using the initial amount for the formulation as a reference. EE% was determined 

by breaking 0.2 mL of each purified and non-purified sample by freezing. Subsequently, 

aliquots were diluted in 10 mL of ethanol and analysed using a JASCO V-530 
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spectrophotometer. The absorbances, relating to the amount of drug present in the 

samples, were measured at a wavelength of 495 nm, at which the characteristic DOX peak 

is observed. The equation used to derive the encapsulation efficiency is the following: 

𝑬𝑬 % = 𝐶𝑓𝑖𝑛𝐶𝑖𝑛 × 100 

Where Cfin represents encapsulated drug concentration in purified suspension and Cin 

represents the initial drug concentration used for the preparation.  

In vitro release studies  
Release studies allow the ability of vesicular systems to release their pharmacological 

contents to be evaluated. Release studies were conducted in two environmental 

conditions, in phosphate buffer pH 7.4 (PBS) and in acetate buffer pH 5.5, to evaluate the 

release capacity both in a physiological environment and in a tumor environment. 1 mL 

of each sample was placed in a dialysis bag and placed under continuous stirring in 25 

mL of medium. The amount of drug released from niosomal systems was determined 

indirectly, to do this the release profile required a separate vials for each time point. At 

regular intervals, over 48 hours, samples were taken and diluited in ethanol to evaluate 

the amount of drug remaining in the vesicles and the corresponding drug released. The 

aliquots taken were analysed by UV-Vis spectrophotometry. The experiments were 

conducted on systems loaded with conjugated DOX and not with HA in triplicate, to 

ensure data reproducibility. 

Hemolytic assay 

For the determination of hemolytic activity, fresh blood was used, collected, and 

processed on the same day, following the method described by Pape et al. [19]. The red 

blood cells are washed with PBS (pH 7.4) 3 times, after which they are used to prepare a 

suspension with a density of 8x109 cells/mL. Different volumes of niosomal solution, 

ranging from 10 to 100 µL, were collected and placed in Eppendorf tubes. Phosphate 

buffer and 25 µL of erythrocytes were subsequently added to reach a total volume of 1 

mL. The Eppendorf’s are then incubated with shaking for 10 minutes and then centrifuged 

at 10,000 rpm for 5 minutes at room temperature. Hemolytic activity is determined by 

comparing the absorbance value of the supernatant at 575 nm with that of the control. The 

control represents the total cellular hemolysis obtained by bringing the erythrocytes and 

distilled water into contact. Analyses were conducted in triplicate on all selected samples. 
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Cell culture  
HeLa and NIH-3T3 cells from the American Type Culture Collection (ATCC, Manassas, 

VA, USA) were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo-

Fischer Scientific, Waltham, MA, USA) supplemented with 10% (v/v) fetal bovine serum 

(FBS), 2 Mm l-glutamine, 100 UI/mL penicillin, and 100 μg/mL streptomycin at 37 °C 

in a humidified incubator with 5% CO2. The cells in 25-cm2 flasks were passed into 96-

multiwell plates, using trypsin ethylenediaminetetraacetic acid (EDTA), when they 

reached approximately 80% confluence.  

MTT assay 

Cytotoxicity of niosomal systems was evaluated by MTT assay. Briefly, HeLa and NIH-

3T3 cells were incubated for 24 h at 37 °C and 5% CO2. Quantities equal to 0.1, 1 and 10 

g/mL of free Doxorubicin, coated and uncoated empty niosomes, uncoated and coated 

niosomes with the encapsulated drug are then added. Untreated HeLa and NIH-3T3 cells 

are used as a control. After 4 hours of incubation, the cells are washed and incubated with 

a fresh medium for 72 hours. At this point, 10 µL of MTT (5 ng/mL) dissolved in 

Dulbecco's phosphate-buffered saline at pH 7.4 is added to each well; after another 4 

hours of incubation at 37 °C and 5% CO2, the medium is discarded and 100 µl of a 

solubilizing solution (16% SDS in 40% DMF at pH 4.7) is added to dissolve the formazan 

crystal. The amount of formazan produced is assessed using an ELX800 microplate reader 

(Bio-Tek Instruments, Inc., Winooski, VT, USA), in triplicate [20]. The percentage of 

viable cells is given by the average of two different experiments ± SD, and is calculated 

with the following equation: 𝑪𝒆𝒍𝒍 𝒗𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚 = 𝐴𝑇𝐴𝑈  𝑥 100 

where AT is the absorbance of treated cells, AU is the absorbance of untreated cells. 

Cellular uptake studies  

For cellular uptake studies, HeLa and NIH-3T3 cells were seeded onto six-well plates and 

incubated; then, they were exposed to doxorubicin-free and doxorubicin-encapsulated 

niosomes, both uncoated and HA-coated. After 4 hours, the medium was refreshed, and 

the cells were incubated for 24 hours at 37°C; they were subsequently washed 3 times 

with PBS at pH 7.4 and fixed with 4% paraformaldehyde in PBS for 10 minutes at room 

temperature. All coverslips were mounted on clean slides with UltraCruz, a mounting 

medium containing 4,6-diamidino-2-phenylindole DAPI0 (Santa Cruz Biotechnology, 
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TX, USA), and examined on a Nikon Microphot-FX conventional fluorescence 

microscope. Doxorubicin can be excited with an argon laser (488 nm) [21]. 

Results  

Cationic vesicles for targeted DOX delivery were prepared with increasing amounts of 

cationic surfactant to identify the minimum amount to give a positive surface charge. The 

ratios used generated vesicles ranging in size from 431 to 575 nm with good size 

distribution. The ζ potential, when minimal amounts of DODAB were used, was negative, 

so the S80 hydroxylic group prevailed. By progressively increasing amount of DODAB, 

the ζ potential inversion from -39 to +39 mV was observed, as reported in Table 1. The 

vesicles were stable and homogeneous, without undergoing agglomeration, precipitation, 

and flocculation phenomena.  

Table 1. Physical-chemical characterization of cationic niosomes stored at 4°C in term of size (nm), PI 
and ζ -potential at 25°C  

 

 

 

Stability of colloidal suspensions depends on both electrostatic repulsions and Wan der 

Walls attractive forces between the particles. Over time, vesicles prepared according to 

this new ratio were observed. The colloidal system-maintained stability characteristics 

over time (Table 2), with a ζ potential value of approximately +40 mV. This high value 

of the ζ potential allows repulsive interactions between particles such as to prevent the 

formation of agglomerates. The size and PI have also not changed significantly over time.  

  

FORMULATION Size (nm) PI ζ-potential (mV) 
S1 479.5 0.262 -39.3±0.98 

S2  575.7 0.194 -13.2±1.33 

S3 431.1 0.224 +39.2±0.78 

S4 452.1 0.188 +40.0±1.04 
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Table 3. Physical-chemical characterization of cationic niosomes stored at 4°C in term of size (nm), PI 
and ζ -potential at 25°C and expressed as mean of three independent experiments ± SD. 

 

Morphology of developed nanosystems was evaluated by electronic transmission 

microscopy (TEM) and the frames are shown in Figure 2. Cationic vesicles showed a 

spherical morphology with regular and well-defined outline (Figure 2A), with 

dimensions slightly smaller than those detected by DLS. 

Figure 2. Typical TEM photomicrograph of cationic niosome: (A) S4; (B) S4-HA. Bar is 1 µm 

TEM obtained for the HA cross-linked formulation confirmed the effective coating of the 

vesicles with hyaluronic acid. From the photograms (Figure 2 B) we observe the presence 

of a jagged coating around the vesicles and a corresponding increase in the average size.  

In vitro release studies 

It is important that in the tumor environment delivery systems maintain good stability in 

the blood circulation and the ability to release the drug rapidly and completely. The ability 

of nanocarriers to gradually release administered drugs was evaluated in various fluids 

using passive diffusion studies. The experiments were conducted in phosphate buffer (pH 

7.4) and acetate buffer (pH 5.5), to respectively simulate the physiological environment 

FORMULATION Size (nm) PI ζ -Potential (mV) 
S4 452.1±4.31 0.192 +43.9±0.65 

S4-HA 546.2±16.26 0.206 -37.7±0.61 

S4-DOX 473.1±51.68 0.239 +45.5±1.46 

S4-DOX-HA 584.1±50.91 0.232 -24.4±0.36 
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and the acidotic conditions typical of the tumor microenvironment. As seen in Figures 
3A and B, encapsulation of the drug in niosomal systems slows release compared to the 

free form. Free DOX is completely released in 5 hours at pH 5.5, compared to when it is 

encapsulated. This trend is observed for both coated and uncoated systems, where the 

amount of drug released after 48 hours is 59.63% and 26%, respectively. The slowed 

release is probably due to the presence of cholesterol which increases the rigidity of the 

bilayer, slowing the escape of the drug from the nanocarrier. Another factor that could 

influence the slow release of DOX is the presence of the cationic surfactant in the lipid 

film. In the literature [22] it is reported that charged lipids are necessary to tighten the 

molecular packing of the vesicle bilayer, resulting in a decrease in the release of 

transported drugs. However, having a prolonged release over time is advantageous, as it 

limits the premature release of the drug into the systemic circulation, reducing toxic 

effects on healthy cells. 

A faster release profile was observed in the coated nanocarriers compared to the uncoated 

ones, in both environments. The surface charge inversion that occurs in the coated 

niosomes could generate an electrostatic attraction between the drug and the carboxyl 
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groups of the HA chains. This results in a greater presence of DOX molecules near the 

niosomal surface, resulting in increased release 

 Figure 3. In vitro release of: (A) (♦) DOX solution; (■) S4-DOX; (▲) S4-DOX-HA in buffer pH 7.4 and 
(B) (♦) DOX solution; (■) S4-DOX; (▲) S4-DOX-HA in buffer pH 5.5. 

Hemolytic assay 

Like all surfactants, anionic and cationic, non-ionic, and zwitterionic, even those used in 

the design of the niosomal systems proposed in this work, can alter the bilayer of cell 

membranes and be potentially toxic [23]. For this reason, the analysis of hemolytic 

activity conducted on mammalian erythrocytes, the blood cells on which the interaction 

between surfactant and membrane is commonly tested, may be of particular importance. 

The experiments were carried out in vitro on erythrocytes using a concentration of the 

cationic surfactant between 12 and 126 µM (Table 4). From the data obtained, it can be 

observed that the non-cross-linked systems are not hemolytic at the concentrations tested, 

while loaded with DOX the percentage of hemolysis increases, reaching 10%. In 

comparison, HA cross-linked 27 systems, whether empty or loaded, maintain a hemolysis 

rate of approximately 4%, which in both cases is negligible.  
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Table 4. Percentage of hemolytic activity of niosomal systems tested 

CONC. 

µM 
% S4 % S4-HA % S4-DOX % S4-DOX-HA 

12,68 0,24 0,14 0,52 0,17 

25,36 0,65 0,46 0,89 0,83 

38,04 0,45 0,67 1,67 1,10 

50,72 0,48 1,31 2,41 1,64 

63,39 0,72 1,55 3,48 2,15 

76,07 0,88 2,05 4,48 2,55 

88,75 0,83 2,81 6,22 3,01 

101,37 1,02 2,81 7,66 3,55 

114,11 1,08 2,98 8,73 4,06 

126,79 1,24 3,49 10,44 4,81 

 

In vitro cytotoxicity  
To evaluate the toxicity of coated and uncoated niosomes, both in the presence and 

absence of DOX, the MTT assay on HeLa cells and NIH-3T3 cells were used. Data 

reported in Figure 4 showed that cells treated with the empty systems had a good viability 

after 72 hours. However, HA coating increased the toxicity of the systems toward HeLa 

cells. This could be due to greater internalization of the nanocarrier within the tumor cell 

given the overexpression of the CD44 receptor. As regards, however, the niosomes loaded 

with DOX, at the low concentrations tested (0.1 and 1 M) when coated with HA showed 

greater toxicity compared to the uncoated systems. Cell viability was found to be 59% 

and 41% respectively for cells treated with the uncoated and coated systems at a 

concentration of 0.1 M. At this concentration, the cytotoxic effect of DOX when 

encapsulated in the coated niosomes was significantly greater than in the free form, after 

72 hours the cell viability of cells treated with the free drug was 82.4%. These results 

highlight the target effect of hyaluronic acid which appears to promote the internalization 

of nanosystems in tumor cells. At the maximum concentration used (10 M), a sort of 

plateau in the cytotoxic activity was observed, probably related to a saturation of the HA 

receptors.  
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Figure 4. In vitro cytotoxicity assay: HeLa cell viability after 72 h incubation with DOX and S4, S4-HA, 
S4-DOX e S4-DOX-HA at concentrations of 0.1, 1 and 10 μM. Each value represents the mean ± SD of 

experiments conducted in triplicate. 

To confirm the selectivity of these vesicular systems for tumor cells, we evaluated cell 

viability on cells lacking the hyaluronic acid receptor (NIH-3T3 cells). As depicted in 

Figure 5, the results indicate robust viability for cells treated with all niosomal systems 

after 72 hours. Interestingly, the HA-cross-linked systems, known for their toxicity 

towards HeLa cells, exhibited no adverse effects on NIH-3T3 cells, underscoring the cell-

selective nature of these systems. For doxorubicin-loaded niosomes, both cross-linked 

and non-cross-linked, the viability remained high at 92% and 83%, respectively, at the 

lowest concentration tested (0.1 M). At the highest concentration (10 M), the cell 

viability dropped to 75% and 56%, respectively. Notably, this reduction in viability is 

significantly less than that observed with free DOX solution, which, at a concentration of 

10 M, resulted in a substantial decrease in cell viability to 41%. These findings highlight 

the specific targeting capability of our functionalized systems, by the presence of 

hyaluronic acid (HA), and emphasize the considerable reduction in systemic toxicity 

associated with DOX when delivered through our designed vesicular systems. 
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Figure 5. In vitro cytotoxicity assay: NIH-3T3 cell viability after 72 h incubation with DOX and S4, S4-
HA, S4-DOX e S4-DOX-HA at concentrations of 0.1, 1 and 10 μM. Each value represents the mean ± SD 

of experiments conducted in triplicate. 

In vitro cellular uptake  

To evaluate the intracellular distribution of the encapsulated Doxorubicin, HeLa cells 

were placed in contact with the different prepared devices and incubated at 37 °C. The 

images obtained showed that the free drug, having a lipophilic portion in its structure, 

could be internalized in HeLa cells and localize at the nuclear level. A similar situation 

was observed for DOX-loaded cationic niosomes which from the images obtained appear 

to be localized in the same cellular pattern (Figure 6). In fact, positively charged systems 

have an intrinsic capacity to be internalized by cells given the ability to interact with 

negatively charged cell membranes. An important observation concerns the coated 

niosomes containing the drug; from the images shown in Figure 6 we can see a punctiform 

fluorescence concentrated at the cytoplasmic level. This could indicate a localization of 

doxorubicin no longer only in the nucleus, but also in other cellular organelles such as 

mitochondria, lysosomes, and the Golgi apparatus [24]. This suggests that coated 

niosomes are taken up by HeLa cells by a different mechanism than free, uncoated drug 

niosomes and which appears to involve the CD44 receptor. 
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systems for targeted cancer therapy, which will be further studied to demonstrate their 

efficacy and safety. 
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2.2 Multifunctional chitosan nanoparticles for mitochondrial target in 
cancer therapy  

Introduction 

Mitochondrial dysfunction contributes to a wide variety of human disorders, ranging from 

neurodegenerative and neuromuscular diseases to obesity and diabetes, to ischemia-

reperfusion injury and cancer. The identification of molecular targets of mitochondrial 

drugs together with the development of methods necessary to selectively deliver 

biologically active molecules to mitochondria have laid the foundation for new therapies 

for the treatment of mitochondria-related pathologies. Polymeric nanoparticles are among 

the most promising DDSs given their effectiveness in improving the pharmacokinetic and 

biodistribution profiles of drugs with high selectivity and specificity. The advantages of 

NPs include prolonged systemic circulation, high preferential accumulation at tumor sites 

by enhancing the EPR effect, and the ability to overcome P-glycoprotein-mediated 

multidrug resistance [1]. Our focus has been on chitosan-based NPs, since this 

polysaccharide provides an advantageous tool for the creation of administration systems 

given its biocompatibility, biodegradability, mucoadhesive and non-toxicity [2]. The 

presence of reactive functional groups offers the possibility of chemically modifying the 

molecule and therefore making it target-specific. Furthermore, the cationic nature of this 

polymer allows its use as a drug delivery system, thanks to electrostatic interactions with 

the negatively charged cell surface. Various methods have been developed to selectively 

target mitochondria, including the use of targeting ligands such as peptides and chemical 

compounds such as triphenylphosphonium. TPB (4-carboxybutyl triphenylphosphonium 

bromide) is a molecule composed of three phenyl groups, it is a cation with a delocalized 

positive charge and sufficient lipophilicity to facilitate transport and crossing of the 

mitochondrial barrier. Folic acid, on the other hand, is one of the most widely used ligands 

for active targeting, due to its advantages such as low cost, high stability, and wide range 

of conjugation reactions. In fact, FA can selectively bind to folate FR receptors, 

overexpressed by various tumor cells, ensuring its use as a pharmacological target in anti-

tumor therapy [3,4]. Emerging research in cancer therapy focuses on exploiting the 

selective targeting and accumulation of mitochondria-targeted cations (MTCs) and their 

ability to alter ROS-mediated redox signaling and antiproliferative pathways in tumor 

cells [5,6,7]. Therefore, our goal was to synthesize multifunctional chitosan 

nanoparticles. They have been bifunctionalized using TPB, to ensure the mitochondrial 
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target and FA, to ensure the target to the FR receptors overexpressed in the tumor 

environment. 

Materials  

Chitosan (low molecular weight), TPB (4-carboxybutyl triphenylphosphonium bromide), 

Folic acid (FA), EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide)), Rhodamine 

B, Fluorescein sodium salt and FITC (Fluorescein isothiocyanate) were purchased by 

Sigma Aldrich Milan, Italy, purity 99%). All organic solvents were supplied from Sigma-

Aldrich (Milan, Italy).  

Preparation of bi-functionalized chitosan 

Chitosan-folic-TPB was synthesized by conjugation of TPB and folic acid to the chitosan 

backbone, either separately or in a two-step process. Initially, a polymer solution of 1% 

(w/v) chitosan in 1% (v/v) acetic acid was prepared. The carboxyl group of TPB was 

activated with EDC in distilled water for 1 hour and subsequently added drop by drop to 

the polymer solution, previously obtained, under magnetic stirring. The pH of the mixture 

was then adjusted to 5.5 by adding 1 M NaOH. The solution was then left under stirring 

for 4 hours in the dark at room temperature. Subsequently, the mixture was dialyzed using 

dialysis tubing (Spectra/Por®, cut-off 12–14 kDa), manipulated before use according to 

the Fenton method [6], for three days, first in HCl 5 mM, then twice with HCl containing 

1% NaCl and finally with 1 mM HCl. Finally, the polymer was freeze-dried and stored at 

4°C until further use. 

Folic acid conjugation was achieved by adding EDC (0.04 mmol) to a solution of folic 

acid (0.02 mmol) in DMSO and stirring at room temperature for one hour. At this point, 

chitosan (100 mg/mL) was solubilized in 1% (v/v) acetic acid and added to the above 

solution. The solution was left under magnetic stirring at room temperature for 16 hours. 

at the end the solution was precipitated by adding NaOH reaching a pH of 9. The 

precipitate was then collected and dialyzed against an excess quantity of 0.1 M phosphate 

buffer (PBS) pH 7.4 for three days, and then with distilled water for another three days. 

Finally, the polymer was freeze-dried. The same procedure described initially was used 

for the synthesis of the CHIT/FOL/TPB derivative, adding the chitosan already 

functionalized with TPB to the folic acid solution, in the reaction described previously. 

Finally, we functionalized the chitosan with FITC to impart surface fluorescence to the 

polymer. A polymer solution of 1% (w/v) chitosan in 1% (v/v) acetic acid was added with 

solution of FITC (0.064 mmol), 25 mL of methanol anhydrous and stirring at room 

https://en.wikipedia.org/wiki/Fluorescein_isothiocyanate
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temperature in the dark for 4 hours. The mixture was precipitated by adding NaOH 0.2 

M at 2500 Rpm for30 min. The precipitate obtained was separated from the supernatant 

and then washed with ethanol to remove the unreacted drug. the last wash was conducted 

in distilled water and finally the polymer was lyophilized. 

Nanoparticle preparations. 

Multifunctional nanoparticles were prepared by ionic gelation. This technique involves 

the complexation of a cationic polymer (chitosan) with an anionic cross-linking agent, 

sodium triphosphate (TPP). Briefly, the functionalized chitosan derivatives were 

solubilized in 1% (v/v) acetic acid. As a model drug to evaluate the efficacy of 

mitochondrial targeting, three fluorescent molecules, rhodamine B (RHD), fluorescein 

sodium salt (FL), and FITC (fluorescein isothiocyanate), were used as molecules capable 

of emitting fluorescence. Corresponding concentrations of RHD (1.36x10-4), FL 

(1.36x10-2) were then added and the pH was adjusted to 5.5. Nanoparticles with FITC 

were obtained by functionalization of chitosan with this fluorescent molecule. 

Nanoparticles formed spontaneously after dropwise addition of TPP solution (2 mg/mL) 

under constant stirring. Finally, the NPs were purified by ultracentrifuge at 20,000 rpm 

for 90 min.  

Physico-chemical characterization 

The Np formulations were analysed for size and polydispersity determined by Zetasizer 

ZS Malvern Instruments Ltd. (Malvern, UK) at 25 ± 0.1 ◦C, 24 h after preparation. The 

Z potential analysis was also carried out with the same instrument, after dilution 1/50 in 

distilled water. All results are reported as the average of three independent experiments. 

Drug encapsulation efficiency 

The drug encapsulation efficiency was determined by UV-Vis spectrophotometry. the NPs 

were centrifuged, and the supernatant was separated. Therefore, an indirect method was 

used that involved evaluating the concentration of free drug in the supernatant at the 

specific length of the drug used. In particular, the wavelengths relating to the three drugs 

are: nm for FL, nm for RHD and nm for FITC. The drug encapsulation efficiency was 

calculated using the following equation: 

𝐸% = 𝐷𝑟𝑢𝑔 tot − 𝐷𝑟𝑢𝑔 free𝐷𝑟𝑢𝑔 tot 𝑥 100 
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Results and discussions 

Physical-chemical characterization  

The multifunctional nanoparticle systems were analysed in terms of size, polydispersity 

index, Z-potential and encapsulation efficiency. The data obtained are reported in Table 

1. 
Table 1. Physical-chemical characterization of multifunctional nanoparticles in terms of size (nm), PI, Z-

potential and drug loading at 25°C. 

 

 

 

 

 

 

 

The results obtained showed that the NP formulations in each case have an optimal size 

between 200 and 270 nm. The polydispersity index, always lower than 0.3, shows 

monodispersed and homogeneous nanoparticle populations. The encapsulation efficiency 

of FL was found to be very high, for all the formulations that contained it, in particular 

with values above 90%. RDH, on the other hand, shows an EE% much lower than 

fluorescein but still above 50%, making it suitable for evaluating cellular uptake. FITC 

also showed rather high encapsulation efficiencies in formulations containing it. All 

formulations were therefore optimal for subsequent studies. 

Conclusions  
The aim of our study was to synthesize chitosan nanoparticles functionalized in such a 

way as to ensure a double target, mitochondrial and folate. Therefore, chitosan was 

functionalized with both TPB and FA. The formulations were prepared starting from the 

conjugated polymers and the nanoparticles were obtained by ionotropic gelation. The 

chemical-physical characterization studies have shown adequate results for biomedical 

applications, therefore subsequent studies will be carried out to evaluate the effective site-

specific action of the nanoparticles. 

  

FORMULATIONS SIZE (nm) I.P. Z POTENTIAL  E % 

NP CHIT/TPB/FL 246.5 0.282 24.0 ± 2.16 93.80% 

NP CHIT/FA/FL 263.3 0.282 20.2 ± 0.404 95.63% 

NP CHIT/TPB/FA/FL 262.1 0.192 22.2 ± 0.606 97.67% 

NP CHIT/CHIT-
FA/CHIT-TPB/FL 

276.5 0.155 21.3 ± 1.42 96.17% 

NP CHIT-FA/CHIT-

TPB/FL 50:50 
249.3 0.275 46.4 ± 1.69 97.45% 

NP CHIT/TPB/RDH 206.7 0.260 25.2 ± 1.66 56.20% 

NP CHIT/FA/RDH  203.5 0.214 19.9 ± 0.265 59.00% 
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ABSTRACT 

Background: This study aims to evaluate the percutaneous permeation profiles of caffeic 

acid (CA) from cubic and hexagonal liquid crystalline phases of Pluronic P123/water 

mixtures. 

Method: The resulting drug-loaded mesophases were subjected to characterization 

through deuterium nuclear magnetic resonance spectroscopy and polarized optical 

microscopy observations. These analyses aimed to evaluate the structural changes that 

occurred in the mesophases loading with CA. Additionally, steady and dynamic rheology 

studies were conducted to further explore their mechanical properties and correlate them 

to the supramolecular structure. Finally, CA release experiments were carried out at two 
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different temperatures to examine the behaviour of the structured systems in a 

physiological or hyperthermic state. 

Results: As the concentration of the polymer increases, an increase in the viscosity of the 

gel is noted; however, the addition of caffeic acid increases microstructure fluidity. It is 

observed that the temperature effect conforms to expectations. The increase in 

temperature causes a decrease in viscosity and, consequently, an increase in the rate of 

permeation of caffeic acid. 

Conclusions: The CA permeation profile from the prepared formulations is mostly 

dependent on the structural organization and temperature. Cubic mesophase LLC 30/CA 

showed greater skin permeation with good accumulation in the skin at both tested 

temperatures. 

1. Introduction  

In recent years, antioxidants have gained increasing interest in the pharmaceutical, 

cosmetic, medical, and food sectors due to their many benefits. These prophylactic 

molecules play a crucial role in the prevention and management of pathologies associated 

with oxidative stress, such as cancer [1], atherosclerosis [2], diabetes [3], ocular diseases 

[4], and Alzheimer's disease [5]. Their action involves inhibiting or reducing the effects 

caused by free radicals and oxidizing compounds. Due to regulatory restrictions on the 

use of synthetic antioxidants, driven by potential risks associated with in vivo 

administration, there is a growing interest in natural antioxidants [6]. Among these, 

phenolic antioxidants act as scavengers of reactive species, including free radicals, 

actively participating in metal chelation during the oxidative process. The donation of an 

electron or hydrogen atoms stabilizes free radicals, imparting antioxidant activity [7]. An 

example of a phenolic antioxidant is caffeic acid (CA), also known as 3,4-

dihydroxycinnamic acid, found in blueberries, apples, cider, coffee, and propolis. In 

addition to its antioxidant properties, CA exhibits antimicrobial activity, 

antiinflammatory activity, is known as a cancer inhibitor, and contributes to the 

prevention of heart diseases and atherosclerosis. Several studies have indeed 

demonstrated the ability of CA to counteract inflammation evident in various diseases, 

such as skin conditions like atopic dermatitis [8, 9], and intestinal disorders like ulcerative 

colitis and Crohn's disease [10]. CA has gained considerable attention in the 

pharmaceutical field as a promising photoprotective agent and for skincare. However, the 

poor water solubility and low chemical stability of CA require the use of suitable delivery 
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systems to ensure solubilization, protection from degradation, and pharmaceutical 

efficacy [11,12]. The field of nanotechnology has indeed focused extensively on 

antioxidant molecules due to their numerous benefits, despite their low bioavailability 

and improper release into undesired cellular compartments. Consequently, this has led to 

the development of antioxidant nanosystems [13, 14] aimed at enhancing the 

effectiveness of conventional antioxidants, improving stability, increasing 

bioavailability, and ensuring a controlled and targeted release. In recent years, research 

on transdermal delivery systems has undergone considerable development, focusing on a 

wide range of drug carriers, such as liposomes, niosomes, microemulsions, transdermal 

patches, microneedles, etc... The first approved transdermal delivery system was the 

scopolamine patch for motion sickness in 1979. Since then, drugs, such as non-steroidal 

anti-inflammatory [15], antimicrobials [16], antioxidants [17] and anti-cancer [18], have 

been successfully formulated as transdermal drug delivery systems (TDDS). Transdermal 

drug delivery systems, such as lyotropic liquid crystals (LLC), are considered promising 

alternatives to improve pharmacological effectiveness, safety, and patient compliance 

[19]. The LLC are soft materials that combine their anisotropic order with the mechanical 

stability of a gel. A significant advantage of LLCs is their ability to act as a barrier that 

controls the rate of release of encapsulated drugs [20,21]. This allows a prolonged drug 

release while maintaining effective concentrations in the desired region. Lyotropic liquid 

crystals (LLC) or self-assembling materials are typically formed from water and 

surfactants in well-defined ratios. The structure-forming surfactants can absorb a certain 

amount of water and then spontaneously form gel-like phases with unique internal 

structures. They self-assemble into cubic, hexagonal (H2), and lamellar (Lα) mesophases, 

depending on the concentration of constituents and temperature [22]. Among the 

surfactants most used for LLC formulation are Pluronic surfactants, which are block 

copolymers consisting of repeating units of ethylene oxide (EO) and propylene oxide 

(PO), represented by the general formula (PEO)n(PPO)m(PEO)n. Pluronic P123 

(𝐸𝑂20𝑃𝑂70𝐸𝑂20), depending on temperature and concentration, is capable of making 

various structures in water [23,24], as observed in the phase diagram of the P123-water 

system determined by Wanka et al.[25].  

The purpose of this article is to evaluate the percutaneous permeation profile of CA from 

cubic and hexagonal liquid crystalline phases of Pluronic P123/water mixtures, and 

identify how transdermal drug delivery was affected by the gel- like microstructure at 

different bodily functions. In detail, permeation and diffusion studies were performed at 
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32°and 40°C, to highlight any differences between physiological conditions while, the 

data on the characterization were carried out also at 25°C to point out our formulations 

storage temperature. Mesophases obtained, with or without CA, were analysed by 

deuterium nuclear magnetic resonance spectroscopy (2H-NMR), polarised optical 

microscopy (POM) observations and by dynamic rheology experiments, to identify the 

influence of CA in the mesophases structures 

2. Results and discussion 

2.1 LLC physical-chemical characterization 

Pluronic P123 (EO20PO70EO20), belonging to the PEO-PPO-PEO block copolymer 

series, has been widely used in cosmetics, pharmaceuticals, the food industry, etc. [26] 

The phase behaviour in water was studied by Wanka et al. [25] and shown in Figure 1.  

 

Figure 1. Phase diagram of the Pluronic P123 redrawn from [25]. 

Different mesophases such as isotropic, cubic, and hexagonal are formed by increasing 

the copolymer concentration increases and changing the temperature. Based on this phase 

diagram, samples were made with three different concentrations of P123: 30 wt% 

(LLC30), 40 wt% (LLC40) and 45 wt% (LLC45). At these concentrations and in the 

temperature range 32-40°C, the cubic and hexagonal phases in the P123/water binary 

system are reported. Typically, the hexagonal phase consists of rod-shaped micelles 

arranged in a three-dimensional hexagonal lattice [27]. While the cubic phase is 

characterised by a spherical arrangement, with the polar segment of the molecule 

positioned on the surface of the sphere and the non-polar segment residing in the center 
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literature. [29]. Therefore, the spectra obtained could be due to the presence of very small 

domains, which do not reveal the structure at NMR times. By introducing caffeic acid, 

even in a small percentage, disorder is generated in all structured phases as can be seen 

in Figure 4. The division of the quadrupolar peak or the width at half-height of the 

recorded spectrum becomes smaller as the drug is introduced.  
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Figure 3. 2H-NMR spectra of LLC 30, LLC 40 and LLC 45 at 25°C, 35°C and 40°C. 
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Figure 4. 2H-NMR spectra of LLC 30/CA, LLC 40/CA and LLC 45/CA at 25°C, 35°C and 40°C. 
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2.2 Rheological characterisation 

For the steady flow experiments, the temperature and concentration dependence of the 

viscosity are reported in Table 1. The data suggest the presence of a low-viscous gel at 

lower concentration, while the system becomes more viscous with increasing the 

concentration of P123 polymer. It is worthy note the fluidifying effect of the addition of 

CA in the systems, marked by the decreasing of viscosity. The effect of the temperature 

is expected. The viscosity decreases with increasing temperature, and this is due to kinetic 

effects. The LLC40/CA shows a higher viscosity value at 40°C. This data suggests a 

structural modification along this isopletal line.  

Table 1. Formulations viscosity values at 25 °C, 32°C and 40°C at 100 Pa of stress. Error percentage is 
about 3%. 

 

 

 

 

 

 

 

At low temperature (25°C), the viscosity is higher and at this temperature it is not possible 

to appreciate the effect of CA on the structure since the changes are within the 

experimental error. Typical strong gel spectra, consisting of two nearly horizontal straight 

lines on G’ and G’’, were recorded. In Figure 5 the dynamic spectra for the 40% sample 

are shown. G’ is typically one order of magnitude greater than G’’, quite apart from the 

temperature considered. However, it must be mentioned that while the mechanical profile 

for all mixtures appears similar, differences can be observed in the value of the elastic 

and viscous moduli. They are lower with CA addition and at higher temperatures. 

 
Figure 5. G’ and G’’Representation of (A) LLC 40 at 25°C, 32°C and 40°C and (B) LLC 40/CA at 25°C, 

32°C and 40°C.  

Formulations 
Eta Pa s  
25 °C 

Eta Pa s  
32°C 

Eta Pa s  
(40°C) 

LLC 30 3x 105 0.3 0.25 

LLC 30/CA 3x 105 0.2 0.18 

LLC 40 8x 105 3x 105 2x105 

LLC 40/CA 8x 105 1x104 2x105 

LLC 45 1x 106 1x106 7x 105 

LLC 45/CA 1x 106 4x105 6 x105 
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Dynamic shear experiments (Figure 6) show the composition and temperature 

dependence of the model parameters of the weak gel, z and A, obtained by fitting the 

viscoelastic data to Eq. 5. The system exhibits a high flow coordination number, z, and 

high interaction strength values, A, in the hexagonal phase. Additionally, these data 

confirm the presence of the gel that becomes stronger with increasing polymer 

concentration. The flow coordination number jumps from a value close to 10 (cubic 

phase) up to about 90 for mixtures at 45 wt% when a hexagonal phase is formed. This 

means a hardening of the gel network and a different structural organization in the 

hexagonal phase, characterized by the increasing of A and z respectively.  

Once again, the effect of adding CA is evident for the LLC 30 and LLC 45 mixtures, 

where the A and z parameters decrease in presence of the CA and with the increasing of 

the temperature. The LLC 40/CA mixture, although weaker in terms of gel interactions 

(A), shows a higher coordination number than the mixture without CA at 32°C, 

additionally, it keeps constant in temperature. This trend is reversed for all other 

investigated mixtures. The A and z decrease both with the addition of CA and with 

increasing temperature. It appears that CA induces a more coordinated tridimensional 

structure, which not modified by temperature.  

 
Figure 6. Weak-gel model parameters for the investigated formulations. The “gel strength”, A (A) and the 

“flow coordination number”, z, (B) are shown at different temperatures. 
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2.3 In vitro diffusion and ex vivo permeation studies  
Diffusion studies (Figure 7) were performed using cellulose membranes for 24 h. LLC 

30/CA was the formulation capable of releasing the highest amount of CA, corresponding 

to 625.67 μg/cm2 at 32°C and 714.38 μg/cm2 at 40°C. The other two structured phases 

showed a similar release profile at both temperatures. 

 

Figure 7. Diffusion profiles: A at 32°C; B at 40°C. 

The diffusion coefficient (D, cm2/s) for formulations investigated in diffusion studies at 

both 32°C and 40°C, were determined using Higuchi’s equation (Eq. 1) [30]: 𝑄𝐶0 = 2 √𝐷𝜋 √𝑡                                                                      (1) 
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Where Q is the molar flow of the drug across the surface, C0 is the drug concentration 

and t is the release time. 
The diffusion of drugs loaded in LLC phases is influenced by both structural factors and 

external factors such as temperature. Normally the diffusion of drugs from cubic phases 

is faster than from hexagonal ones and the increase in temperature causes an increase in 

the diffusion of the loaded drug [31]. 

For our LLC formulations, diffusion coefficients (Table 2) were higher in cubic (LLC 

30/CA) than hexagonal phase (LLC 40/CA and LLC 45/CA), while were affected little 

by temperature in the LLC 40 and LLC45 formulations while in the LLC 30 formulation, 

the diffusion was more affected by increasing temperature, also shown by the rheological 

data. 

Table 2. Diffusion coefficient (D)and R2 value of formulations tested. *p value< 0.05 32°C vs. 40°C. 
 

T (°C) LLC 30/CA LLC 40/CA LLC 45/CA 

32°C 
D= 5.82x10-15 

R2= 0.9882 

D= 3.86x10-15 

R2= 0.9881 

D= 2.19x10-15 

R2= 0.9940 

40°C 

*D= 7.38x10-15 

R2= 0.9817 

D= 3.29x10-15 

R2= 0.9662 

D= 2.29x10-15 

R2= 0.9869 

The statistical analysis confirmed that increasing temperature a significant difference in 

drug release was observed (p value <0.05) for LLC 30/CA, while LLC 40/CA and LLC 

45/CA did not show no significant difference at either temperature. 

Permeation profiles of P123 lyotropic liquid crystals with CA were performing using 

rabbit ear skin, with vertical Franz diffusion cells for 24h at 32°C and 40°C and the 

amount of released CA was assessed with UV spectroscopy at 286 nm. For LLCs, the 

release profile is strongly influenced by the phase taken up by microstructure, e.g. the 

cubic phase releases encapsulated drugs faster than the hexagonal phase [32,33]. At both 

temperatures, a faster and higher release can be seen for LLC 30/CA, 42.78 μg/cm2, and 

89.70 μg/cm2 respectively. Furthermore, at 40°C, LLC 45/CA released faster than LLC 

40/CA, in contrast to 32°C (Figure 8).  
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Figure 8. Permeation profiles through rabbit ear skin:A at 32°C; B at 40°C. 

In skin permeation studies, two parameters are crucial: the permeability coefficient (Kp) 

and the steady-state flux (Jss). The permeability coefficient is calculated from the flux and 

initial concentration (Ci) of polyphenols in the donor compartment, while the steady-state 

flux measures the amount of permeant crossing the membrane at a constant rate (Eq. 2) 

and reported in table 3: 𝐾𝑝 = 𝐽𝐶𝑖                                                                                (2) 
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Table 3. Permeation coefficient (Kp) and steady-state flux(Jss) values of formulations tested. 

 

All formulations increase the permeation rate of caffeic acid with increasing temperature, 

but only LLC 30/CA and LLC 45/CA double the amount of permeated drug. LLC 40/CA 

also has an anomalous behaviour: although the amount of permeated drug increases 

slightly, the flux and permeation coefficient decrease with increasing temperature. 

2.4 Caffeic acid skin retention studies  

Intracutaneous accumulation of the drug is a possibility to prolong its duration of action 

and improve drug treatment. For this reason, the amount retained in the skin after 24 hours 

of release was evaluated. Results were compared at both temperatures and reported in 

table 4. At 32°C, the LLC45/CA formulation showed a higher accumulation in the skin 

267.58 µg/cm2, but slower drug release. At 40°C, in contrast, the LLC40/CA formulation 

showed a higher affinity for the skin layer (201.47 µg/cm2) than LLC45/CA (90.35 

µg/cm2), but the amount of drug released over 24hours was comparable. These results 

confirm those obtained in the skin permeation study with LLC. 
Table 4. Amount of CA retained into skin at 32°C and 40°C for all formulations tested. 

 

 

 

 

 

 

 

 

The data obtained seem to justify the reported flux and Kp values. In fact, the hexagonal 

structure of the LLC 40/CA sample presents a greater accumulation in the skin as the 

temperature increases, while the LLC 45/CA sample, although presenting the same 

hexagonal phase, reduces its accumulation in the skin by almost three times by increasing 

the amount permeated. The LLC 40/CA mixture appears to be affected in both diffusion 

T (°C) LLC 30 LLC 40 LLC 45 

32°C 
Jss=3.2196 

Kp=4.50x10-4 

Jss=3.0448 

Kp=3.65x10-4 

Jss=1.9829 

Kp=2.18x10-4 

40°C 
Jss=5.7526 

Kp=8.05x10-4 

Jss=2.516 

Kp=3.02x10-4 

Jss=4.7164 

Kp=5.19x10-4 

Formulations 
CA Retained into Skin 

(µg/cm2) 
at 32°C 

CA Retained into Skin 

(µg/cm2) 
at 40°C 

LLC 30/CA 215.33 169.36 

LLC 40/CA 163.38 201.47 

LLC 45/CA 267.58 90.35 
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and permeation by the increased coordination found in the dynamic rheology and 

viscosity studies. 

LLC 30/CA showed a higher amount of drug permeated and a good CA retained in the 

skin, about 215 g/cm2 and 169 g/cm2, at different temperature tested.  

3. Materials and methods 

3.1 Materials  

Caffeic acid (CA), pluronic 123 (P123), cellulose membranes and all solvents were 

purchased from Sigma Aldrich (Milan, Italy). Deionized water with 5 wt% deuterium 

oxide (Aldrich, Milan) was used in order to perform 2H-NMR measurements. Rabbit ear 

skin was provided by local farm that killed rabbits for slaughter purposes, where slaughter 

is defined as killing for human consumption. Therefore, these are waste materials from 

farms for which no ethical regulations are foreseen.  

3.1 Liquid lyotropic crystals gel preparations 

For preparations of Pluronic 123 LLC gels a fixed drug percentage of CA (0.5% wt) and 

various ratios of Pluronic to water were used to obtain the different P123 lyotropic liquid 

phases [34]. Briefly, 25 mg of CA was mixed with an appropriate amount of water and 

block copolymer, details on sample preparations are given in Table 5. Subsequently, 

samples were centrifuged several times and stored at room temperature, or 4°C, to ensure 

complete homogenization. As some of samples exhibit negative thermoreological 

behaviour, they were liquid at low T, but LLC at room temperature [35]. Samples were 

evaluated and analysed after two weeks.  
Table 5. LLC composition  

Formulation P123 wt% H2O wt% CA wt% 

LLC 30 30 70 - 
LLC 40 40 60 - 
LLC 45 45 55 - 

LLC 30/CA 29.85 69.65 0.5 

LLC 40/CA 39.80 59.70 0.5 

LLC 45/CA 44.78 54.72 0.5 

 

3.2 Optical microscopy observations  

Leica 12 Pol optical polarizing microscope equipped with a heating unit, was used for the 

phase characterization of the samples. Indeed, the lyotropic liquid phases (except cubic 

phases) can be identified by comparing the typical textures of each liquid lyotropic phase 

with those reported in liquid crystal texture handbook [36].  
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3.3 2H-NMR theory and experiments  
2H-NMR is employed in the examination of liquid crystals due to their manifestation of 

a distinctive NMR line contingent upon the anisotropy, geometry, and domain size of the 

liquid crystal aggregates, along with the motion of deuterated water molecules. When 

subjected to a magnetic field, liquid crystalline phases align in a manner influenced by 

the molecular diamagnetic susceptibility. 2H-NMR are predicated on quadrupolar 

interactions, determining the spectral frequency as follows (Eq. 3): 

 

= ± 3 8 q (3 cos2  -  sin2 cos 2φ)                                                           (3) 

Where q is the partially averaged quadrupole coupling constant, θ and φ are the polar 

and azimuthal angles defining the direction of the external magnetic field in the aggregate 

frame and η is the asymmetry parameter. The theoretical 2H-NMR spectra, illustrated in 

Figure 9 exhibit distinct characteristics for different phases of a liquid lyotropic crystal—

lamellar, hexagonal, and cubic. The lamellar structure displays a lineshape characterized 

by two shoulders separated by a value of 3/2 q, along with two edge singularities 

separated by a value of 3/4 q. The hexagonal phases exhibit a lineshape like the lamellar 

phase but with a smaller separation between the shoulders and singularities. In the case 

of an isotropic sample, such as a cubic phase, a singlet is observed. 

 

Figure 9. Typical2H-NMR spectra of lamellar (A), hexagonal (B) and cubic (C) phase. 

For the 2H-NMR experiments, a quadrupole echo sequence with a π/2 pulse width of 3.5 

μsec was employed. The delay between the two π/2 pulses was 40 μsec and repetition was 

1 sec. Spectra were recorded 30 minutes after each temperature setting to allow samples 
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to reach thermal equilibrium. The experiments were conducted using a Bruker AVANCE 

300 pulsed superconducting spectrometer operating in Fourier Transform mode, at a 

resonance frequency of 46.53 MHz. The sample temperature was controlled by passing 

air through the sample holder at three different temperatures (25±1°C, 35±1°C and 

40±1°C). 

3.4 Rheological characterisation  

Rheological characterization of P123 crystalline mesophases were conducted using a 

shear stress-controlled rheometer SR5000 (Rheometrics, USA) equipped with a plate-

plate geometry (gap 1.00 mm, diameter 25). The temperature was controlled by a Peltier 

apparatus (±0.1°C). All measurements were performed in triplicate. The error was 

calculated and it is around 3%. To prevent errors due to evaporation, measuring 

geometries were surrounded by a solvent trap containing water. Two different kinds of 

experiments were carried out: a) Steady flow experiments; b) Dynamic shear experiments 

were performed in a frequency range between 0.1 and 15.9 Hz. The small amplitude 

dynamic tests provided information on the linear viscoelastic behaviour of materials 

through the determination of the complex shear modulus (Eq. 4). 

( ) ( ) ( )* ' '' =  + G G iG                                                                              (4) 

where G'(ω) is the in phase (or storage) component and G''(ω) is the out-of-phase (or loss) 

component. G'(ω) is a measure of the reversible, elastic energy, while G''(ω) represents 

the irreversible viscous dissipation of the mechanical energy. The dependence of these 

quantities on the oscillating frequency gives rise to the so-called mechanical spectrum, 

allowing the quantitative rheological characterization of studied materials. All dynamic 

rheological measurements were performed within the linear viscoelastic region. Weak Gel 

Model [37] was also applied to oscillatory spectra (Eq. 5): 

( ) ( ) ( )
1

2 2
* ' '' =  +  = ZG G G A

                           (5) 

where “A” is interpreted as the interaction strength between the rheological units: a sort 

of amplitude of cooperative interactions, and “z” as the coordination number, which 

corresponds to the number of flow units interacting with each other to give the observed 

flow response [38]. 
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3.5 Percutaneous permeation and diffusion release studies  
Permeation and diffusion release were performed using Franz's vertical diffusion cells for 

24 hours at two different temperatures: 32°C and 40°C. For permeation studies, full-

thickness rabbit ear skin from a local slaughterhouse was used, previously frozen at -18°C 

and 2 hours before the experiments pre-equilibrated in saline at room temperature. A 

portion of this skin was placed between the receptor and donor compartments, with the 

epidermal side exposed to environmental conditions and the dermal side facing the 

receptor solution. Portions of cellulose membranes (Spectra/Por®, cut-off 12-14 kDa), 

were used for the diffusion studies. For all formulated mesophases, 0.4 g of CA-LLC gel 

was loaded and covered with parafilm to prevent water loss. The receptor compartment 

was filled with 5.5 mL of distilled water. At regular intervals and up to 24 hours, the 

medium was taken for analysis and filled with an equal volume of fresh water. The amount 

of drug in the samples was assessed by UV-VIS spectrometry. The experiments were 

repeated three times and expressed as mean ± SD.  

3.6 Caffeic acid skin retention studies  

To assess the amount of caffeic acid retained into the skin, after permeation studies, the 

skin was removed to Franz diffusion cells and placed in ethanol. The solution was filtered 

with 0.22 μm and evaluated by UV-Vis spectroscopy Millipore membrane filters and 

analysed. All experiments were conducted in triplicate and expressed as mean ± SD. 

3.7 Statistical analysis 

All experiments were performed three times, and the results were expressed as mean ± 

SD. Statistical analysis was performed using a Student’s t-test and p-values of ≤0.05 were 

considered statistically significant.  
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4. Conclusions 

Caffeic acid loading in lyotropic liquid crystal based on the P123/water microstructures 

showed a good permeation profile and retention in the skin ensuring sustained drug 

release. The addition of CA did not so much lead to changes in the LLC microstructure 

of binary system P123/water, as reported by the 2H-NMR spectra and POM observations, 

but rather modified its fluidity as showed the dynamic rheological measurements. All 

experiments were carried out at 32°C and 40°C to reproduce the physiological and 

hyperthermic condition typical of inflammatory-based diseases. The permeation profile 

of all formulations showed an increased steady-state flux (Jss), and a decreased skin drug 

retained at highest temperature tested. Only LLC 40/CA formulation showed a different 

behaviour, in terms of NMR spectra, results of the rheology studies, and diffusion and 

permeation profiles, if compared to the similar hexagonal phase obtained by increasing 

the polymer concentration (LLC 45/CA). This may have been attributed to the greater 

coordination that caffeic acid establishes in this structure with the polymer chains, which 

determined an increase the CA skin retained at 40°C. 

The liquid crystalline mesophases obtained from pluronic P123 could represent a good 

strategy for the skin treatment of a lipophilic drug such as caffeic acid. 

In particular, the cubic phase LLC 30/CA shows a higher permeation profile and good 

accumulation in the skin at both temperatures tested. 
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3.2 Liposomal, niosomal and nanoparticle encapsulation of an olive 
leaf extract: physical-chemical characterisation, release studies and 
evaluation of antioxidant activity 

Introduction 

The scientific community is paying increasing interest to plant extracts as active 

ingredients in pharmaceutical formulations due to their countless benefits. The 

pharmaceutical applications of these extracts are certainly related to beauty and health, as 

they exhibit antioxidant, antibacterial, healing, photoprotective, anti-inflammatory and 

anti-cancer activities. Among these, particular attention has been paid to the bioactive 

compounds of olive (Olea europea) leaves. The olive oil industry generates a significant 

volume of by-products, including crude pomace, vegetation water, twigs and leaves, 

which account for about 10% of the total weight of olives [1]. Although olive leaves and 

panels are commonly used as animal feed, opportunities for use in higher value-added 

sectors, such as the cosmetic, therapeutic and food industries, can be explored, as the 

phenolic fractions oleuropein and hydroxytyrosol are potent antioxidant, anti-

inflammatory and anti-cancer agents [2, 3]. 

However, factors such as exposure to light, temperature variations, the presence of 

oxygen, pH changes and the presence of metal ions during processing, storage and 

gastrointestinal digestion may compromise the stability of these compounds. 

Furthermore, the poor water solubility of hydrophobic compounds hinders their complete 

dissolution and absorption. Likewise, the limited diffusion and permeability of these 

compounds through the cells of the intestinal epithelium significantly affects their 

bioavailability [4]. To overcome these limitations, the use of nanotechnology emerges as 

an attractive strategy. The design and production of drug delivery systems, particularly 

nanometric ones with dimensions between 50 and 300 nm, are now an integral part of 

clinical use. These systems represent an advanced approach to optimise the therapeutic 

efficacy of extracts and essential oils. A successful drug delivery system should have 

optimal loading and payload release properties, ensuring a long shelf life and increase 

therapeutic efficacy, resulting in reduced side effects. Different types of transporters have 

been used in recent decades, including organic components such as lipids (such as fatty 

acids and phospholipids), proteins (including caseins, whey proteins and gelatin), 

carbohydrates (such as starch, cellulose, chitosan and pectin) and inorganic transporters 

such as silver, gold and mesoporous silica. This range of transporters has been used to 
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develop different delivery systems, including nano- and microparticles, liposomes, 

hydrogel niosomes, etc. This development was made possible using various encapsulation 

techniques, such as coacervation, emulsion and others [5,6,7,8]. Therefore, our attention 

was turned to the development of different vesicular systems for the delivery of olive leaf 

extract, with the aim of examining the release profile and the corresponding antioxidant 

activity. Liposomal, cationic niosomal and chitosan nanoparticle systems were designed. 

These systems were carefully characterised from a physicochemical point of view and, 

subsequently, the optimal formulations were subjected to in vitro release studies, followed 

by the evaluation of antioxidant activity.  

Materials and methods  
Materials 

Lecithin (LEC), cholesterol (CHOL), Span 80 (S80), dioctadecyldimethylammonium 

bromide (DODAB), chitosan (CHIT), sodium tripolyphosphate (TPP), NHS (N-

Hydroxysuccinimide), EDC (N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide 

hydrochloride)), were purchased by Sigma Aldrich (Milan, Italy). All solvents used 

bought by VWR International.  

Polyphenol extraction from olive leaves  

Polyphenols extraction was performed on micronised olive leaves, and the method used 

is described in Muzzalupo et al. 2011 [9]. Approximately 20 g of micronised olive leaves 

were solubilised in 100 mL of ethanol and shaken magnetically overnight. Subsequently, 

the product was sonicated with a pulse sonicator for twenty minutes on ice. It was 

centrifuged at 9000 rpm for ten minutes and separated from the olive leaves by vacuum 

filtration. The filtrate obtained was brought to dryness by evaporation under reduced 

pressure. 

Characterization of extract  

HPLC conditions  

HPLC analysis was conducted using an Agilent 1100 series chromatograph equipped with 

a Mod. G1312A binary pump, a Mod. G1315B DAD detector and a Mod. G1328B 

injection system. Chromatographic separation was performed on a Phenomenex GEMINI 

reverse phase C18 110A column, 25.00 x 0.46 cm, packed with 5.00 μm particles, at a 

temperature of 40°C. The solvents used were always degassed by filtration through a 

nylon membrane, porosity 0.45 mm, under vacuum. Elution was performed in gradient 



Chapter 3: Nanosystems for topical and transdermal drug delivery 

148 

mode using a binary solvent mixture consisting of water acidified with 0.2% phosphoric 

acid (solvent A) and methanol/acetonitrile 50/50 (solvent B). A linear gradient was 

performed from 96% (A) and 4% (B) to 50% (A) and 50% (B) for 40 minutes; this was 

switched to 40% (A) and 60% (B) for 5 minutes; during 15 minutes this was switched to 

0% (A) and 100% (B), after rebalancing the initial composition for 12 minutes. The flow 

rate of the mobile phase was 1 ml/min and the injection volume of each sample was 20 

μL. All phenolic compounds were identified by comparing their retention times with 

those of the standards. 

Folin-Ciocalteu assay  
The quantification of total phenols in the formulations was conducted by 

spectrophotometric analysis at a wavelength of 750 nm, using the Folin-Ciocalteau 

method as outlined by Fuentes et al. (2012) [10]. The extract, solubilised in water at a 

concentration of 10 mg/mL, was subjected to a reaction in which 0.5 mL of sample was 

combined with an equal volume of Folin-Ciocalteau reagent. This mixture was then 

incubated in the dark for 5 minutes. Next, 3 mL of 20% Na2CO3 and 5 mL of distilled 

water were added. After a further 20-minute incubation in the dark, the samples were 

subjected to centrifugation at 3500 rpm for 10 minutes and analysed at uv-spectrometer.  

ABTS Assay  
The antioxidant activity of olive leaves extract was assessed by measuring their ability to 

scavenge the free radical ABTS•. A stock solution containing 7 mM ABTS was combined 

with 2.45 mM potassium persulfate and stirred in the dark for 12 hours to generate the 

ABTS• free radical. Prior to use, the solution was diluted with ethanol until an absorbance 

of 0.7 was achieved. Subsequently, 1 mL of the samples was added to 3 mL of the ABTS•+ 

solution, and after 6 minutes, the absorbance was measured at 734 nm using a UV 

spectrophotometer. The ABTS scavenging activity was then calculated using the 

following equation: % 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = (𝐴0 − 𝐴𝑠  𝐴0 ) 𝑥 100 

Where, As is the absorbance of the sample at 734 nm and A0 is the control. All tests were 

realised in triplicate and the results expressed as means ± SD. 

Liposomes and niosomes preparations  

Thin-layer evaporation was used to formulate the liposomes. Appropriately weighed 

amounts of lecithin and cholesterol were solubilised in dichloromethane and evaporated 
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under reduced pressure. The resulting film was then hydrated with 10 mL of distilled 

water or extract solution for 30 minutes at 40°C. After 24 hours at room temperature, the 

formulation was subjected to pulse sonication for 15 minutes to obtain unilamellar 

vesicles. To remove unincorporated material, all formulations were purified by dialysis 

using previously treated synthetic cellulose membranes (Spectra/Por molecular mass, cut-

off 12/14 kDa). The same procedure was performed for the niosomal systems, weighing 

appropriate amounts of S80, CHOL and DODAB. The amounts of the components used 

for each formulation are shown in Table 1. 

Chitosan nanoparticles preparation 

Chitosan nanoparticles (NPs) were synthesized using the ionotropic gelation method, 

following the procedure outlined by Rampino et al. (2013) [11]. Low molecular weight 

chitosan was dissolved in 5 mL of 1% (v/v) acetic acid, reaching a final concentration of 

1 mg/mL, and allowed to stir for one hour. The pH of the solution was adjusted to 5.5 

using 0.5 M NaOH, and 1 mL of TPP (pentasodium tripolyphosphate) at a concentration 

of 2 mg/mL was added dropwise. The entire solution was stirred for 30 minutes at room 

temperature. 

Preparation of olive leaves-conjugated nanoparticles.  

Briefly, EDC (15 mg) and NHS (9 mg) were dissolved in 1 mL of polyphenol extract 

solution and shaken magnetically for about 90 minutes in the dark. Subsequently, 1 mL 

of chitosan nanoparticles was added to this solution and left to shake magnetically in the 

dark overnight. 

Nanosystem characterization  

All nanosystem formulations were analysed in terms of size, size distribution and 

potential  and TEM. For size analysis, the 90 Plus particle analyser (Brookhaven 

Instrument Corporation, New York, USA) was used, maintaining a constant temperature 

of 25.0 ± 0.1 °C. The ζ potential was assessed with a Zetasizer ZS (Malvern Instrument 

Ltd, Malvern, U.K.). All analyses were conducted on purified samples and repeated in 

triplicate. Morphological analysis was conducted by transmission electron microscopy 

(TEM) using a ZEISS EM 10 TEM, operating at an accelerating voltage of 80 kV. 

Drug Loaded Efficiency 

For vesicular systems (niosomes and liposomes), the amount of encapsulated drug was 

expressed as a percentage (E%). This parameter was determined by freezing-broken 0.2 
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mL of each sample, both purified and unpurified. Subsequently, the resulting portions 

were diluted in 10 mL of ethanol and analysed with a JASCO V-530 spectrophotometer. 

The absorbances, which correlated with the amount of polyphenolic extract in the 

samples, were measured at a wavelength of 276 nm, at the characteristic peak. The 

equation used to calculate the encapsulation efficiency is as follows: 𝐸% = 𝐶𝑝𝑢𝑟𝑖𝑓𝑖𝑒𝑑 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑥 100 

where Cpurified is the concentration of the polyphenols contained in the dialysed 

nanoparticle dispersion, while Cintial is the initial polyphenols concentration including 

both the encapsulated drug and the polyphenols remaining outside the vesicles.  

For nanoparticles, E% was determined by indirect method. The nanoparticles were first 

filtered through syringe filters with a porosity of 0.2 μm (Millipore, Italy). Subsequently, 

1 mL of filtrate was taken and brought to a final volume of 7 mL with distilled water to 

obtain the same conditions as the solution without chitosan and TPP. The absorbance of 

the sample was measured with a UV spectrophotometer at 276 nm. The equation used 

was: 

𝐸𝐸% = 𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙𝑠 −  𝑓𝑟𝑒𝑒 𝑝𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙𝑠𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙𝑠 𝑥 100 

Stability studies  

The stability of the vesicular systems was evaluated by storing the formulation at 4 °C for 

three months and monitoring diameter, PI and ζ-potential initially after 4 days, and then 

every month. Each analysis was carried out in triplicate. 

In vitro release studies  

The release of phenolic compound from nanoparticles was estimated using diffusion 

Franz cells for 24 hours at 37°C. Visking dialysis membrane, 20/30 cut-off: 12.000-14000 

Da, were placed between the donor and receptor compartment and 0.5 mL of different 

nanosystems was added in donor compartment. The acceptor compartment was filled with 

5.5 mL of distilled water, after, was removed at pre-determined time intervals and 

spectrophotometrically analysed.  

Antioxidant activity  

To determine the antioxidant activity of phenolic nanoparticles, the DPPH assay was 

used, following method describe by Yen and Hsieh [12]. Antioxidant activity was 
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Nanosystems characterization 

Three different antioxidant nanosystems were realised: liposomes, niosomes and 

nanoparticles. All systems were characterised in terms of size, IP, -potential and E%; the 

results are shown in Table 2. Specifically, empty liposomal formulations were created 

with solutions with increasing concentrations of polyphenolic extract (10, 20 and 30 

mg/mL), previously treated to eliminate cellulose. The empty lecithin-based liposomes 

had quite small dimensions, around 150 nm with good polydispersity (around 0.2). By 

encapsulating the extract, it was observed that all three liposomal formulations were 

similar, with an average diameter between 199 and 237 nm and a PI of about 0.2, 

indicating a good and homogenous size distribution. The −potential between -20 and -

24 mV indicates that the vesicular systems are quite stable. The main difference observed 

was the encapsulation efficiency: the LIP/EF 2 formulation had a lower encapsulation 

efficiency of 52% compared to LIP/EF 1, which achieved an encapsulation efficiency of 

about 70%.  
Table 2. Physico-chemical characterization of DDS prepared with different concentrations of polyphenol 
extract: size (nm), P.I, ζ−potential, and E% at 25 °. 

The cationic niosomal formulations, on the other hand, showed a significant increase in 

size as the polyphenolic extract concentration increased. Indeed, a diameter of 245 nm 

was observed in the presence of the extract with a concentration of 3.66 mg/mL, while a 

diameter of about 500 nm was observed in the presence of the polyphenolic extract 

concentration of 7.34 mg/mL. Although this size variation was observed, PI values <0.3 

indicate good homogeneity and −potential values > 30 mV good colloidal stability. A 

good encapsulation efficiency of 59.52 % for the NIO/EF 1 formulation and 40% for 

NIO/EF 2 was also observed. Finally, the chitosan nanoparticles were made from the most 

concentrated polyphenolic extract solution of 15 mg/mL. The extract carrier nanoparticles 

(NP CHIT/EF 3) showed a smaller diameter and lower polydispersion than the 

corresponding functionalised nanoparticles (NP CHIT-EF 4). The −potential values were 

Formulations 
EF 

mg/mL 

Size 
(nm) IP ζ−potential E% 

EF 
encapsulated 

(mg/ml) 
LIP/EF 1 5.6 199.1 0.255 -20 ± 0.781 76% 2.13 

LIP/EF 2 10.45 214.4 0.214 -24.8 ± 0.772 52.16% 5.43 

LIP/EF 3 17.94 236.9 0.271 -23.4 ± 0.560 58% 10.41 

NIO/EF 1 6.15 245.1 0.189 24.1 ± 1.66 59.52% 3.66 

NIO/EF 3 18.36 511.1 0.269 30 ±1,89 40% 7.34 

NP CHIT/EF  3 14.17 234.6 0.179 16 ± 0.557 26.76 % 0.60 

NP CHIT-EF 4 15.86 424.8 0.292 13.3 ± 0.569 30.80% 1.40 
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similar, with values >13 mV, and no significant variations were also observed for E%, 

reaching around 30% efficiency. 

Stability studies 

The stability of the designed nanosystems was evaluated by monitoring the physico-

chemical characteristics of the formulations stored at 4°C for a period of three months. 

First, the stability of the liposomal systems was assessed for 120 days (Table 3). The size 

of the vesicular systems remained similar for 90 days, increasing slightly after 120 days. 

The PI and −potential values remain almost unchanged throughout the 120 days, thus 

demonstrating the good stability of these vesicular systems. Subsequently, the stability of 

the formulations containing the polyphenolic extract was monitored (Table 4). These 

results shows that even when transporting the polyphenolic extract, the liposomal systems 

retain their chemical-physical properties, while the E% decreases slightly after 30 days 

in all three formulations tested. The niosomal systems NIO/EF 1 and NIO/EF 3 show 

stability, as no significant changes in their properties are observed after 60 days. 

 

Table 3. Stability analysis of liposomes based on lecithin and cholesterol, stored at 4 °C evaluated by 
monitoring diameter, P.I. and ζ−potential. Data was collected at specific time points, up to 3 months, and 

expressed as mean of three independent experiments ± SD. 

 

 

 

 

 

 

 

 

  

Time (days) Size (nm) I.P  potential  
0 166,6 0,257 -24,4 ± 0,493 

4 183,1 0,230 -18,8 ± 1,85 

8 189,7 0,231 -19,9 ± 0,757 

30 218,7 0,234 -20,7 ± 1,54 

60 194,4 0,255 -20,1 ± 0,208 

90 208,4 0,258 -20,5 ± 0,221 

120 281,7 0,264 -24,4 ±0,321 
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Table 4. Stability analysis of DDS stored at 4 °C evaluated by monitoring diameter, P.I., ζ−potential, and 
E%. Data was collected at specific time points, up to 3 months. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In vitro release studies and antioxidant activity 

The ability of nanosystems to release the encapsulated polyphenols was evaluated using 

Franz diffusion cells for 24 hours and compared with the release profiles of olive leaves 

extract solutions. As shown in Figure 2, the LIP/EF 1 formulation showed a slower and 

more prolonged release of the phenolic extract than the free solution. In particular, a 

release of 66% was recorded after 24 hours, in contrast to the 84% obtained with the 

phenolic extract solution. NIO/EF 1 initially (in the first 5 hours) showed a rapid release 

comparable to that of the phenolic extract solution. From the sixth hour onwards, the 

niosomal systems show a slower and more prolonged course, reaching a release of 65%. 

The antioxidant activity of the tested samples shows, in each case, a concentration 

dependency. The scavenging power of the liposomal systems, however, is significantly 

lower than that of the leaf extract solution, in line with the prolonged release due to 

liposome delivery. Although the antioxidant activity remained relatively constant from 

the third to the sixth hour for all three samples, a significant increase was observed at the 

FORMULATIONS Time (days) Size 
(nm) 

PI  potential E % 

LIP/EF1 

0 199.1 0.255 -20 ± 0.781 76% 

15 180.7 0.287 -23.4 ±0.485 40.17 % 

30 195.5 0.287 -21.1 ± 0.357 38.80 % 

60 218.2 0.289 -22.8 ± 0.45 41.85 % 

LIP/EF2 

0 214.4 0.214 -24.8 ± 0.722 50.35 % 

15 247.2 0.259 -27.2 ± 1.92 48.17 % 

30 226.5 0.266 -23.6 ± 1.30 43.87% 

60 230.4 0.263 -24.7 ± 0,57 39.92% 

LIP/EF3 

0 236.9 0.271 -23.4 ± 0.560 58% 

15 195.3 0.212 -19.3 ± 0.58 64.50 % 

30 198.6 0.242 -20.4 ± 0.456 63.43 % 

60 215.3 0.251 -21.0 ± 0,350 55.20 % 

NIO/EF1 

0 245.1 0.189 24.1 ± 1.66 59.52% 

30 161.4 0.227 36.7 ± 1.89 50.50 % 

60 172.0 0.190 40.2 ± 2.21 49.50 % 

NIO/EF3 

0 511.1 0.269 30 ±1,89 40% 

30 650.8 0.260 28.2 ± 0.88 38.24% 

60 670.2 0.243 30.4± 2.45 35.87% 

NANO/CHIT/ EF2 

0 234.6 0.179 16.6 ±0.557 26.76 % 

30 266.6 0.213 20.1 ± 0.51 23.50 % 

60 300.1 0.220 17.9 ± 0.487 20.80 % 

NANO/CHIT-EF4 

0 424.8 0.292 13.3 ± 0.569 30.80% 

30 400.9 0.184 18.4 ± 1.45 17.30 % 

60 403.8 0.178 17.5 ± 1.89 15.80% 
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highest concentration tested for the niosomal systems, reaching 50% inhibition compared 

to the solution (32%). 

 

Figure 2. Release profile of (♦) olive leave extract (■) olive leave extract liposomes and (▲) olive leave 
extract niosomes correspondingly, and evaluation of antioxidant activity with DPPH assay at 3h, 6h and 

24h of release. 

A similar dynamic emerges in Figure 3. The liposomal system shows slower release, 

reaching 67% release in 24h. A more sustained and rapid release is manifested by the 

niosomal systems reaching 92% in 24h, similar to the release observed petr the free 

extract, which reaches 98%. Analysis of antioxidant activity again shows a concentration-

dependent inhibitory action. In particular, in the first 6 hours, higher inhibition values are 

recorded for the liposomal and niosomal systems (ranging from 50 to 70%) than for the 

free solution (about 40%) when tested at the highest concentration. After 24 hours, 

however, all three systems maintain a correlation with concentration, maintaining 

comparable antioxidant power. For the extract at the highest concentration tested (EF3), 

it is observed that the antioxidant efficacy is affected by both dose and time. 

 

Figure 3. Release profile of (♦) olive leave extract (■) olive leave extract liposomes and (▲) olive leave 
extract niosomes correspondingly, and evaluation of antioxidant activity with DPPH assay at 3h, 6h and 

24h of release. 

Hemolytic activity  
Emphasis is placed on the analysis of hemolytic activity on mammalian erythrocytes, the 

blood cells commonly used to assess surfactant-membrane interaction. The experiments 
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were performed in vitro on erythrocytes, using a phospholipid concentration between 38 

and 380 μg/mL (Table 6). Analysis of the data obtained shows that the liposomal systems 

do not exhibit hemolytic activity in the range of concentrations tested. Similarly, the 

niosomal systems based on cationic surfactants also show no signs of hemolytic activity 

in the range explored (Table 7).  
Table 6. % of hemolysis for liposomal formulation 

Concentrations (μg/mL) % of hemolysis 

38 1,50 

76 1,60 

114 2,16 

152 3,91 

190 3,95 

228 5,23 

266 5,67 

304 7,52 

345 8,75 

380 11,35 

 

Table 7. % of hemolysis for niosomal formulation 

Concentrations 

(μg/mL) % of hemolysis 

8 0,24 

16 0,65 

24 0,45 

32 0,48 

40 0,72 

48 0,88 

56 0,83 

63 1,01 

72 1,08 

80 1,24 

 

Conclusions 

Nanosystems bearing olive leaf extract were obtained by means of the thin-layer 

evaporation technique. Chemical-physical analysis showed that the particles have a size 

of around 200 nm in the case of liposomes and between 200 and 500 nm in cationic 

niosomes. Both systems show a high encapsulation capacity, with liposomes achieving 

an E% of 70%, while niosomes are around 50%. The polydispersity index, with values of 

0.2 in all cases, indicates a remarkable homogeneity of the system. Stability studies 

conducted for three months showed good chemical-physical stability, maintaining 
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parameters similar to the initial ones. In vitro release studies were conducted for both 

systems, followed by evaluation of antioxidant activity. The vesicular formulations with 

the lowest amount of leaf extract showed a longer and slower release profile than the 

corresponding extract solution. The antioxidant activity, although lower than that of the 

extract, showed a dose dependence, but only slightly influenced by time. Similar results 

were found for the vesicular formulations with the highest amount of extract, although a 

more significant release was observed when the extract was administered compared to 

the solution. This is reflected in the antioxidant activity, which is comparable between the 

free extract and the vehicle extract. Consequently, these systems could be an excellent 

solution for the administration of extracts with antioxidant properties, as well as offering 

the opportunity to explore further activity over time. 
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3.3 Exploring the antioxidant efficacy of Caffeic acid solution and 
micellar dispersions through photostability investigations.  

Introduction 

Caffeic acid (CA), (3,4-dihydroxycinnamic acid) is a naturally occurring polyphenol with 

low molecular weight isolated from various plants such as coffee, tea, thyme, oregano, 

sage, berry, apple and potato [1] In addition to widely reported antioxidant activity [2], 

CA also exhibits various pharmacological properties such as anticancer, antibacterial, 

hepatoprotective, anti-inflammatory and antiglycemic [3, 4, 5, 6] . Recently, it has been 

also reported the therapeutic potential of CA in preventing and treating Alzheimer disease 

by reducing the production and aggregation, and promoting the clearance of amyloid 

 peptide [7]. Despite, the pharmaceutical potential of this molecule, its application is 

limited by the high hydrophobicity, poor bioavailability and high instability to 

environmental stress [8,9]. It is known that CA has poor photostability and is readily 

converted into cis stereoisomers degradation product upon exposure to light [10]. 

Aqueous CA solution resulted also be sensitive to oxygen, light, and high temperature 

leading to a complete degradation after 30 days of storage [11]. In this contest, 

encapsulation in nanoscale delivery systems could represent a useful strategy to improve 

solubility and control chemical stability. Among the various nano delivery systems, 

polymeric micelles are interesting devices for delivery of hydrophobic compounds. 

Polymeric micelles have a shell-core structures formed by the spontaneous self-assemble 

of amphiphilic polymers in water. Other than improving solubility, the encapsulation of 

hydrophobic drug in polymeric micelles have been studied for the ability to protect 

photosensitive drug from light. Various research groups reported, indeed, the reduced 

photodegradation of chemicals when incorporated in polymeric micelles [12,13,14]. 

Moreover, polymeric micelles are widely used for their ability to enhance skin permeation 

of a wide range of poorly water soluble molecules [15,16,17]. Polymeric micelles could 

enhance drug solubilization into the skin, increase partitioning into the skin deeper layers 

and form a depot into the skin by slow and sustained drug release from intact polymeric 

micelles [17]. Among the polymeric micelles, pluronic copolymers have been widely 

used in the fields of nanomedicine. Pluronics (PEO-PPO-PEO or PPO-PEO-PPO) are the 

first family of synthetic non-ionic surfactants, designed and manufactures by BASF, 

recognized as safe and biocompatible materials in pharmaceutical field and widely used 

for their capacity to solubilize lipophilic drugs [18]. Thank their amphiphilic nature, they 
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form, in fact, micelles above the critical micellar concentration. The hydrophobic PPO 

segments were assembled in the core of the micelle, while the hydrophilic PEO chain 

forms a corona shell owing to its high hydrophilicity. Pluronic micelles are widely 

employed as drug delivery systems since their good biocompatibility, biodegradability 

and ability to increase solubility, improve circulation time, and release drugs at the target 

sites [19]. P123 is a hydrophobic pluronic widely used for the drug delivery in brain and 

cancer therapy [20,21]. P123 results very interesting since exhibits a temperature 

dependent aggregation behaviour: at low temperatures, polymer is well-soluble in water 

and appear as independent polymer chains, while with the temperature increase P123 

solubility decreases and the chains start to aggregate and form micelles with spherical, 

worm-like and lamellar structures [22,23]. The aim of the present study was to develop 

P123 micelle to enhance aqueous solubility, topical bioavailability and light stability of 

CA. Micelles were prepared using various polymer concentrations and loading several 

drug amount. CA encapsulation was carried out using direct dissolution method and was 

confirmed using UV–visible spectroscopy followed by the physico-chemical 

characterization of micelle formulations and in-vitro drug release studies. Specifically, 

release experiments and rheological characterization was performed at two different 

temperatures considering the variety of different temperature dependent P123 micelle 

morphologies. Moreover, stability experiments to light and temperature were carried on 

CA free and loaded in micelles. All the prepared formulations were subjected to forced 

degradation tests, according to the International Conference on Harmonization (ICH) 

rules [24]. Along with the degradation experiments, the antioxidant activity of the CA 

free and loaded in micelle before and after stress stability test was investigated.  

Materials and methods 

Chemicals 

Caffeic acid (CA) 2,2-Diphenyl-1-picrylhydrazyl (DPPH), was purchased by Sigma 

Aldrich, Milan, Italy. Water and ethanol of absolute grade were purchased by J.T. Baker 

(Amsterdam, The Netherlands). Pluronic P123 having molar mass of 5800 gmol−1 with 

average composition of (PEO)20(PPO)70(PEO) 20 was purchased from Merck.  

Instruments and software 

UV spectra were registered in the range of 200–450 nm using a Perkin-Elmer Lambda 

850+ UV/Vis Spectrophotometer (PerkinElmer, Boston, MA, USA) under the following 

conditions: scan rate: 1 nm s −1, time response:1 s, and spectral band: 1 nm. The software 

https://www.sciencedirect.com/topics/chemistry/hydrophilicity
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UV Winlab® 7.3.0.340 (PerkinElmer, Boston, MA, USA) was used for spectral 

acquisition and elaboration. According to the ICH rules, photodegradation experiments 

were made by means of a light cabinet, Suntest XLS+ (Heraeus, Milan, Italy), equipped 

with a Xenon lamp (Atlas Material Testing Technology, Mt Prospect, IL, USA). The 

apparatus closely simulate sunlight and allow to select a spectral region between 300 and 

800 nm. A cooling system connected to the irradiation chamber allows temperature 

control inside the box. Thermal stability tests were performed in a thermostatically 

controlled ovens (2100 High Performance Oven, produced by Fratelli Galli, Via 

dell’Artigianato, 12, 20072 Pieve Emanuele, Milano – Italy). Kinetic profiles of CA 

formulations during all degradation experiments were calculated by applying the 

Multivariate Curve Resolutions (MCR) algorithm to the spectral data by using the 

Matlab® computer environment software (Mathwork Inc., version 7, Natick, MA, USA). 

Standard solutions 

Standard solutions of CA were prepared in water and in ethanol in the concentration range 

of 5.0 – 30.0 mg mL-1. 

Preparation and characterization of micelles 

Empty and CA-loaded micelles were prepared by direct dissolution method using amount 

of P123 equal to 5%, 10% and 20 % (w/w) according to the phase diagram of P123 in 

aqueous solution [25]. Accurately weighted amount of P123 and CA ranging from 0.1% 

to 5%(w/w) were solubilized in water and stirred at room temperature overnight to reach 

thermodynamic equilibrium. The average particle hydrodynamic diameter, the 

polydispersity index (PI) and the surface charge of the resulting micelles were determined 

by light scattering techniques using Zetasizer Nano ZS 90 (Malvern Instrument, 

Worcestershire, UK). CA-loaded micelles were filtered through a 0.22 μm pore-size 

syringe filter to remove CA excess. The structure of the micelles was destroyed by 

dilution with ethanol and the concentration of CA solubilized in the final solution was 

evaluated using UV-Vis spectroscopy at 285 nm (absorbance maximum of CA) using the 

standard curve method. The encapsulation efficiency (EE%) was calculated using the 

following Eq 1: 𝐸𝐸% = 𝐶𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑖𝑐𝑒𝑙𝑙𝑒 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑥 100 (1) 

All samples were analysed in triplicate. 
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Rheological characterization 

The rheological properties of P123 micelles were studied by Dynamic Shear Rheological 

(DSR) measurements. The rheological measurements were conducted using a shear 

strain-controlled rheometer RFS III (Rheometrics, USA) equipped with concentric 

cylinder geometry (inner radius 17 mm, gap 1.06 mm). The temperature is controlled 

directly via the rheometer software by a fluid circulator (error ±0.1). To prevent errors 

due to evaporation, the measuring geometries were surrounded by a solvent trap 

containing water. The fresh surfactant solutions were submitted to shearing rates during 

experiments, were fully transparent and free from foam and air bubbles. 

Steady flow experiments (flow curves) were performed in a shear rate range of 0.02–1700 

s-1. Sometimes it was not possible to coverall shear rate range due to the instrumental 

limits imposed by the viscosity of the samples. 

In vitro hemolysis assay 

Red blood cells were separated from heparinized blood by centrifugation at 3000 rpm for 

10 min. Then, the plasma was removed, and the red blood cells were redispersed in PBS 

and washed three times. For the hemolysis assay, erythrocytes suspension was diluted in 

PBS to 8x109 cells/ml. An aliquot of 25 mL of erythrocyte suspension was mixed with 

various volume of micelle in microtube and the final volume was completed to 1 mL with 

PBS pH 7.4. The mixtures were incubated under shaking at room temperature for 10 min. 

At the end of the incubation, the samples were centrifuged at 10000 rpm for 5 min. 

Absorbance of the hemoglobin release in supernatants was measured at 540 nm using a 

UV-vis spectrophotometer and the percentages of hemolysis were determined by 

comparison with the positive control samples completely hemolyzed. 

Experimental conditions in the stability studies 

Five aqueous solutions of CA were prepared at the following concentration values: 5.0, 

10.0, 15.0, 20.0 and 30.0 mg mL-1. Each solution was directly light irradiated in the 

Suntest cabinet by applying the following experimental conditions: irradiation range 

between 320 and 800 nm; irradiance power fixed to 350 W m−2, corresponding to a light 

dose of 21 kJ min−1 m−2; temperature of 25 °C. The UV spectra were recorded just after 

the preparation and at the following interval times of light exposure: 1, 2, 3, 4, 5, 6, 7, 8, 

10, 15, 20, 30, 60, 90 and 120 min. Three aqueous solutions were exposed to thermal tests 

in the thermostatic bath at 60 and 80 °C, respectively. The UV spectrum was acquired for 

each experiment just after the preparation and at the same interval time used for 
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photodegradation experiments until a total time of 120 min. The data matrix obtained 

from the collected spectra for each experiment was analysed by MCR-ALS to define the 

number of the involved components (number of degradation products), their absorbance 

spectra, and the kinetic rate of the degradation process (k values).  

Radical scavenging activity 

Stock dispersions of CA free and loaded in micelles were diluted in order to obtain 

different concentrations 1.5 mL of the sample were incubated with 1.5 mL of ethanol 

DPPH solution 0.25 mM at room temperature in the dark. After 30 min, absorbance 

measurements were taken at 517 nm with UV-vis spectrophotometer. The DPPH radical 

scavenging activity was calculated according to the following equation: 𝐷𝑃𝑃𝐻 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = (𝐴0−𝐴1)𝐴0 𝑥100  (4) 

where A0 is the absorbance of control and A1 is the absorbance in presence of CA free and 

loaded in micelle formulations. Moreover, the antioxidant activity of degradation 

products of caffeic acid was estimated after photodegradation process. Each experiment 

was carried out in triplicate and the results expresses as means ± SD.  

In vitro diffusion and skin permeation studies 

In vitro CA diffusion and skin permeation from P123 micelles has been evaluated by 

Franz cells at two different temperatures, 32 and 40 °C. Particularly, the diffusion barrier 

was Visking tubing (Spectra/Por®, cut-off 12–14 kDa), while for permeation studies 

rabbit ear skin was used. The artificial membrane and skin was clamped between the 

donor and the receptor compartment of the Franz diffusion cell. The effective penetration 

area was 0.416 cm2, and the receptor compartment capacity was 5.5 mL. The receptor 

compartment was filled with medium and at various time points the medium in the 

receptor compartment was collected and replenished immediately with an equal amount 

to maintain sink conditions. Then, the CA concentration released were quantified using 

UV-vis spectroscopy. The cumulative amount of CA permeated per unit area was 

calculated, and the permeation profile was plotted as a function of time. In order to 

determine the amount of CA retained in the skin, the skin was carefully separated from 

the diffusion cell at the end of skin permeation experiments (24 h) and rinsed with 

deionized water to remove any residual formulation. Then the retained CA in skin was 

extracted by soaking in 10 mL of ethanol for 1 h with constant stirring in the dark. The 



Chapter 3: Nanosystems for topical and transdermal drug delivery 

165 

solution was then filtered by a membrane (0.22 μm), and the content of CA was analysed 

by UV-vis spectroscopy. 

Results and discussions 

Micelles characterization 

In this manuscript, attempts were made to solubilize CA in P123 micelle to increase the 

bioavailability, stability and antioxidant activity. Micellar aggregates were prepared using 

three different surfactant concentrations (5%, 10% and 20%). The maximum solubilized 

concentration of CA in 10% and 20 % (w/w) P123 micelle solution was 0.5 (w/w) %. 

Instead, micelles made up of 5 % of surfactant were able to solubilize only the 0.2(w/w) 

% of CA. For this reason, the micellar solution prepared with 5 % of surfactant was 

eliminated from the subsequent study. The average size for empty micelles and drug-

loaded micelles are reported in Table. The mean diameter of empty P123 micelles and 

drug-incorporated micelles was in the range between 11.7 and 15.9 nm with rather narrow 

size distribution (PI lower than 0.218). Loading micelles with CA did not visibly affect 

their size  

Table 1. Physicochemical characterization of empty and CA loaded mixed micelles. 

Sample P123 
%(w/w) 

CA 
%(w/w) 

Size (nm) PI Z Potential 
(mV) 

EE % 

MC5 5 - 17.7 0.029 -5.45±0.225 - 
MC5CA0.1 5 0.1 15.86±0.16 0.087 -5.27±1.07 77.68 

MC5CA0.2 5 0.2 15.85±0.02 0.103 -7.78±2.11 82.59 

MC10 10 - 15.9 0.149 -7.31±1.66  - 
MC10CA0.5 10 0.5 13.53±0.92 0.097 -1.08 ±0.18 78.73 

MC20 20 - 11.7 0.214 -0.59±0.35 - 
MC20CA0.5 20 0.5 12.83±1.12 0.218 -1.62±0.42 80.55 
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Figure 1. Intensity size distribution of MC10CA0.5 (A) and MC20CA0.5 (B) determined by DLS. 

Rheological studies 

Rheological characterization was carried out on MC10 and MC20 micellar formulations, 

both empty and CA-loaded. The experiments were conducted at 3 different temperatures: 

25°C, 32°C and 40°C. These studies show that for the empty micelles solutions (Figure 

2), in both cases (10%wt and 20%wt), the viscosity decreases with increasing 

temperature. It is worthy to note the initial shear thinning and low viscosity values. It 

means the micelles are small and lightly oblate. The effect of the temperature is expected. 

The viscosity decreases in temperature to kinetics reasons. This thinning behaviour is 

slightly more pronounced with increasing of the P123 content and the viscosity is higher. 

The micelles are more oblate at higher percentage of P123. 
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Figure 2. Rheological characterization of (A) MC10 (B) MC20 at 25°C (■), 32°C (●) e 40°C (▲) 

When the CA-is loaded in micelles (Figure 3), the viscosity decreases at 32°C and after 

it increases at 40°C. However, this behaviour can be observed in both micelle solutions, 

but at 20 %wt: this effect is dominant, in fact the flow curves of the MC20CA0.5 solution 

is higher than that one measured at 25°C. This means that at 40°C the CA induces the 

“gel formation”. In presence of CA the micelles grow and the shape becomes more 

asymmetrical. 

 

Figure 3. Rheological characterization of (A) MC10CA0.5 (B) MC20CA0.5 at 25°C (■), 32°C (●) e 

40°C (▲). 

From this behaviour, it can be assumed that the micelles have an oblate and not 

completely spherical shape. In addition, a characterisation of the size of MC20CA0.5 was 

conducted by means of dynamic light-scattering analysis at different temperatures. Table 
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the preparation and at different interval times of stressed exposure until to a total time of 

120 min. The data matrix obtained from the collected spectra for each experiment was 

analysed by Multivariate Curve Resolution- Alternating Least Squares (MCR-ALS) to 

define the number of the involved components (number of degradation products), their 

absorbance spectra and the kinetic rate of the degradation process (k values). This 

chemometric procedure aims to resolve the chemical contributions to the outcome of an 

experiment as described through a data matrix. The MCR method decomposes the 

experimental data matrix (D) into a reduced set of contributions of chemical species (in 

our study, CA and its degradation products) using a bilinear model. The number of 

components involved in the matrix D (chemical rank) can be estimated by Principal 

Component Analysis (PCA) algorithms. The chemical rank assumes that the species 

contributing to the measured spectra have singular values larger than the other signal 

contributions, such as experimental or instrumental noise. Once the number of 

components is known, the ALS algorithm uses a series of constraints to optimize the MCR 

model. The application of constraints such as non-negativity, unimodality, and 

concentration closure allows one to optimize the results according to a chemical meaning. 

The quality and reliability of the multivariate resolution can be assessed using the 

explained variance (%R2) and the lack of fit (%). Wavelengths below 215 nm were 

discarded as preliminary selection, due to their high variability or instrumental noise. 

Therefore, the MCR processing was applied to spectral data between 215 and 450 in all 

experiments.  

When CA is exposed to light, data processing shows the formation of a single 

photoproduct (CA-Ph) for all the tested concentration values. As an example, figures 8 

showed the spectral sequence (part A) recorded during the photodegradation experiment 

on the CA solution at a concentration value of 20.0 mg mL-1, concentration profiles (part 

B), and the UV spectra of the pure compound and the relative photoproducts (part C).  
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1 Introduction 

The last century has witnessed unprecedented growth of nanotechnology applications in 

medicine with the aims to advance medical treatments, both for diagnostics and therapy, 

and improve health care quality. The design at the nanoscale range allows for the 

development of scaffolding systems able to overcome the limitations of conventional drug 

delivery. The reasons why nanoscale particles are attractive for medical purposes are their 

important and unique features, such as the small size and large functional surface that can 

be engineered to bind, adsorb, and carry compounds with targeting, imaging, and/or 

therapeutic properties. Various types of nanostructure materials have been developed by 

researchers for pharmaceutical applications. Among them, vesicular systems have caught 

increasing attention. Vesicular systems are core-shell structures consisting of one or more 

concentric bilayers formed as a result of self-assembling of amphiphilic molecules in 

aqueous environments. In aqueous media, indeed, amphiphilic molecule polar groups line 

up to form a water-attracting surface, while their lipophilic chains form a water-free zone 

(Fig. 1). 

Their architecture makes them a versatile platform for the delivery of both hydrophilic 

and hydrophobic therapeutic agents. Hydrophilic drugs can be included in the core, 

whereas the lipid bilayer offers space for integration of hydrophobic drugs. They have 

been largely used, indeed, as a carrier of anticancer, antimicrobial drug, protein, gene, and 

imaging agents [1]. Many studies have demonstrated that vesicular systems improve drug 

pharmacokinetics and protect it against dilution and degradation or inactivation in the 

bloodstream. Interestingly, targeted delivery of drugs at the desired pathological tissue 

can also be achieved, thereby lowering its concentration at the other sites in the body and 

reducing toxic side effects [2]. Key advantages of vesicular delivery systems are 

https://www.sciencedirect.com/science/book/9780323919241
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versatility and plasticity. Vesicle com- position is, indeed, an important parameter 

affecting physicochemical characteristics including particle size,  

 

 
Figure 1. Sketch of different types of vesicular nanocarriers 

surface charge, bilayer fluidity and permeability, stability and drug loading, and release 

rate [3]. Therefore, composition may vary and be chosen depending on the desired 

application. Source materials may be natural compounds such as phospholipids and 

polymers or have a “chemical” origin such as nonionic surfactants. Some of the most used 

amphiphilic molecules employed in the design of a vesicle structure are reported in Fig. 

2. In addition, some drugs may be formulated as nanoscale vesicles and then function as 

their own “carrier.” In addition, some drugs can be formulated as nanoscale vesicles and 

act as vectors of themselves. These types of drugs, known as surfadrug, have in their 

structure one or more flexible and hydrophobic aromatic nuclei, to which an ester group 

or a charge-bearing N atom is directly linked, or which include a pyridine-like N atom 

[4]. The direct use of drugs for vesicle preparation offers the possibility to bypass the use 

of additional excipients, improve formulation safety, and increase the amount of loaded 

drugs. 

The pioneer formulations of vesicles made up of a drug, known as diclosomes, were 

developed by Tavano and coworkers [5]. The authors proposed the use of antiflammatory 

drug, diclofenac sodium, as the main component of the vesicular bilayer and it was 

observed that diclosomes exhibit the best performance with respect to traditional 

niosomes loaded with the diclofenac sodium aqueous core. 
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2. Type of vesicles 

Vesicles for drug delivery purposes are categorized based on the amphiphilic component 

of the bilayer in liposome, niosomes, and polymersomes (Fig. 1). The nature of the 

amphiphilic molecule affects vesicle properties, and some of the main differences are 

summarized in Table 1. In the next paragraph, we will describe in detail the most 

interesting advantages and application of every vesicular aggregate. 

 

Figure 2. Common amphiphilic molecules employed in the design of vesicular drug delivery systems.  

2.1 Liposomes  

Liposomes are the oldest vesicles used as drug carriers and depict the first example of a 

clinically approved nanomedicine [6,7]. Actually, there are, indeed, more than 40 

liposomal products either on the market or in various phases of clinical trials (Doxil, 

AmBisome, and Myocet) [8]. The main reasons of their wide translation in clinical 

therapy are their low immunogenicity, toxicity, and better therapeutic efficacy [9]. 
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Liposomes are concentric bilayer vesicles composed of natural or synthetic lipids. A large 

variety of lipids with different head groups, chain saturation, chain lengths, and charge 

are available for their synthesis. 

Table 1  Comparative features of liposomes, niosomes, and polymersomes. 

Liposomes Niosomes Polymersomes 

Phospholipids Nonionic surfactants Amphiphilic block 

copolymer 

Chemically unstable Chemically stable Chemically stable 

High permeability Tunable permeability Low permeability 

Special storage condition No special storage conditions No special storage conditions 

Expensive Inexpensive Inexpensive 

Limited versatility Wide chemical versatility Wide chemical versatility 

 

Common phospholipids used are phosphatidylcholines, phosphatidylethanolamines, 

phosphatidylserines, and phosphatidylglycerols [10]. From their first description in 1960, 

several improvements of liposome technology have been pursued evolving various 

formulations with distinctive characteristics such as conventional liposomes, sterically 

stabilized liposomes, ligand-targeted liposomes, and multi- functional liposomes [11]. 

Conventional liposomes are composed of anionic, cationic, or neutral phospholipids. 

Despite their ability to improve drug pharmacokinetics, conventional liposomes exhibit 

many problems such as fast macrophage uptake, chemical instability, and high membrane 

permeability, resulting in poor retention efficiency and drug leakage during blood 

circulation. Many approaches have been addressed to enhance in vivo performance, and 

one of them was the surface modification with hydrophilic polymers such as polyethylene 

glycol (PEG) developing stealth liposomes. 

The hydrophilic polymer is able to establish a steric barrier reducing rapid recognition 

and uptake by reticuloendothelial system (RES) and in vivo opsonization remaining, 

there- fore, in circulation longer than conventional liposomes [12]. Anyway, the stealth 

strategy shows several drawbacks such as poor targeting efficiency. To overcome this 

limitation, liposomes conjugated on their surface with molecules selectively 

overexpressed at the dis- ease target site such as antibodies, peptides, and carbohydrates, 

glycoproteins or specific receptors ligands have been developed. Ligand-targeted 

liposomes increase drug selectivity, achieving a narrow distribution and accumulation at 

the site of interest with minimal deposition in healthy tissues. Finally, a new generation 
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of liposomes, which incorporate multiple complementary targeting strategies, have been 

developed to further improve liposomal targeting and maximize therapeutic outcomes.  

2.2 Niosomes  

Niosomes are structurally similar to liposomes and have attracted increasing interest as a 

better alternative to liposomes, thanks to their higher stability and lower production cost. 

Niosomes and liposomes display almost similar behaviour in sustained and targeted drug 

delivery. The only difference is their composition and chemical properties related to the 

material used in their preparation. Nonionic surfactants are the main constituent of 

niosomes and show better chemical stability with respect to phospholipids. Moreover, 

niosomes do not require a special storage condition, handling, and purification, which are 

necessary for liposome preparation. A variety of nonionic surfactants, such as 

polysorbates, alkyl esters, and alkyl ethers, are typically used for niosome preparation. In 

the last few years, attention has been focused on the development of newer classes of 

surface- active agents such as gemini surfactants to prepare innovative devices. 

Gemini surfactants are composed of two hydrophobic chains and two polar head groups 

covalently connected by a covalently spacer group at the level of the head groups. 

Compared to corresponding single-chain surfactants, gemini surfactants exhibit superior 

aggregation capacity and, thus, lower CMC value [13]. Gemini surfactants based on 

amino acid have attracted increasing interest for the ability to combine the advantages of 

gemini surfactants in terms of efficiency with the higher biodegradability and lower 

toxicity of amino acids [14]. Specifically, gemini surfactants derived from lysine and 

arginine are very interesting since in addition to their better physicochemical properties, 

they showed an important antibacterial activity against a broad spectrum of gram-positive 

and gram- negative microorganisms [15]. 

2.3 Polymersomes  

Polymersomes are artificial vesicles based on the self-assembly of amphiphilic 

copolymers. Block copolymers are macromolecules similar to lipids composed of a 

combination of hydrophilic and hydrophobic portions, which tend to self-assemble into 

various supramolecular structures. Amphiphilic block copolymers can be composed of 

two and three types of monomers with different structures like ABA, BAB, or ABC 

formats, where A and C are hydrophilic blocks with diverse chemical composition and B 
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is the hydrophobic block and also complex multiblock copolymers with linear or grafted 

blocks [16]. 

Typical hydrophilic blocks are nonionic polyethylene oxide or PEG, anionic 

polymethylacrylic acid or polyacrylic acid (PAA), cationic poly(2-vinyl pyridine) or 

poly(4-vinyl pyridine), and so forth. Instead, common hydrophobic blocks are 

polystyrene, polypropylene oxide, polybutadiene, and polylactic acid. Molecular 

composition and length of the hydro- phobic and hydrophilic blocks, indeed, influence 

different physicochemical properties such as membrane rigidity, size, and stability. 

Owing to the material used to prepare them, polymersomes present countless advantages 

such a high stability [17], extended blood circulation, drug loading capacity, and 

membrane versatility due to the great variability of the starting materials. Compared to 

liposomes, polymersomes exhibit a greater life span and are generally more stable due to 

low membrane permeability; therefore, they can retain drugs with greater efficiency. 

An interesting feature of these type of vesicles is the large versatility of polymer 

chemistry. Unlike phospholipids that exhibit a large limitation of functionalization, 

polymers can be functionalized in countless ways, and so, they are easily tunable for the 

desired therapeutic application [18]. This capability allows to design a variety of 

polymersomes with adjustable fluidity, permeability, stability, responsiveness, and 

targeting and imaging properties. 

3 Engineered vesicles for therapeutic purposes.  

The main goal of nanoscale vesicles as delivery agents is to deliver drugs with high 

selectivity to target tissues. Various approaches have been explored by researchers to 

develop smarter, safer, and more effective therapeutic nanovesicles systems. Advances in 

nanomedicine to achieve personalized therapy include targeted drug delivery, 

responsiveness to specific stimuli, and multifunctional approaches. The main goal of 

nanomedicine is to enable nanosystems to deliver the cargo (drugs, genes, radioisotopes, 

etc.) in a specific manner to avoid systemic toxicity and accurately measure the 

therapeutic efficacy delivered. 

3.3 Transformable drug delivery vesicles  

One strategy to improve the therapeutic index of nanoparticles is to engineer them to be 

transformable in response to the given stimuli. Nanovesicles, indeed, can be engineered 

to be sensitive and release their cargo under the action of specific stimuli. Taking 

advantage of the abnormal environment of pathological site, nanosized vesicles can be 
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tailor-made by making their structure moieties sensitive to a specific environmental 

stimulus. These smart vesicles may selectively localize drug release in a specific disease 

tis- sue and represent good tools to achieve controlled or on-demand release [19]. Two 

main strategies are widely exploited in the design of nanodevices with personalized 

release kinetics. In one approach, internal stimuli related to the intrinsic difference 

between healthy and pathological tissue may be used to trigger drug release. Changes in 

pH, enzymatic expression, and concentration of the redox agent are common internal 

triggers used to provide an intrinsic, autonomous, and targeted drug release pattern [20]. 

Conversely, the second approach used to improve drug selectivity relies on the use of 

physical stimuli externally applied. These include temperature, light, ultrasound, and 

electric or magnetic fields (Fig. 6.3). The use of external stimuli allows to achieve a 

pulsatile drug release profile and provide also a high control over temporal and spatial 

drug release into the targeted site [21-23].  

 

Figure 3. Schematic representation of main exogenous and endogenous stimuli involved in the design of 
transformable vesicles 

 

3.4 Actively targeted vesicles  

A further approach applied to improve drug selectivity is the active strategy that relies on 

the covalent attachment on the nanocarrier surface of ligands highly specific for target 

cells. These devices, so engineered, recognize and bind to receptors overexpressed on the 

pathological targeting site, inducing their internalization via receptor-mediated 

endocytosis. This specific molecular recognition offers the opportunity to address and 

deliver drugs to a specific site and to decrease cytotoxicity and side effects of drugs on 

healthy cells and organs, which are common drawbacks of traditional therapy. Various 

receptors have been recognized as a potential target for treatment of several diseases, and 
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a large number of ligands such as antibodies aptamers, peptide, polysaccharide, and small 

molecules have been studied to promote binding to themselves [24] (Table 2). Folic acid 

[41], epidermal growth factor [42], and transferrin [27] are common target moieties 

widely employed in the design of a target drug delivery system for cancer therapy. In the 

last few years, particularly appealing results have led to the employment of antibodies, 

aptamers, and peptides in the design of tumor-targeting nanoparticles for their low 

immunogenicity and high specificity and affinity to their biomarker [43]. Moreover, the 

simultaneous conjugation of more than one targeting moiety on the nanocarrier surface 

has been proposed to prevent receptor saturation and allows for a sufficient concentration 

of nanocarriers in the intracellular environment of pathological cells [44]. The high 

surface-area-to-volume ratio of nano- sized vesicles allows, indeed, to achieve high 

ligand density on the surface and to bypass the activity of multidrug resistance transporter 

cells. To achieve better clinical outcomes, one of the last challenges of nanomedicine is 

the targeting of subcellular organelles such as nucleus or mitochondria [45]. Common 

drugs act, in fact, at the nucleus or mitochondria level, and so, the direct release at the 

subcellular site/organelle is necessary to enhance therapeutic efficacy. The simultaneous 

conjugation on the nanocarrier surface of cellular and subcellular targeting allows for 

nanovesicle internalization via endocytosis in disease cells and then nanoparticle delivery 

to a specific intracellular compartment by organelle-targeting moieties on their surface. 

Typical moieties widely used to mediate nuclear and mitochondrial targeting are, 

respectively, transactivator of transcription (TAT) peptide [46] and triphenylphosphonium 

(TPP) moiety [47]. 

 

3.5 Multifunctional vesicles  

A further advance of nanotechnology relies on the development of vesicles that integrate 

multiple complementary targeting approaches in the same systems to optimally per- form 

delivery functions and so improve drug efficacy. 

The ability to engineer nanoscale vesicles to possess multiple functions represents the 

greatest remaining challenges in the field of drug delivery, opening a new avenue in 

clinical therapy. The design of the drug delivery platforms by combining passive, active, 

and stimuli-responsive targeting enhances their safety and efficacy resulting tools able to 

inter- act with a high degree of specificity with a specific cell or tissue [48]. 
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Various combinations of targeting strategies have been investigated in the design of smart 

functional vesicles and have shown exciting results in preclinical studies, demonstrating 

their potential as therapeutics carriers [49]. Vesicles engineered to exhibit 

multifunctionality and smart release provide better control of cargo release and reduced 

toxicity on normal tissue [50]. Moreover, nanovesicles that integrate various 

functionalities may perform imaging, drug monitoring, targeted delivery, and controlled 

release simultaneously, enhancing accurate disease diagnosis and prognosis. 
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Table 2 Diverse targeting ligands used for active and specific cell recognition of nanovesicles for cancer 

therapy. 

 Ligand Target Formulation Drug Cells References 

Small 

molecules 

Folic acid FR Span 80 niosomes Curcumin MCF-7, 

MDA-MB 231 

[25] 

 Folic acid FR FA-PEG-DSPE 

liposomes 

5-Fluorouracil CT26 [26] 

 Transferrin Tf-R L64ox/Cho

l niosomes 

Doxorubicin MCF-7, 

MDA-MB-231 

[27] 

Peptides ApoE LDLR ApoE-PS-DOX Doxorubicin U-87 MG [28] 

 Stearyl-H16 

peptide 

Lysosome H16-

Liposomes 

DOPC, 

CHOL 

α-GAL 

(lysosomal 

enzyme) 

HT1080 [29] 

 Peptide R8 Brain EPC, CHOL, 

DSPE-

PEG2000 

liposomes 

Doxorubicin U87-MG [30] 

 MPP 

Peptide 

Cytochrome 

C reductase 

CHOL, DOPE 

Liposomes 

Antimycin A A549 [31] 

Antibodi

es 

Anti-ER- 

antibody 

ER SPC, CHOL, 

DSPE-

PEG2000 

liposomes 

Doxorubicin MCF-7 [32] 

 Cetuximab EGFR DPPC, 

CHOL, 

DSPE-

PEG2000 

liposomes 

Doxorubicin A431-A549 [33] 

 Anti-CD123 

antibodies 

IL3R Span-80, 

cholesterol 

niosomes 

Daunorubicin 

hydrochloride 

NB4, THP-1 [34] 

Aptamer

s 

TLS1c Biotin BioTL-Cab/ 

liposomes 

Cabazitaxel Caco-2, 

HepG2, 

MEAR 

cell lines 

[35] 

 AS1411 Nucleolin Aptamer- 

Doxorubici

n Liposomes 

Doxorubicin MCF-7 [36] 

 AS1411 MMP2 PEG-Peptide-

PLA 

polymersomes 

SN38 CHO, C26 [37] 

 AS1411 Nucleolin Tween-80 

niosomes 

Nucleolipidic 

Ru (III)-

complex 

HoThyRu 

HeLa, HTB-

38, HCC2998, 

HEK-293T 

[38] 

Carbohy

drates 

Hyaluroni

c acid 

CD44 HA-PEG-BMLs 

liposomes 

Doxorubicin MEF, LLC1, 

U87 

[39] 

 Hyaluroni

c acid 

CD44 Egg yolk lecithin, 

DOPE, Chol 

liposome 

Paclitaxel A549, MCF-7 [40] 

 

4 Pharmaceutical application of vesicles  
4.3 Cancer Therapy 

Exploiting the unique characteristics of the tumor microenvironment, vesicular systems 

can be smartly designed to be high selective to cancer cells. To this purpose, several 



Chapter 4:      Intelligent stimulus-responsive nanosystems for drug delivery 

193 

strategies are used, such as active and passive targeting and stimuli-responsiveness. 

Passive targeting relies on the spontaneous nanodevice accumulation to the tumor site by 

the enhanced permeability and retention effect. Vesicles with a diameter range of 60—

500 nm commonly extravasate the leaky vessels of tumor vasculature [51,52]. Anyway, 

this tendency is significantly limited by RES uptake in liver and spleen. To bypass this 

problem and extent vesicle half-life, long-circulating vesicles by surface coating with 

PEG have been developed [53]. 

Active targeting consists of covalent attachment to the vesicle surface of targeted ligands, 

the receptors of which are overexpressed in tumor tissue [54]. This approach pro- motes 

specific binding and cellular uptake, achieving high targeting specificity and drug 

delivery efficiency, avoiding the nonspecific toxic effect on healthy tissue. A large variety 

of molecules have been employed in the design of cancer-targeted vesicles (Table 6.2). 

Specific targets include growth factor receptors, G protein-coupled receptors, and integrin 

receptors (αvβ3 and αvβ5) [55]. Sometimes, vesicle constituents may possess intrinsic 

targeting properties as with sugar-based surfactants that exhibit glycan moieties able to 

address insulin-independent glucose transporter, being widely overexpressed in human 

tumors enhancing targeted delivery of anticancer drugs [56]. More interesting biological 

moieties for target drug delivery are antibodies and peptides, which exhibit improved 

selectivity and specificity toward overexpressed cell membrane receptors [57]. Many 

novel peptides have been discovered to act as ligands with high affinity of various 

receptors such as transferrin, epidermal growth factor (EGFR/HER1 and HER2), gastrin-

releasing peptide, aminopeptidase N, vascular endothelial growth factor 2, and integrin 

receptors overexpressed in many tumor phenotypes [58]. In 2021, Ouyang et al. [28] 

demonstrated that the functionalization of polymersomes with apolipoprotein E derived 

peptide results in eightfold higher enrichment of doxorubicin intratumoral concentration, 

effectively inhibiting glioblastoma and representing a safe chemotherapy. A further 

advance in drug targeting was carried out by researchers developing the concept of dual 

targeting based on the simultaneous conjugation of various targeting ligands exploiting 

the synergist effect and reducing receptor saturation [59]. Folic acid was widely used for 

the design of dual ligand-endowed vesicles: promising results consisting of an improved 

cellular uptake and enhanced tumor killing effect have been observed when combined 

with transferrin [60], glutamic hexapeptide [61], and TAT peptide [62]. 

After internalization in cancer cells, it may be ideal that the nanocarrier undergoes 

transformation, releasing entrapped drugs in response to a given local stimulus. In light 
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of this, smart stimulus-sensitive vesicles have been designed to achieve a specific 

controlled release, avoiding drug leakage in healthy tissue and subsequent toxic effects 

[63]. Typically, tumors have a lower pH than healthy tissues, so labile bonds based on 

diorthoesters, vinyl esters, cisterine-cleavable lipopolymers, double esters, and 

hydrazones have been proposed for the design of pH-sensitive vesicles  [64].  In  addition,  

some  molecules with pH-titratable groups such as phospholipids,  cholesterol  derivative,  

and  polymers [64—66] are also employed for constructing pH-sensitive tools. A further 

stimulus largely investigated to achieve target cancer therapy is redox potential, which 

takes advantage of the higher GSH intracellular concentration in tumor cells, which are 

able to cleave redox- cleavable groups and trigger drug release.  In light of this, 

introduction of disulfide bonds (—S—S—), diselenide bonds (—Se—Se—), thioether 

bonds (—C—S—S—C—), and thioketal linkers have been actively pursued [67,68]. 

The use of multifunctional vectors that simultaneously possess more than one useful 

targeting property in the same system has been proposed as a further evolution in the field 

of nanomedicine [69]. Multifunctional nanoparticle systems can integrate imaging, 

targeting, and treatment modalities for simultaneous delivery of multiple treatment 

agents, applying effective combinatorial therapeutic regimens against cancer. It has been 

reported that stealth vesicles equipped with the targeting part possess several 

pharmacokinetic advantages over traditional ligand-targeted vesicles [70,71]. In 2021, 

Peng et al. [72] designed multitarget redox-sensitive liposomes comodified with glucose 

and TPP to ensure effective delivery of doxorubicin and lonidine for antiglioma therapy. 

Antiglioma evaluation showed that the two drugs have a synergistic effect and their 

delivery into liposomes could enhance their cooperation. In vitro antiglioma efficacy 

showed that multi- functional liposomes can inhibit tumor cell proliferation and induce 

apoptosis. In addition, the devices have significant interference on mitochondria, such as 

reducing intracellular ATP production, inducing ROS generation, and promoting 

depolarization of mitochondrial membrane potential. Moreover, the introduction of 

PEGylation through glutathione- sensitive disulfide bonds confers to the vesicle-

favorable in vivo pharmacokinetic proper- ties, brain targeting ability, low toxicity, and 

high antiglioma efficacy. A fascinating attempt was carried out by Baradan et al. [73], 

who coated liposomes encapsulating 5- fluoruracil using hyaluronic acid having not only 

pH sensitivity but also targeting proper- ties to colorectal cancer cells expressing CD44 

receptors. These modified liposomes showed optimal targeted delivery and drug release 
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into colorectal cancer cells, rendering them susceptible to apoptosis, cell cycle arrest, and 

decreased colony formation. 

A revolutionary method to fight cancer has recently emerged and is focused on the use of 

immune vesicles to boost immune response against tumor cells. This approach is the main 

strategy pursued in cancer treatment and is discussed in the paragraph below. 

 

4.4 Diagnostic  
Early diagnosis is a crucial factor influencing disease survival and clinical outcome [74]. 

Conventional diagnostics systems carry several disadvantages, such as untargeted 

biodistribution, low bioavailability, and delayed detection [75]. Nanoparticles hold great 

promise as diagnostic tools since they may be engineered to achieve high specificity 

toward a target, delivering a large payload amount in a single dose and simultaneously 

delivering both imaging agents and therapeutics, resulting in nanosystems that can 

simultaneously diagnose, treat, and monitor therapeutic response (nanotheranostic) [76]. 

Fluorescent molecules or contrast agents like gadolinium chelates and superparamagnetic 

iron oxide nanoparticles (SPIONs) are typically loaded in vesicles to improve their half-

life and stability [77], developing nanosensors for detecting and grading diseases at the 

early stage. The spatial orientation of molecular cargos such as magnetic resonance 

imaging (MRI) contrast agents, fluorescent dyes, and drug molecules is influenced by the 

physico-chemical properties of vesicles. Consequently, physicochemical properties could 

be engineered to increase the diagnostic and therapeutic efficacy of molecular cargos [78]. 

For example, gadolinium relaxivity depends on the ability to interact with water protons. 

Liposomes are not suitable devices for the gadolinium derivative due to the slower water 

diffusion across the lipid bilayers [79]. Polymersomes with a porous structure were pre- 

pared using a chemical initiator and phospholipids that were subsequently extracted with 

a surfactant, generating a highly porous outer membrane, which showed an R1 relaxivity 

that is threefold higher than that of nonporous polymersomes [80]. Another strategy relies 

on the immobilization of the chelated gadolinium on the polymersome surface that 

decreases the distance between the gadolinium ions and the surrounding water [81]. 

A niosomal formulation of methyl aminolevulinate was developed for the encapsulation 

of radionuclides to achieve an improved PDD/PDT (photodynamic diagnosis/therapy) 

system [82]. To do so, the surface of these liposomes was decorated with folate and the 

resulting devices demonstrated superior activities compared to the free compound. In 

another study, folate-targeted and radiolabeled liposomes were used for the codelivery of 



Chapter 4:      Intelligent stimulus-responsive nanosystems for drug delivery 

196 

paclitaxel (PTX) and vinorelbine, aiming to design a theranostic system. Data obtained 

highlighted higher uptake in the tumor tissue, stronger antitumoral effect, and imaging 

potential, suggesting their promising role as a nanotheranostic agent [83]. 

Peptides are also employed to selectively address diagnostic nanovesicles [84]. Song et 

al. 

[85] proposed the simultaneous functionalization with two peptides targeted for 

angiogenesis of liposomes for the delivery of a gadolinium derivative. From the results 

obtained, it can be found that the simultaneous presence of two targeting moieties exerts 

a synergistic effect in delivering the contrast agent to the tumor site with specificity, 

enhancing the signal rate in in vivo MRI and resulting in a good system for molecular 

imaging of tumors. A pH- responsive peptide able to produce targeting activity at low pH 

such as that of tumor tissue was proposed for the design of theranostic devices based on 

liposomal formulation containing PTX and SPIONPs. The resulting nanovesicles showed 

effective antitumor activity with an MRI effect by producing dual functionality with a 

single therapeutic dosage form [86]. Demir and coworkers [87] encapsulated gold 

nanoparticles and a photosensitizer, protoporphyrine IX, in FA-modified targeted Tween 

80/Chol niosomes to develop a theranostic tool for cancer therapy. The resulting 

nanovesicles, thanks to their targeting capability, exhibited therapeutic efficacy in HeLa 

and A549 cell lines for radiotherapy and photodynamic therapy as well as for combined 

therapy (PDT 1 RT) and cell imaging applications. An innovative tool to support COVID-

19 diagnosis was developed by Hu and coworkers [88] combining two different 

technologies: antibody-mediated capture and liposome-mediated delivery. In the assay, 

extracellular vesicles directly captured from plasma through the interaction of an antibody 

with the surface protein CD81 were then fused with reagent-loaded liposomes to 

sensitively amplify and detect a SARS-CoV-2 gene target. This approach accurately 

identified patients with COVID-19, and its major utility is the ability to detect plasma 

extracellular vesicles-derived SARS-CoV-2 RNA as an early and durable sign of systemic 

infection and could be used as a secondary test for suspected COVID-19 cases that are 

negative with quantitative polymerase chain reaction with reverse transcription. 

 

4.5 Gene delivery  

The delivery of nucleic acids to mammalian cells (transfection) has emerged as a new 

frontier of molecular medicine for the genetic treatment of hereditary diseases, cancers, 

and some viral infections [89—92]. Although naked nucleic acid administration is 
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considered the safest way to transfect cells, such a process is sadly ineffective. To 

overcome this limitation, researchers have focused on developing and using vectors as a 

vehicle for safe and effective gene delivery, such as nanovesicles. In 2018, the first gene 

nanomedicine based on lipo- somes (Patisiran, ONPATTRO) has been approved by the 

US Food and Drug Administration for the treatment of the polyneuropathy of hereditary 

TTR-mediated amyloidosis, enhancing the translation of gene therapy from concept to 

clinical application [93]. More recently, liposome technology to formulate mRNA 

vaccines to treat the devastating COVID-19 disease has received the approval by 

regulatory agencies. The main feature vesicles used to develop efficient gene delivery 

systems must have is the presence of a positive charge on the vesicle surface. In fact, the 

presence in the vesicle bilayer of cationic polymers (e.g., poly-l-lysine, polyethylenimine, 

poly(starchamine), and chitosan) [94] or lipids [95—97] enhances the formation of 

complexes with anionic nucleic acids through simple electrostatic interactions improving 

intracellular transfer [98]. Moreover, several studies have suggested that the type and 

amount of cationic lipid or surfactant significantly affects the transfection efficiency. 

Specifically, some helper and neutral lipids such as 1, 2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), dioleoylphosphatidylcholine (DOPC), monoolein (MO), 

and cholesterol are commonly employed in the design of gene delivery vesicles for their 

ability to significantly improve transfection efficiency [99]. Nonionic surfactants such as 

Span and Tween have been also recognized to act as a helper component, improving 

transfection efficiency and the stability and bilayer fluidity [100,101]. Recently, 

chloroquine and sphingolipids have been proposed as an interesting material for gene 

delivery due to their ability to act as a biophysical properties enhancer and to improve 

deoxyribonucleic acid (DNA) binding affinity and so transfection efficiency of niosomal 

formulations [102,103]. Acyl chain length and saturation influence also the efficacy of 

gene therapy. Abumanhal Masarweh et al. [104] found that liposomes with longer acyl 

chains and monounsaturated phospholipid performed much better than shorter tails and 

saturated phospholipid on cellular uptake. 

Transfection efficiency resulted in dependence on vesicle size and surface charge. Sakai-

Kato et al. [105] investigated the effect of particle size (100—200 nm) on transfection 

efficiency that enhanced with the increase of particle size, which was due to the strong 

electrostatic interaction between cationic liposomes and plasma membrane. Conversely, 

fusion efficiency was reduced as the size of lipoplexes increased because larger lipoplexes 

were more stable than their smaller counterparts during the process of endosomal mem- 
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brane fusion [106]. For efficient and targeted gene delivery to brain cells, Singhs et al. 

[107] developed surface-modified liposomes with a cell-penetrating peptide and 

transferrin loaded with chitosan-complexed plasmid DNA. Transfection efficiency in 

neuronal cells has been reported to be higher using bifunctional liposomes (PenTf-

liposomes) compared to Plain-, Tf-, and Pen-liposomes. The efficient cellular 

internalization and endosomal escape properties resulted in transfection enhancement, 

suggesting the potentiality of the dual-targeting liposome gene delivery system to provide 

better brain targeting ability and therapeutic efficacy for treatment of neurodegenerative 

disease. More advanced approaches to augment effectiveness of gene therapy are based 

on the codelivery of biotherapeutic molecules along with traditional drugs in smart 

vesicles [108]. Saad et al. 

[109] formulated cationic liposomes loaded with doxorubicin complexed with siRNA for 

the treatment of multiresistant lung cancer cells that revealed a higher apoptosis index 

than each of the therapeutics when used individually. Similar results were manifested by 

Shim et al. [110], in whose study trilysinoyl oleylamide-based cationic liposomes were 

pre- pared for systemic codelivery of siRNA and an anticancer drug. The advantages of 

chemo- therapeutic and biological drugs were also combined in a pH-sensitive liposome-

based platform by Swami et al. [111], achieving a notably elevated tumor cell toxicity 

compared to individual counterparts. Maurer and coworkers [112] designed magnetic 

cation niosomes for siRNA delivery in combination with either erlotinib or trastuzumab 

against BT- 474 cells. The niosome mediated downregulation of the antiapoptotic LFG 

gene in BT-474 cells, increasing the activity of the targeted antineoplastic agents more 

profoundly as com- pared to their combination with free siRNA.  

 

4.6 Immunotherapy and vaccines  

Nowadays, immunotherapy and vaccines, both aiming to boost the human immune 

system, represent the mainstream and efficacious strategies for the prevention and 

treatment of a variety of diseases, including infectious and cancer. 

The first vaccines based on killed microorganisms or viruses, live attenuated organisms, 

and inactivated toxins drastically reduced the morbidity and mortality of numerous dis- 

eases over the past two centuries [113]. Despite the progress and wide use of these 

conventional vaccines, they still have the risk that attenuated antigens may revert to full 

virulence and there will be limited immune response [114]. Recent advances in 

vaccinology have led to the development of nanovaccines that have advantages of lymph 
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node accumulation and antigen presentation compared with conventional vaccines. One 

of the main advantages of using nanovesicles for antigen delivery is the ability to protect 

it from nonspecific degradation, to control the delivery profile, and to codeliver other 

chemotherapeutics for a potential synergic therapy [115] 

Strategies employed to design vesicles for immunotherapy application involve mainly the 

activation of antigen-presenting cells (APCs) or the amelioration of the cell 

microenvironment from immunosuppressive to immunoactive [116].  

 

Figure 4. Schematic representation of cancer immunotherapy mediated by 
nanovesicles. Nanovesicles loaded with antigens or mRNA-encoding antigen proteins 
are recognized by APC-inducing antigen presentation by two major pathways. In the 
first, the exogenous antigen is degraded via the endosome pathway and is loaded onto 
major histocompatibility complex (MHC) class II, activating the helper (CD41) cell 
and thus inducing humoral immunity. This interaction promotes the activation of B 

cells that produce proinflammatory cytokines and antibodies that trigger tumor 
apoptosis. In the second pathway, the endogenous antigen is degraded in proteasomes 
and is loaded onto MHC class I molecules, thereby inducing the activation of CD81 

lymphocytes that subsequently attack tumor cell inducing cytotoxicity. 

To this goal, nanovesicles can be loaded with several immune modulators (cytokines, 

interleukins, chemokines, antibodies, and toll-like receptor (TLR) agonists) or antigens 

(proteins, peptides, DNA, etc.). In the first strategy, vesicles loaded with antigens are 

recognized and uptaken by APCs that present the captured antigens on major 

histocompatibility complex (MHC) molecules to T cells by two different pathways. In the 

first, the exogenous antigen is degraded via the endosome pathway and is loaded onto 

MHC class II molecules, activating B cells and thus inducing humoral immunity. In the 

second pathway, the endogenous antigen is degraded in proteasomes and is loaded onto 

MHC class I molecules, thereby inducing cel- lular immunity via the proliferation and 
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differentiation into specific cytotoxic T cells, thus more effectively exerting the cell 

killing effect (Fig. 4). 

Liposomes represent ideal devices for the cytosolic pathway for their intrinsic membrane 

fusion ability [117]. Furthermore, different studies highlight the ability of the cation lipid 

to increase the deposition of antigen at the injection site and prolong the presence of 

antigen depot in the draining lymph nodes, resulting in sustained antigen uptake and APC 

activation [118].  

It has been shown that surface charge is the crucial factor affecting immune response 

activation and that positively charged (cationic) liposomes are more effective as vaccine 

adjuvants than negatively charged (anionic) and zwitterionic (neutral) liposomes 

[119,120] This superiority is due to the ability of cationic liposomes to promote the 

effective uptake by APCs due to the electrostatic interaction between the cationic 

liposomal parts and the negatively charged molecules on the surface of APCs [121]. This 

facilitates fusion with APCs, with subsequent intracellular localization of the liposomes 

and release of their anti- gen payload. 

For instance, in 2018, Sailor and coworkers [122] used positively charged fusogenic 

siRNA-loaded liposomes to enhance immune responses to Staphylococcus aureus 

infection, resulting in the knock down of proinflammatory marker IRF5 in macrophages 

and increased elimination capacity and accelerate healing. 

The immunostimulatory effect of cationic liposomes depends on the composition of the 

phospholipid used, including the type of lipid head groups, hydrophobic acyl tails, and 

their degree of saturation. Cationic liposomes based on ethylphosphocholine derivatives 

(1,2-dioleoyl-sn-glycero-3-ethylphosphocholine) are more effective in stimulating the 

maturation of DCs than those prepared using 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP) lipids. A variety of cationic liposomes have been shown to mediate 

immunostimulatory effects. The most commonly used cationic liposomes are those 

prepared with dimethyl dioctadecylammonium, 3β-[N-(N0,  N0-dimethylaminoethane)-

carbamoyl]  cholesterol, and DOTAP [123]. 

To increase antigen cross-presentation, nanovesicles have been rationally designed in 

multiple ways. One strategy relies on surface modifications using pH-responsive or 

fusogenic materials that lead to cross-presentation of exogenous antigens via the cytosolic 

pathway. Conversely, the targeting of receptors on APCs has been pursued to selectively 

release exogenous antigen in early endosomes, activating the vacuolar pathway. 
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In the cytosolic pathway, surface conjugation with a pH-sensitive polymer or fusogenic 

peptide has been proposed to induce a vesicular destabilization in the acidic cytosol 

environment, resulting in the cytosolic delivery of encapsulated immunostimulating 

agents and enhanced therapeutic effect. Cell-penetrating peptides such as octaarginine 

(R8) and fusogenic peptides (e.g., GALA and KALA) are commonly use to achieve them 

[124]. Similarly, synthetic polymers based on poly(carboxyl acid) having pH-responsive 

mem- brane-disruptive ability such as poly(ethyl acrilic acid) and poly(propyl acrylic 

acid), and carboxyl group-introduced poly(glycidol)s that are able to induce membrane 

fusion after protonation of their carboxyl groups are also employed [125]. Innovative 

tools for cancer immunotherapy were developed by Pithchamaini et al. [126] that 

synthetize fusogenic NKsome made up of activated natural killer membranes fused with 

the cationic liposome capable of directly target tumor cells, thanks to the abnormal 

expression of NK-92 cell membrane receptors. The engineered NKsome loaded with 

doxorubicin can recognize tumor cells with the help of NK cell markers and fused with 

the tumor cells more efficiently than normal cells, thereby showing its antitumor potential 

by releasing the chemo- therapeutic drug. NKsome shows a higher affinity toward cancer 

than normal cells and exhibits enhanced tumor homing efficiency in vivo with an 

extended circulation half-life. Moreover, liposomes showed excellent antitumor potential 

against human breast cancer cells and MCF-7 in vitro and in vivo. 

As already cited, another strategy used in immunotherapy is the targeting of APCs by 

conjugation on the vesicle surface of the molecule that is able to specifically target 

receptors overexpressed on APCs. In light of this, glycan molecules that exhibit a high 

specificity toward C-type lectin receptors (CLRs) are widely used, which enhance loading 

and presentation of antigen through MHC class I and II, induce antigen-specific CD41 

and CD81 T-cell proliferation, and skew T-helper cells [127]. In 2019, Liu et al. [128] 

designed drug-free mannosylated liposomes that can target macrophage phenotypes, 

enhancing tumor growth inhibition compared to bare liposomes. An interesting result was 

achieved using glycoliposomes obtained by coating liposomes with glycan Lewis(Le)X, 

which is highly specific for CLR. The obtained liposomes when loaded with the adjuvant 

monophosphoryl lipid A induced dendritic cell maturation and a potent antitumor 

response [129]. 

Inclusion of methoxypoly(ethyleneglycol), mPEG-phospholipid, into the liposomal 

bilayer successfully enhanced lymph node accumulation [130]. In a recent study, Truong 
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et al. [131] investigated the effect of Tween 80 and Tween 20 incorporation in the lipid 

bilayer on size, charge, stability, DNA encapsulation, and in vivo transfection efficiency. 

Tweens belong to a family of PEG surfactants with branched PEG chains attached to lipid 

tails with different lengths, and so, this difference could affect immune response. Indeed, 

in vivo transfection studies demonstrated that particles with the shorter Tween 20 were 

able to target the lymph nodes more efficiently and achieved highly specific transfection 

better than the longer Tween 80. 

The second strategy used in the development of immunovesicles is turning the 

immunosuppressive environment immunoactive by upregulation of immunoactive 

signaling pathways (e.g., the stimulator of interferon genes [STING] pathway), inhibition 

of immune checkpoints (e.g., PD-1, PD-L1, and cytotoxic T-lymphocyte antigen 4 

[CTLA-4]), and polarization of M2 TAMs to M1 macrophages. 

A cytosolic pattern recognition receptor utilized for spontaneous induction of antitumor 

T-cell immunity is used to activate STING. Wilson J. T. et al. [132]. designed pH-sensitive 

polymersomes for efficient cytosolic delivery of 20,5—3050 cyclic guanosine 

monophosphate—adenosine monophosphate, agonists of STING. The incorporation of 

pH-sensitive, cat- ionic 2-(diethylamino) ethyl methacrylate groups in the polymersome 

structure mediates the intracellular release of GAMP via an endosomal escape mechanism 

enhancing its immunomodulatory potency and therapeutic efficacy, resulting in tumor 

growth inhibition and inducing a immunological memory that protects against tumor 

rechallenge. In 2020, Chang H. C. et al. [133]. constructed pH-induced transformable 

nanovesicles based on poly(e-caprolactone)-hydrazone-PEG for the codelivery of tumor 

endogenous antigens HCP and immunological adjuvants CpG ODNs. Nanovesicles were 

also modified with CD80 antibody for APC targeting, and after APC-targeted delivery 

inside immune organs (spleen and lymph nodes), they remarkably are degraded in the 

acidic environment of endosome/lysosome, resulting in a stronger cargo release. 

Subsequently, CpG ODNs activate TLR9 signaling, while HCPs were presented by MHC 

I and II molecules, and these two routes induce a synergistic T cell-mediated antitumor 

immune response. 

Another strategy to enhance antitumor immunoresponse involves the use of antibodies or 

inhibitor that block programmed death ligand-1 (PD-L1)/PD-1 pathways. In light of this, 

the research group of Guo [134] developed pH-sensitive liposome coloaded with 

docetaxel and PD-L1 antibody to kill tumor cell directly, while switching off 

immunosuppression. This smart platform exhibited effective tumor inhibition and 
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prolonged survival time due to activation of the tumor-specific CD81 T cell, highly 

selective tumor killing, and decreased systemic toxicity. Another checkpoint inhibitor 

widely used to enhance nanoparticle immune response is CD47. For instance, Zhou and 

coworkers 

[135] designed MMP-2/pH dual-activable prodrug vesicle for cancer immunotherapy 

combining CD induction and CD47 blockade via the loading with a photosensitizer and 

oxaliplatin. The obtained nanoplatform efficiently suppressed the growth of both primary 

tumors and distant metastasis. Moreover, a specific antitumor immune memory effect to 

prevent autologous tumor recurrence was also observed. Using monoclonal antibodies is 

also one of the main ongoing clinical approaches to enhance immune responses against 

cancer cells. For instance, Irvine et al. [136] engineered, with anti-CD137 and an IL-2Fc 

fusion protein, the surfaces of PEGylated liposomes to activate tumor-specific T 

lymphocytes and tumor-draining lymph nodes and, thus, antitumor immune response. 

PEGylated liposomes containing CTLA-4-blocking monoclonal antibodies were 

prepared and their therapeutic effect and biodistribution were evaluated in mice bearing 

colon carcinoma tumors. PEGylated liposomes had prolonged blood half-lives and higher 

accumulation at the tumor site than non-PEGylated liposomes and free CTLA-4 blockade 

antibody. According to these results, improved therapeutic response consisting of lowest 

tumor volume and highest survival time were also observed, suggesting their great 

potentiality to be translated to clinical trials [137]. 

In the last few years, using nucleic acid vaccines has become an innovative and interesting 

strategy for combatting infectious diseases and cancers. Compared with traditional vac- 

cines, nucleic acid-based vaccines have the advantages of being safe, easy to produce, 

scalable, modifiable, and inexpensive and exhibiting a shorter production cycle [138]. 

Notably, the application of mRNA as vaccine has long been hampered by instability, 

innate immunogenicity, and low delivery efficiency in vivo. To overcome these hurdles, 

appropriate delivery systems have been studied and the emerging of SARS-COV-2 

infection in 2019 accelerated the development of mRNA vaccines [139]. In December 

2020, FDA approved the first mRNA drugs (Pfizer/BioNTech COVID-19 vaccines) for 

use in humans. Nucleic acid loaded in nanocarriers contain instructions to guide the host 

cells to produce antigenic proteins, which, subsequently, stimulate specific immune 

responses. Vaccines are cationic nanoparticles, consisting of a cholesterol, an ionizable 

cationic lipid, a PEGylated lipid, a phospholipid (distearoylphosphatidylcholine) helper 

lipid, and entrapped mRNA coding for the protein spike of the coronavirus. The mRNA 
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will then be expressed as the spike protein, in turn promoting an immune response to it 

that will kill or inactivate the invading virus. The mechanism by which liposomes act as 

an immunological adjuvant to augment the immune response to the spike protein is not 

clear at present. 

Richner et al. [140]  developed mRNA nanovesicles vaccine encoding Zika structural 

genes to protect against Zika virus infection for intramuscular delivery to induce high 

levels of protein expression in vivo. The results showed that it conferred protection and 

sterilized immunity in several strains of immunocompetent mice and the protective 

response was durable; even 14 weeks after boosting, challenged mice showed no 

morbidity or mortality. In one of the first proof-of-concept study, researchers compared 

the efficacy to boost mice’s immune response of mRNA vaccine based on liposomes 

consisting of ionizable amino lipid, phospholipid, cholesterol, and PEG containing lipid 

and commercial vaccines by inactivated virus against rabies and influenza [141]. A strong 

immune response in mice were achieved, which was like or even higher than that achieved 

after a single intramuscular injection of nonreplicating mRNA vaccines, which induced 

functional antibody titers comparable to vaccination with a full human dose of licensed 

vaccines based on inactivated virus. The efficacy remained stable during an observation 

period of up to 1 year after one single booster dose, opening new avenues for accelerated 

vaccine development in the field of infectious diseases. More recently [142], a first-in-

human study focused on mRNA vaccine encapsulated in liposomes using as anti- gen 

rabies virus glycoprotein was carried out to assess the safety, reactogenicity, and 

immunogenicity potential of this new vaccine model in comparison with a licensed rabies 

vaccine formulation in adult human volunteers. The authors observed a high 

reactogenicity at the initial tested doses of 5 μg, while when tested at 1 and 2 μg doses, 

no vaccine- related serious adverse events or withdrawals occurred. Moreover, liposomal 

formulation had functional antibody responses after two doses that were comparable with 

three doses of licensed rabies vaccine up to 4 weeks after the second dose. 

To date, in clinical trials of tumor immunotherapy applications, many studies have 

evaluated the antitumor effect of mRNA vaccines and indicated that it is feasible to use 

mRNA vaccines for the prevention and treatment of tumors. 

In 2018, Guan et al. [143] developed immunostimulatory spherical nucleic acids 

consisting of liposomal cores functionalized with a dense shell of RNA inserted into the 

wall of the lipid core via hydrophobic cholesterol moieties. The resulting device was able 

to selectively target toll-like receptors TLRs and triggered an NF-κB pathway to activate 
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dendritic cells greater than that of free or cationic lipid-transfected RNA of the same 

sequence selective for them. 

In another work, Markov et al. [144] proposed the use of mannosilated liposomes for the 

delivery of plasmid DNA encoding EGFP and total tumor RNA to DC. The resulting 

device enhanced the antitumor response in a murine melanoma model reducing five- to 

sixfold the number of melanoma lung metastases. 

Sayour and coworkers [145] designed RNA cancer vaccine based on nanoliposomes 

encapsulated with personalized tumor-derived mRNA (representing a tumor-specific 

transcriptome). The developed vaccine was shown to significantly increase percent 

expression of MHC class I/II, costimulatory molecules, and activation markers on tumor 

APCs and potentiate antitumor T cell immunity through endogenous host T-cell 

responses. 

A promising vaccine platform for cancer treatment based on DPPP:Chol liposomes coen- 

capsulating the pore-forming protein sticholysin II (StII) with ovalbumin (OVA) has been 

developed by Lanio et al. [146]. Resulting devices were able to induce OVA-specific cyto- 

toxic T lymphocyte (CTL) activation and an antitumor response in vivo. Specifically, the 

study highlighted that liposomes were encapsulated by a phagocytic mechanism resulting 

in the cross-presentation of the encapsulated OVA by the vacuolar pathways, suggesting 

the vital role of macrophages in antigen cross presentation and inducing of immune 

response. 

 

5 Conclusions and outlooks 

Overall, vesicular systems are some of the best new delivery entities that have great 

potential for targeted drug delivery. Smart vesicles have already enhanced anticancer 

therapy and the delivery of vaccines, proteins, and DNA, and further benefits could be 

achieved soon, allowing for their translation in clinical practice. In addition to their 

biocompatibility and biodegradability, they provide an ideal opportunity for the 

development of versatile drug delivery platforms owing to possibility of using several 

kinds of material in the vesicular membrane, such as polymers, lipids, and nonionic 

surfactants. An accurate selection of different components could lead to the construction 

of tailor- made devices with desirable properties for the desired therapeutic purpose. 

Some liposome-based formulations are currently in clinical use, but despite extensive 

studies, there are still many hurdles to overcome before the full therapeutic potential of 

vesicular systems can be achieved. Reliable and reproducible fabrication processes and 
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good scale-up properties must be developed. Moreover, the in vivo behaviour of vesicle 

systems in terms of biodistribution, biological fate, and acute and subacute toxicity needs 

to be intensively investigated. We can hope to know more about it in the coming years. 
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Abstract  
In the current study, a smart release systems responsive to temperature was developed to 

improve tetracycline (TC) efficacy in antibacterial therapy. The nanovesicles designed 

consists of non-ionic surfactant, SPAN60, cholesterol and a phase change material 

(PCM), as a thermo-responsive gating material. Niosomes were prepared using increasing 

amount of PCM and characterized in term of size, Zeta potential, colloidal stability and 

thermoresponsive properties. The vesicles developed were homogenous in size, had good 

biocompatibility and stability up to 3 months and owned thermo-responsive behaviour. A 

low drug leakage was observed at 37°C, while a rapid release occurred at 42°C due to the 

faster diffusion rate of the drug trough the melted PCM. This controllable drug release 

capacity allows to avoid premature drug release minimizing unwanted and toxic effects 

and ensuring a long retention time in the nanodevice so that it reaches the infected sites. 

In addition, TC-loaded niosomes were screened for investigating their antibacterial 

activity against various Gram-positive and Gram-negative bacteria by minimum 

inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) assays. 

An interesting temperature-dependent antibacterial activity was observed against some 

bacterial strains: the niosomes activity against S. Epidermis, for example, was improved 

by the temperature increase as suggested by reduction in MIC values from 112.81 to 14.10 

μM observed at 37 and 42 °C, respectively. Taken together, the thermoresponsive 

platform developed allows to use lower antibiotic amount while ensuring therapeutic 

efficacy and, so, which will advance the development of a novel antibacterial agent in 

clinic.  

Keywords: Phase change materials, natural fatty acids, niosomes, thermoresponsive 

release, antibacterial activity  
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Introduction 

Nowdays, infectious diseases are a serious and critical threat for global health 

representing the major cause of morbidity and mortality. Several factors contribute to the 

ineffectiveness of existing antibiotics such as low water solubility, low bioavailability and 

stability, low patient compliance as a result of frequent administration and the rise of 

adverse side effects [1]. Furthermore, the excessive and improper use of conventional 

antibiotics has led to the emergence and rapid spread of multidrug-resistant (MDR) 

bacteria such as Escherichia coli, Klebsiella pneumoniae and Staphylococcus aureus that 

do not respond to standard treatments [2]. The development of new effective and safe 

antibacterial agents is a complex and expensive process that require long time. 

Consequently, new strategies have been developed to enhance the effectiveness of 

existing antibiotics. Recently, nanotechnology represents an attractive way to improve 

therapeutic effect of common antibiotics. Nano-size structures can act as antibacterial 

agents by themselves or as carriers of existent antimicrobials to promote bioavailability 

and effectiveness [3]. 

Nanocarriers result able to improve solubility of hydrophobic antibiotics, enhance cell 

membranes permeability, sustain antibiotic release and intracellular concentrations [4,5].  

Notably, a few formulations based on liposomes (AmBisome , Abelcet, Amphotec ) 

have been already approved by regulatory agencies for use in human patients and 

exhibited better pharmacokinetics than conventional formulations, including prolonged 

systemic-circulation half-life, enhanced therapeutic efficacy and, most importantly, 

reduce side effects [6]. Various factors such as chemistry, particle size and shape, surface-

to-volume ratio and zeta potential affect antimicrobial activity [2]. However, the short 

shelf-life and stability, encapsulation efficacy and the rapid clearance from the blood 

stream limits the efficacy of liposomes for antimicrobial treatment.  

Recently, stimuli-responsive antimicrobial nanoparticles have gained considerable 

importance as they have overcome some important challenges in the treatment of 

infections. This is because they recognize and respond dynamically to specific internal 

stimuli associated with the pathological infection microenvironment or to external 

physical stimuli obtained by applying an external source [7]. Targeted drug release allows 

to increase the local concentration of the active substance at the infection site minimizing 

the accumulation in healthy tissue and reduces the risk of systemic side effects [8]. Both 

chemical and physical stimuli can be used to induce conformational changes of these 

smart antibiotic devices that deliver antibiotics to the infection site in a controlled way 
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[9]. Nanocarriers, indeed, can be tailor-made designed to possess a wide range of 

chemical functionalities that easily undergo hydrolysis, enzymatic degradation or 

conformational changes in response to pH, redox status, temperature, light, ultrasound 

and proteolytic enzymes. Among them, temperature is the most widely used external 

stimulus to induce drug release from smart nanocarriers. Typically, these formulations 

contain in their structure molecules that change their physical properties in response to 

temperature alterations [10]. Therefore, drug release could be tailored to be slow and 

steady under physiological conditions, whereas fast when the temperature increase. 

Various molecules can be used to achieve temperature-controlled release such polymers, 

surfactant, phospholipid, and phase change material [11, 12]. Specifically, phase change 

materials (PCM) are materials with a high latent heat of fusion that undergo to solid-liquid 

or liquid-solid transition in response to narrow temperature change [13]. PCM are 

promising tools to construct smart delivery systems for the release control as at transition 

temperature melt and release drug quickly [14]. Consequently, this responsivity to 

specific temperatures allows to control the release of drugs at the target site avoiding 

premature drug leakage improving therapeutic efficacy and reducing harmful side effects. 

Among the various type of PCM available, very interesting are natural fatty acids for their 

low toxicity, easy biodegradation and low cost [15, 16]. 

Due to the limited types of natural fatty acids, it is difficult to achieve PCM with melting 

points close to the physiological temperature from a single component [13]. Therefore, 

researchers proposed to employ two or more kinds of fatty acids in several ratios to 

overcome these drawbacks and to achieve controllable melting temperature [17]. In this 

light, this study has been conceived to design smart thermo-responsive niosomes based 

on eutectic mixtures of natural fatty acids for antibiotic delivery. For this purpose, a 

eutectic mixture of natural fatty acids composed of lauric acid and stearic acid was used 

as thermoresponsive gate in vesicle bilayer. In fact, the eutectic mixture at weight ratio of 

lauric acid (mp = 44 °C) and stearic acid (mp = 69 °C) 4:1, exhibit a sharp melting point 

at 39 °C and can be used for thermoresponsive targeting. This PCM was incorporated in 

niosomes bilayer based on Span 60 and cholesterol in order to control the release of a 

broad-spectrum antibiotic, Tetracycline hydrochloride (TC), active against both gram-

positive and gram-negative bacteria. Commonly, TC efficacy is seriously limited by its 

low bioavailability, side effects and the emergence of resistance [18, 19]. Consequently, 

its encapsulation in a smart nanodevice as proposed in this work could be a potential 

solution to improve its clinical efficacy.  



Chapter 4:      Intelligent stimulus-responsive nanosystems for drug delivery 

221 

Materials 

Lauric acid, stearic acid, cholesterol, sorbitan monostearate (Span® 60), tetracycline 

hydrochloride (TC) were purchased from Sigma-Aldrich (Milan, Italy). Mueller-Hinton 

Broth was purchased from Difco Laboratories (Detroit, MI, USA). All solvents were of 

analytical grade and used without further purification. 

Preparation of thermo-responsive niosomes. 
First, lauric acid and stearic acid (4:1 by weight), were dissolved in chloroform to prepare 

PCM. Various niosomes formulations were developed by modulating molar ratio of 

Span60, Ch and PCM using the thin-film hydration method (Table 2). For this purpose, 

Span60 and Ch were solubilized in ethanol and chloroform mixed solvents (v/v 4:1). PCM 

were added directly to the solubilized surfactant and the final solution was then dried in 

a rotary evaporator at 40 °C to obtain thin lipid film. The lipid film was then hydrated 

with 10 ml TC aqueous solution (8.31 x 10-4 M) for 20 min at 60°C. After that, the 

dispersions obtained were firstly cooled at room temperature for 5 min and then at 4 °C 

in an ice water bath for 10 min accompanied by mechanical stirring to rapidly solidify the 

fatty acid eutectic mixture and promote the encapsulation of drug.  

Characterization of thermoresponsive niosomes 

The size and zeta potential of thermoresponsive niosomes were evaluated by dynamic 

light scattering (Malvern, Zetasizer Nano ZS) at a scatting angle of 90°. The morphology 

was characterized by transmission electron microscopy (HITACHI, Ht-7700). 

Encapsulation efficiency (EE %) of TC in nanovesicles were evaluated after purification 

by dialysis method. Purified niosomes were diluted 1:100 (v/v) using ethanol in order to 

break the niosomal bilayers and release the encapsulated compounds. The concentration 

of TC was measured using a UV−vis spectrometer at 271 nm and calculated according to 

a standard curve. The EE was calculated using eq 1: 𝑬𝑬 % = (𝑻𝑪 𝒊𝒏 𝒑𝒖𝒓𝒊𝒇𝒊𝒆𝒅 𝒏𝒊𝒐𝒔𝒐𝒎𝒆𝒔)/(𝑻𝑪 𝒄 𝒊𝒏  𝒏𝒐𝒏 𝒑𝒖𝒓𝒊𝒇𝒊𝒆𝒅 𝒏𝒊𝒐𝒔𝒐𝒎𝒆𝒔)  × 𝟏𝟎𝟎 

The stability of thermosensitive vesicles were evaluated by determining the sizes and zeta 

potentials at specific time points up to 3 months. Each measure was repeated three times, 

and the results were recorded as the mean ± standard deviation. Moreover, we sought to 

examine in vitro stability of niosomes in PBS, NaCl 0.9% and MH medium since these 

conditions would affect particle size and consequently the stability, uptake and 
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antibacterial efficacy. To perform this preliminary biological evaluation, 0.5 ml of 

niosomes were diluted up to 5 ml and the average size, polydispersity index, and ζ-

potential were evaluated by DLS maintaining samples at 37 °C and performing 

measurements at different time points (0, 0.5, 2, 5, 24,48 and 120 h). Thermograms of the 

physical mixture of Span60, CH and PCM mixtures were recorded using differential 

scanning calorimetry (DSC SETARAM 131). Samples were placed in an aluminum pan 

and scanned at a rate of 3 °C/min over a temperature range of 20–85 °C under a purge of 

nitrogen.  

In vitro thermo-responsive drug release.  

To evaluate the thermo-responsivity of developed niosomes, antibiotic release 

experiments were investigated by dialysis method at two different temperatures (37 and 

42 ◦ C). Typically, 1 mL of TC niosomes solution was poured into a dialysis bag (MWCO 

= 12-14 kDa), which was immersed in 25 mL of distilled water in a thermostat bath. At 

certain time intervals, 2 mL of solution was taken out and replaced with 2 mL fresh buffer. 

The absorbance value of the release solution was recorded at 271 nm by UV–vis 

spectrophotometer and the drug concentration was calculated according to the standard 

curve of TC. The results are reported as cumulative release (%) using eq:  

𝑻𝑪 𝑹𝒆𝒍𝒆𝒂𝒔𝒆 % = (𝑻𝑪 𝒓𝒆𝒍𝒆𝒂𝒔𝒆 𝒇𝒓𝒐𝒎 𝒏𝒊𝒐𝒔𝒐𝒎𝒆𝒔)/(𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑻𝑪 𝒊𝒏 𝒏𝒊𝒐𝒔𝒐𝒎𝒆𝒔)   × 𝟏𝟎𝟎 

Analysis of drug release kinetics. 

The mechanism of TC release for each formulation was exploited fitting release data to 

different kinetic models including first order, Korsmeyer-Peppas, Peppas-Sahlin and 

Weibull model [20] using the mathematical equation reported in Table 1: 
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Table 1. Kinetic model used to analyze the data of TC release from the developed thermosensitive 

niosomes. 

Release Kinetic Model Mathematical equation 

First order Q/Q0 = 1- ekt 

Korsmeyer-Peppas
 

Q/Q0 = k tn 

Peppas-Sahlin Q/Q0  = K1tm+k2 t2m 

Weibull Q / Q0 = 1-e (−b ⁎ t^a) 

where Q represents the amount of drug released at time t; Q0 is the initial amount of drug; 

k is the release constant.   The applicability of the release kinetics models was evaluated 

considering the regression coefficient of correlation (r2), Adj. R-Square, Pearson’s r and 

residual sum of squares. A higher value of Adj. R-Square and Pearson’s r indicate a model 

applicable to the release curve [21]. Conversely, a lower Residual Sum of Squares values 

highlight the better kinetic model [22]. 

 

Hemolysis assay  

Hemolysis assay was performed on fresh blood drawn and used on the same day as the 

experiments. Rabbit blood was provided by the Instituto de Química Avanzada de 

Cataluña-IQAC. Following the method described by Pape et al. [23], red blood cells were 

washed three times with a solution of PBS pH 7.4. Different volumes of a niosomal 

solution (1190 μg/mL/ 5940.5 μM), ranging from 10 to 100 μL, were placed in an 

Eppendorf, to which 25 μL of erythrocyte suspension and phosphate-buffered saline were 

added for a total volume of 1 mL. The samples were mixed for 10 min at room 

temperature and then centrifuged for 5 min at 10,000 rpm. The percentage of hemolysis 

was determined by comparing the absorbance at 575 nm of the supernatant of the samples 

with that of the control totally hemolyzed with distilled water. Each analysis was 

performed in triplicate. 

 

In vitro antibacterial activity 

To evaluate the antimicrobial activity of the thermosensitive niosomes, the MIC, defined 

as the lowest concentration of antimicrobial agents that inhibits the development of 

visible growth after 24 h of incubation at 37°C, was determined in vitro. The next 

representative Gram-positive and Gram-negative bacteria have been tested: Bacillus 

subtilis ATCC 6633, Staphylococcus epidermidis ATCC 12228, Staphylococcus aureus 
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ATCC 29213, Listeria monocytogenes ATCC 15313, Enterococcus faecalis ATCC 

29212, Escherichia coli ATCC 25922, Acinetobacter baumannii ATCC 19606, Klebsiella 

pneumoniae ATCC 13048. The MIC values of the developed niosomes were determined 

using a broth microdilution assay at two different temperatures. Serial dilutions of 

niosomes in Mueller-Hinton broth (MHB) were prepared and 200 μL of these were 

dispensed into the corresponding wells of a 96-well polypropylene microtiter plate. Then, 

10 μL of initial culture of each bacterial strain was added to obtain a final inoculum of 

about 5 × 10-5 colony forming units (CFU)/mL. The positive control wells contained 

MHB and the bacterial suspension without the niosomes, whereas the negative control 

wells contained MHB and the niosomes without bacterial suspension. Multiwell plates 

were incubated after sample inoculation at two different temperatures, 37°C and 42°C. 

After 24 hours, the MIC was visually determined as the development of turbidity indicates 

bacterial growth, reflecting an increase in cell number. To confirm the MIC observation, 

20 μL of 0.015% w/v resazurin was added to each well and allowed to react for about 2 

hours with the bacteria at the two temperatures. After the incubation period, the bacterial 

growth indicator changed from blue to pink, confirming the MIC value. Then the MBC 

(the antimicrobial concentration corresponding to at least a 3-log reduction in viable cells) 

was determined. A 10-μL aliquot of the MIC well and the two immediately preceding 

concentrations was seeded on Muller Hilton agar and incubated for 24 hours, at 37°C. 

The MBC was determined as the lowest concentration at which no colonies were observed 

on the agar plates. 

Results and discussion 

The aim of this work was to develop a thermosensitive nanodevice for localized antibiotic 

delivery. Unspecific antibiotic delivery has, indeed, important side effects such as sub-

lethal concentrations at the site of infection, lack of targeting causing the disruption of 

intestinal flora and the appearance of multidrug resistance. The encapsulation of 

antibacterial agent in niosomes was widely pursued in the last years to improve their 

stability, biocompatibility, prolong the release and enhance antibacterial efficacy [24]. 

Considering the recent success of stimuli-responsive nanocarriers to improve antibiotic 

efficacy, we focused on the design of thermoresponsive niosomes for the control of TC 

release. For this goal, a eutectic mixture of lauric and stearic acid is used as 

thermoresponsive gatekeeper of vesicle bilayer. The choice of this type of fatty acids is 
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mainly due to that when combined at weight ratio 4:1 has a well-defined melting point at 

39 °C. 

Niosomes were prepared via film hydration approach by changing the molar ratios of 

non-ionic surfactant, CHOL and PCM in order with the goal towards obtaining a stable 

formulation at physiological temperature and a higher release in hyperthermic conditions. 

Niosomes visually appeared as milk and turbid dispersions, the typical aspect of vesicular 

formulations. The physicochemical properties of vesicles are reported in Table 2. The 

mean particle sizes ranged between 244.9 and 348.3, with a P.I. lower of 0.3 indicating a 

homogeneous and narrow size distribution (Figure 1). The increase of cholesterol content 

resulted in a decrease of vesicle size since surface free energy usually decreases with 

increasing hydrophobicity and therefore resulted in smaller vesicles [25]. A similar trend 

was also observed with the increase of PCM content in vesicle bilayers which further 

raises nanocarrier hydrophobicity. The formulations developed presented a good ability 

to encapsulate TC in aqueous core as suggested by the high values of EE% that ranged 

between 53.44 and 81.29 (Table 2). The drug loading led to important variation of particle 

size: a significant increase in the hydrodynamic diameter was indeed observed (Table 3). 

This trend is already reported in literature and it is due to the fact that TC has a negative 

charge and when is located in the aqueous compartment was free to move and cause 

electrical repulsion each other leading to an increase of vesicle size [26, 27].   

Table 2. Composition (molar ratio) and physicochemical characterization of niosomes in terms of 
hydrodynamic diameter, P.I. and Z-potential. All formulations were prepared at 1 × 10−2 M of total lipid 

concentration. Values represent means  S.D. (n=3). 

Formulation Span60 

 

Chol PCM  Size  
(nm) 

P.I.  Z-potential 
(mV) 

SP60 1 - - 348.36.8 0.250 -28.3  0.87 

SP60PCM 1 - 0.5 327.33.6 0.220 -30.6  0.92 

SP60PCM2 1 - 0.7 270.04.5 0.237 -34.8  0.83 

SP60CH 0.5 0.5 - 311.14.9 0.270 -35.7  0.76 

SP60CHPCM 0.5 0.5 0.5 270.78.7 0.281 -37.7  1.18 

SP60CHPCM2 0.5 0.5 0.7 244.96.8 0.225 -29.3  0.84 
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Figure 1. Intensity size distribution of SP60CHPCM2 by DLS analysis. 

 

Table 3. Physicochemical characterization of niosomes loaded with TC in terms of hydrodynamic 
diameter, P.I., Z-potential and encapsulation efficiency (EE%). Values represent means  S.D. (n=3). 

Formulation Size  
(nm) 

P. I.  Z-potential 
(mV) 

EE% 

SP60 375.0 7.9  0.175 -26.1  0.58 66.363.79 

SP60PCM 352.5 5.7 0.192 -23.5 1.97 53.446.57 

SP60PCM2 355.3 8.5 0.245 -23.0 0.889 81.298.95 

SP60CH 488.3 4.3 0.184 -26.1 0.520 71.845.36 

SP60CHPCM 316.47.5 0.263 -27.9  0.503 54.866.82 

SP60CHPCM2 353.3 9.5 0.275 -26.6  0.611 66.784.77 

 

Despite its nonionic character the SP60 niosomes showed a large negative Z-potential 

value. The incorporation of the fatty acid mixture gave rise to lower Z-potential values 

due to the negative charge of these compounds. Anyway, all formulation exhibited large 

negative Z-potential values which help to increase the stability of these formulations due 

to electrostatic interactions. The TC loaded niosomes (Table 3) had higher values, but 

they are still enough negatives to maintain the stability. All these niosomes (free and TC 

loaded) presented low polydispersion index (0.174-0.281) which also can contribute to 

enhance the stability of these aggregates. The size and morphology of the SP60CHPCM2 

niosomes have been also study using TEM. This niosomes showed the best In vitro 

cumulative release profile of TC (see next section), because that it has been chosen to 

carried out these studies. As shown in TEM image (Figure 2), SP60CHPCM2 niosomes 

were uniformly spherical and homogeneous in shape and the size concordant with that 

evaluated by DLS. 
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Figure 2. Representative TEM images of SP60CHPCM2 

Next, we used differential scanning calorimetry (DSC) to evaluate the response of the 

developed formulation to temperature and the melting profiles for all the samples are 

showed in Figure 3.  
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Figure 3. DSC thermograms of (A) PCM physical mixture, (B) SP60CH niosomes whit and without 

PCM mixture and (C) SP60 niosomes whit and without PCM mixture 

Figure 3 A shows the DSC profile corresponding to the pure fatty acid and its mixture. As 

expected, the melting point of the PCM is lower than that corresponding to the two 

components. The melting point of the SPAN60 and SPAN60CH was around 55 ºC and 

the introduction of PCM in the vesicle bilayer of these niosomes conferred them a melting 

point around 40 ºC. 

The thermo-responsive properties of the developed nanodevices were investigated 

performing drug release experiments at two different temperatures corresponding to the 
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physiological (37°C) and hyperthermic temperature (42°). Ideal drug delivery systems for 

antibiotic delivery should ensure no premature drug leakage during blood circulation but 

quickly release at the target sites. 

Preliminary studies were done to achieve the best surfactant/PCM ratio that gives the 

formulation with suitable thermoresponsive properties. The inclusion of PCM in vesicles 

prepared without cholesterol conferred to the systems thermoresponsiveness dependent 

on the amount of eutectic mixture added in the bilayer. As shown in Figure S1, 

SP60PCM2TC, with the higher amount of PCM, achieved the total release of entrapped 

drug after only 4 h at hypertermic temperature, while SP60PCM release the 93 % of TC 

after 7 h. The release observed at 37 °C for these formulations is more slow, about 60% 

at 24 hours both systems. These results confirm our hypothesis that the inclusion of a 

eutectic mixture in vesicle bilayer with melting point of 39 °C allows to achieve a control 

of release dependent on temperature. Anyway, a significant leakage of TC already at 37 

°C was observed making these devices less efficient and increasing the risk for systemic 

toxicity. Therefore, we decided to incorporate cholesterol in the bilayer since its ability to 

increase niosomes stability and decrease the leakage of encapsulated content in the 

bloodstream [28, 29]. Figure 4 shows the TC release experiments corresponding to the 

niosomes containing cholesterol. We investigated if the cholesterol incorporation affects 

thermoresponsive properties of the developed niosomes. As shown in Figure 4, TC release 

profile from SP60CH vesicles shows only a little increase with the temperature change 

from 37 to 42°C. The cumulative release of TC is respectively 45.21 and 59.72 % at 37°C 

and 42°C after 24 h. On the contrary, a significant increase of the release is observed for 

vesicles that present PCM mixture in their bilayer. SP60CHPCM and SP60CHPCM2 

achieved a release equal to 65.40 and 54.04 % in 24h at physiological temperature. When 

the temperature increase at 42 °C, a fast and rapid release occurred resulting in the release 

of the total amount of drug encapsulated in only 7 and 2 h respectively for SP60CHPCM 

and SP60CHPCM2. Consequently, a clear temperature-dependent release pattern was 

observed highlighting the nanocarrier stability at physiological temperature and the 

increased release ability at phase-transition temperature, enhancing the local drug 

concentration at the infection site. So, cholesterol incorporation in the bilayer did not 

influence temperature triggered release properties of the developed vesicle but limits the 

TC release in physiological conditions. The best release profile was observed for 

SP60PCM2 that was more stable at 37 °C and released the drug rapidly when the 

temperature was higher than the phase transition temperature. Because of the obtained 
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results, stability studies and antimicrobial activity were conducted only considering  

SP60PCM2 vesicles. 

Figure 4. In vitro cumulative release profile of TC from SP60CH (A), SP60CHPCM (B) and 
SP60CHPCM2 (C) at physiological (37°C) and hyperthermic temperature (42°C). 

The results data of TC release at the two different temperatures were then fitted into 

several kinetics models and linear form for understanding mechanism of drug release. We 

summarized all the kinetic parameters obtained in Table S1 and the results demonstrated 

that only Peppas-Sahlin and the Weibull models show acceptable fitting results. 

Moreover, it was found that the TC release from non termoresponsive systems (SP60 and 

SP60CH) was best explained by the Peppas-Sahlin model. The values of Adj. R-Square 

equal to 0.99647and the Residual Sum of Square equal 0.00176 were respectively higher 

and smaller than those of the other models as described in Table S1. Conversely, the patter 

release from vesicle that present in their bilayer the thermoresponsive PCM mixture at 42 

°C in addition to Peppas-Sahlin model were also best fitted by the Weibull model as 

suggest by the high value of Adj. R-Square and very low Residual Sum of Square data. 

The stability of niosomes is important to assess their potential applications. In fact, one 

of the maul problems of liposomes is that they are not stable aggregates given that their 

low chemical stability of the phospholipids [30]. Stability studies of the developed 

vesicles stored at room temperature were carried out for 3 months and highlighted that 

vesicles were stable at room temperature and no sedimentation, creaming or flocculation 
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No significant alterations in dimensions and ζ-potential within 120 h were observed in 

the different conditions tested. Only, niosomes diameter in PBS and NaCl 0.9% is slightly 

larger than that in water, which can be ascribed to the salt absorption on particle surface. 

So it is possible to conclude that niosomes are stable in physiological conditions and the 

culture medium used for antibacterial assays. This suggests that the system is stable, and 

is therefore suitable for antibacterial applications. 

Antimicrobical activity  

The antimicrobial activity (MIC and MBC) of empty and TC-loaded niosomes were 

evaluated at two different temperatures (37°C and 42°C) against some representative 

Gram-positive and Gram-negative bacteria. This study was carried out to investigate the 

antimicrobial performance of the developed nananodevices and to identify if there is some 

enhancement of antibacterial efficacy with the temperature.  

The experiments were carried out only on SP60CHPCM2 that, as reported above, presents 

the better thermoresponsive properties and the results are shown in Table 5 and 6. For 

comparison purposes the MIC and MBC values of free TC and empty niosomes were also 

measured. 

 

Table 5. MIC values (μM) of free TC, empty and TC-loaded niosomes: BS (B. subtilis), SE (S. 
epidermidis), SA (S. aureus), LM (L. monocytogenes), EF (Enterococcus faecalis), EC (E. coli), AB (A. 

baumannii) and KA (Klebsiella pneumoniae) at 37°C and 42°C. 

MIC 37°C 42°C 

 SP60CHPCM2 SP60CHPCM2 TC TC SP60CHPCM2 SP60CHPCM2 TC TC 

BS >2970 0.77 1.62 371.26 0.77 1.62 

SE >2970 112.81 207.94 371.26 14.10 103.97 

SA >2970 3.52 3.25 742.57 3.52 3.25 

LM >2970 7.05 3.25 >2970 3.108 1.62 

EF >2970 28.20 25.99 >2970 14.01 12.99 

EC >2970 7.05 6.49 >2970 3.52 6.49 

AB >2970 7.05 6.49 >2970 3.52 3.25 

KA >2970 14.1 6.49 >2970 14.1 6.49 
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Table 6. MBC values (μM) of free TC, empty and TC-loaded niosomes: BS (B. subtilis), SE (S. 
epidermidis), SA (S. aureus), LM (L. monocytogenes), EF (Enterococcus faecalis), EC (E. coli), AB (A. 

baumannii) and KA (Klebsiella pneumoniae) at 37°C and 42°C. 

MBC 37°C 42°C 

 SP60CHPCM2 SP60CHPCM2 TC TC SP60CHPCM2 SP60CHPCM2 TC TC 

BS >2970 0,77 1.62 742.57 0,77 >6.49 

SE >2970 >49,74 >415.88 1485.14 >49,74 >103.97 

SA >2970 >24,87 >103.97 1485.14 >24,87 103.97 

LM >2970 >24,87 6.49 >2970 3,108 3.25 

EF >2970 >49,74 >207.94 >2970 >49,74 51.98 

EC >2970 >24,87 >25.99 >2970 >24,87 >25.99 

AB >2970 > 24,87 >25.99 >2970 24,87 12.99 

KA >2970 > 49,74 >51.98 >2970 >49,74 >25.99 

 

At the higher concentration tested, 2970 μM, the empty niosomes did not showed 

antimicrobial activity against any of the tested bacteria. Only a weak activity was 

observed at 42 ºC against some of the Gram-positive microorganisms at very high 

concentrations possibly due to lauric acid presence in vesicle bilayer which has been 

reported to have antimicrobial properties [31]. Notice that at 42 ºC the fatty acid state has 

changed, this can give rise to a better bioavailability of this compound and consequently 

to a better antimicrobial activity. The experimental results in our study confirmed the 

antimicrobial activity of free TC against Gram-positive and Gram-negative bacteria with 

MIC values in the range 0.6-30 μM in accordance with that reported in the literature [32, 

33]. It was obtained a very big MIC value against the S. epidermidis which agree with 

previous studies that observed that, compared with other antibiotics, tetracyclines 

exhibited low antimicrobial effectivity against different S. epidermidis strains [34]. In 

fact, Aelenei et al. [35] reported that the S. epidermidis ATCC 12228, strain use in this 

work, is resistant to this antibiotic. The MBC values of TC are much higher than the 

MICs. The mode of action of tetracycline implies the binding to the bacterial ribosome 

and thereby interfering with protein translation. The result of this type of interaction is 

generally bacteriostatic rather than bactericidal [36]. At 37 ºC it was observed that TC 

encapsulated in niosomes maintain its antimicrobial efficiency against the tested bacteria. 

Even a slightly better inhibition effect was observed against BS and SE strains with MIC 

reduction from 1.62 to 0.77 and from 207.94 to 112.81, respectively (Table 5). Instead, a 

significant decrease of MBC values was observed for TC-loaded niosomes respect ones 

obtained with free drug against all of the tested bacteria except for LM, indicating a good 

ability to completely kill bacteria (Table 6). For example, MBC value of TC-loaded 

niosomes against S. aureus (7.05 μM) was considerably higher than that of the free drug 
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equal to 103.97 μM. This enhanced antibacterial activity may be due to a change in the 

mode of action of the encapsulated TC against bacteria due to the better permeability and 

fusogenic properties of niosomes and/or the interaction of the other niosomes 

components. Indeed, it has been demonstrated that encapsulation of antibiotics in vesicles 

can improve their pharmacokinetic profiles and increase its accumulation at the infection 

site minimizing its cytotoxicity and protecting them from peripheral degradation [37]. 

Moreover, the developed niosomes showed an interesting temperature-dependent 

antibacterial activity against some bacterial strains. In fact, the temperature increase to 

42°C further improves the activity of the niosomes against S. Epidermis, with lower MIC 

value equal to 14.10 μM respect that obtained at 37 °C equal to 112.81 μM. A moderate 

temperature-dependent trend of antibacterial activity was also observed for EC and AB 

strains. For example, MBC values for E. coli and A. baumannii at 37°C were 7.05 and 

7.05 and were reduced to 3.52 by temperature increase. It is noticeable that using this 

niosomal formulation one resistant bacteria has become to a sensitive one. This shows 

that through this type of technology it is possible to reuse antibiotics that were no longer 

effective against certain resistant bacteria, then, it can be an interesting approach to 

combat the emergence of resistant bacteria. This shows again that encapsulation of TC in 

thermoresponsive niosomes also permitted the antimicrobial activity of the drug to be 

exerted at a lower concentration than that of the free drug without affecting the treatment 

outcomes and reducing side effects.  

The experimental results demonstrate that the inclusion of a eutectic mixture in vesicle 

bilayer not only affects release but also the antibacterial activity. The enhanced activity at 

42°C of the TC-loaded niosomes for some of the tested bacteria can be ascribed to better 

ability to release its content at temperature above the melting point of eutectic mixture, 

increasing drug concentrations at the infection site and offering a better killing effect. 

Taken together, encapsulating the antibiotic into a thermoresponsive nanocarrier provides 

good biosafety, prevents premature release, allows to release antibiotics more precisely 

and eliminate bacteria more effectively, which make these devices appealing for further 

development into a clinical agent to prevent serious bacterial infections. 

In this regards the literature contains a lot of formulations containing antibiotics 

encapsulated in liposomal formulations that improve the antimicrobial activity of the drug 

[38]. In this respect, a TC-liposomal formulation has been already approved by the FDA 

to treat the Chlamydia trachomatis [39]. However, liposomes show certain disadvantages: 

low solubility, short half-life, low chemical phospholipid stability and high production 
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cost. Gentamicin loaded niosomes were also prepared using a non-ionic surfactant 

(Tween 60, tween 80 or Brij 35), cholesterol and a negative charge inducer, dicetyl 

phosphate. Niosomes composed of Tween 60, cholesterol, and dicetyl phosphate were the 

most effective in terms of prolongation of in vitro drug release [40]. 

 In this work we have prepared, for the first time, a stable thermosensitive tetracycline-

niosomal system using economical starting materials. It has been assessed that the realize 

of the antibiotic at 42 ºC is higher than at 37 ªC which could improve the effectivity of 

antibiotics against some resistant bacteria. 

To evaluate the biosafety of the newly developed nanocarriers (empty and TC-loaded), 

hemolysis assay was performed on human erythrocytes. It was found that both empty and 

TC loaded vesicles were hemocompatible, causing negligible release of hemoglobin from 

erythrocytes even at the highest concentration tested. We observed only a slight hemolytic 

activity equal to 11.37±1.99 % and 19.97± 1.99 % of empty and drug-loaded systems at 

the concentration of 119 μg/mL of LA. These values indicate that the therapeutic index 

of these systems (hemolysis/MIC ratio) is very high which indicates the high 

biocompability of these formulations. The non-toxicity of free and TC-loaded niosomes 

makes these new antimicrobial systems highly desirable as safe nanocarriers for 

biomedical applications. 

 

Conclusions  
In the present study, we developed a novel platform based on thermoresponsive niosomes 

with the purpose to control TC delivery in the treatment of bacterial infections. The 

systems produced showed good physicochemical properties and entrapment efficiency, 

stability and tunable thermo-responsive properties. The developed niosomes result able 

to prevent premature release of TC in physiological conditions, while they have shown a 

fast release at 42 °C. This thermoresponsive release was also associated with an enhanced 

antibacterial efficacy in hypertermic conditions that allows, so, to use low antibiotic doses 

maintaining therapeutic outcomes and reducing the adverse side effects of common 

antimicrobial agents. The present smart platform may hold promise for fighting against 

various bacteria-induced diseases. 
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Weibull 37°C 0.97771 0.97325 0.98879 0.05084 

42°C 0.99368 0.99158 0.99684 0.01401 

SP60CH 

First order 
37°C 0.78604 0.74325 -0.88659 0.05482 

42°C 0.51704 0.42045 -0.71906 0.28478 

Korsmeyer-
Peppas 

 

37°C 0.88692 0.86431 0.94177 0.79899 

42°C 0.80612 0.76735 0.89784 0.59907 

Peppas-Sahlin 

 

37°C 0.96181 0.94653 - 0.01653 

42°C 0.97669 0.96736 - 0.02855 

Weibull 37°C 0.90512 0.886887 0.9517 0.78060 

42°C 0.833 0.7996 0.91269 0.73374 

SP60CHPCM 

First order 
37°C 0.75812 0.70974 -0.8797 0.09704 

42°C 0.94298 0.92873 -0.97107 0.17698 

Korsmeyer-
Peppas 

 

37°C 0.94688 0.93626 0.97308 0.03264 

42°C 0.92584 0.91842 0.96221 0.03216 

Peppas-Sahlin 

 

37°C 0.99782 0.99695 - 0.00333 

42°C 0.99029 0.99148 - 0.04439 

Weibull 37°C 0.96268 0.95521 0.98116 0.04082 

42°C 0.99687 0.99583 0.99843 0.00134 

SP60CHPCM2 

First order 
37°C 0.91163 0.89396 -0.9548 0.02951 

42°C 0.92921 0.91152 -0.96396 0.20456 

Korsmeyer-
Peppas 

 

37°C 0.95525 0.9463 0.97737 0.09069 

42°C 0.98445 0.98056 0.99219 0.01046 

Peppas-Sahlin 

 

37°C 0.99748 0.99647 - 0.00176 

42°C 0.99986 0.99972 - 0.00016 

Weibull 37°C 0.97506 0.97007 0.98745 0.06977 

42°C 0.9966 0.99547 0.9983 0.00146 
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