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Preface 

General Introduction, Aims and Organization of this Thesis 

1. General Introduction

The XX century has witnessed more than doubling in global life expectancy 

thanks to the historical evolution of clinical medicine, therapeutics and 

pharmacy. In this context, design and synthesis of advanced materials may 

influence the future of drug delivery systems, that are of vital importance for 

healthcare and medicine. Materials innovation and nanotechnology have 

synergistically helped the advancement of drug delivery. Novelty in material 

chemistry allows the generation of biodegradable, biocompatible, 

environment-responsive, and targeted delivery systems (1). Nanotechnology 

permits control over size, shape and multi-functionality of particulate drug 

delivery systems. Since the first FDA approval of drug delivery systems 

(DDS), several DDS are commercially available to treat varied diseases from 

cancer to fungal infection and to muscular degeneration (2). In improving 

therapeutic efficacy, DDS has benefited tens of millions of patients by 

relieving suffering and prolonging life (3). Innovations in materials 

chemistry have initially fuelled the development of DDS, creating carriers 

that are several implementations from numerous point of view, these carriers 

may protect a drug from degradation, enhance drug absorption, modify drug 

tissue distribution profile, and/or improve intracellular penetration and 

distribution. The comprehension that size and shape of nanoparticles (NPs) 

can help pilot biological carriers has stimulated the application of 

nanofabrication technologies to develop more effective particulate DDS. For 

example, the size of NPs determines their biodistribution. While particles 

smaller than 20nm will be cleared from circulation via reticuloendothelial 

system (RES) within a few hours when injected intravenously, larger ones 

will be trapped in the liver and the spleen within minutes (4, 5). Moreover, 

innovations in design and fabrication of materials could help to alter and 

optimize the pharmacokinetics of therapeutic agents (6). Since the size of 

polymer-drug conjugates could be controlled by adjusting the molecular 

weight of the polymer, it could be optimized to maximize the benefits of 

enhanced permeability effect at leaky tumour vasculature (7). Furthermore, 
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conjugating drugs to a polymeric carrier can enhance solubility of 

hydrophobic drugs, extend drug circulation in vivo and enhance uptake by 

addition of targeting motifs to the polymer (8). They possess low toxicity 

and potentially favourable pharmacokinetics in the circulation. For these 

reasons among numerous biomaterials based on inorganic or organic matter, 

polymers are considered to be widely used in formulation of drug delivery 

systems for controlled and targeted drug delivery. In particular, the use of 

natural polymers such as polysaccharides (9) as drug carriers has a long 

history of significant clinical benefits (10). DDS were also found useful to 

improve the performance of imaging techniques applied for the in vivo 

diagnosis of tumours and other diseases (11). Additionally, the applications 

of nanotechnology in the food sector to improve the nutritional value, shelf-

life and traceability of food products has the potential to subvert agriculture 

and food systems. In fact, the nanoscale level of foods can affect the safety, 

efficiency, bioavailability, and nutritional value properties of food, as well 

as the molecular synthesis of new products and ingredients. The 

development of new functional materials in food production are only new 

emergent, but it is already predicted to grow rapidly in the coming years 

(12). In summary, intensive efforts for the last three decades enabled the 

development of functional devices, most of which belong to lipids, peptides 

and other polymers. There is great potential in the combination of bioactive 

macromolecules with polymers, either covalently through conjugation or 

non-covalently using hydrogels or higher-order self-assembled structures, to 

address challenging in biomedical problems. Currently, the areas of drug 

delivery and nanomedicine is rapidly expanding. A prerequisite for further 

development is the design and synthesis of novel materials that are 

biocompatible and biologically active, are biodegradable with a controlled 

degradation rate, and have tenable mechanical properties. In conclusion, 

novel materials synthesis, introduction of environmental-sensitive polymers, 

successful adoption of natural polymers as carrier and improved 

understanding of the structure-function relationship have together 

transformed DDS development. 
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2. Aims of this Thesis

The present thesis was realized in the Pharmaceutical Technology group, 

Department of Pharmacy, Health and Nutritionals Sciences (University of 

Calabria) and deals about the development of advanced materials for 

biomedical and pharmaceutical purposes. Moreover, part of the PhD was 

focused on the application of in vitro and in silico methods for the effective 

and efficient prediction of human pharmacokinetics following transdermal 

administration of dissolvable microneedles array. This last work was carried 

out during a stimulating and productive scientific visiting period at the 

School of Pharmacy of the UCC (University College of Cork, Ireland), under 

the supervision of Dr. Sonja Vucen. 

3. Organization of this thesis

Due to the multitude of independent projects, the present thesis is divided 

into three self-contained sections. The first section, named “Microspheres 

and Hydrogels for Active Molecules Release”, is itself divided into three 

self-explained parts. The first part of this section concerns the preparation of 

a gallate hydrogel for oral administration of phloretin, a flavonoid of natural 

origin, with proved antioxidant activity. The results suggest a possible use 

of this hydrogel for intestinal release of phloretin for the maintenance of an 

appropriate blood glucose level in the diabetic patient. The second part of 

this first section concerns the preparation and characterization of 

microspheres based on a mixture of three natural triterpene saponins 

(saikosaponina a, songarosaponina D, buddlejasaponina IV) useful as a 

carrier for the specific release of gemcitabine to lung cells. The aim of the 

third part of this first section was the synthesis and characterization of 

swellable liquid crystalline microspheres for a specific release of 5-

fluorouracil to cancer cells. The second section named “Chemical 

Modification of Fatty Acids for the Implementation of Drug Delivery 

Systems”, is itself divided into two self-explained parts. Both are aimed to 

develop modified lipids for the preparation of new solid lipid nanoparticles. 

Particularly, in the first part α-linolenic acid was successfully derivatized 

with α-tocopherol, the results indicated that these lipid nanoparticles could 

provide the delivery and the protection of unstable molecules, such as α-
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linolenic acid, and could be a good agent in the treatment of melanoma. 

Cyclosporin A, in the second part of this second section, was efficiently 

encapsulated in trehalose oleate SLNs. Results indicate the possibility of 

using the nanoparticles prepared for topical treatment of psoriasis, indeed, 

the risk of side effects due to systemic absorption of cyclosporin A is 

reduced whereas the drug concentration at injury level is increased. The third 

section named “Natural and Synthetic Polymers for the Preparation of 

Biomedical Materials” is itself divided into two self-explained parts, both 

addressed to the preparation of innovative materials for topical approach. 

The first part was aimed at the preparation of a functional gauze linking 

coagulant substances, chitosan and hydroquinone useful as a topical 

haemostatic agent for the treatment of bleeding wounds. The gauze showed 

the ability to short the blood clotting time and to induce the adhesion and 

activation of platelets. The second part of this third session contains all the 

experiments performed during my scientific visiting period at UCC School 

of Pharmacy. The work aimed to fabricate and characterize ketoprofen 

loaded dissolvable microneedle arrays using in vitro and in silico methods. 

The presented delivery strategy demonstrates potential for enhanced 

delivery of ketoprofen. In silico results showed that the simulation was in 

agreement with the in vitro experimental results. Overall, dissolving 

microneedles may be useful as a method for patients to self-administer drugs 

without the pain or hazards of hypodermic needles. 
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Italian abstract: 

L'innovazione nella chimica dei materiali e nella nanotecnologia hanno 

sinergicamente contribuito all'avanzamento e allo sviluppo dei Drug 

Delivery Systems (DDS) creando devices in grado di proteggere farmaci e 

sostanze biologicamente attive, aumentarne l'assorbimento, modificarne e 

migliorarne la penetrazione intracellulare e la distribuzione. Il presente 

lavoro ha avuto come obiettivo la progettazione, la preparazione e la 

caratterizzazione di materiali che potrebbero contribuire a trasformare e 

ottimizzare le performances di vari agenti terapeutici. In sintesi, sono stati 

preparati diversi dispositivi medici e DDS, utilizzando perlopiù polimeri, 

poiché esiste un grande potenziale nella combinazione di molecole bioattive 

con i polimeri, per affrontare sfide in campo farmaceutico e biomedico. 

Nella progettazione di questi nuovi materiali che sono biocompatibili e 

biologicamente attivi l’attenzione è stata anche focalizzata sull'applicazione 

di metodi in vitro e in silico per una previsione efficace ed efficiente 

dell’attività in vivo. In conclusione, la sintesi di nuovi materiali, l'adozione 

di polimeri naturali come carriers e una migliore comprensione del rapporto 

struttura-funzione hanno permesso lo sviluppo di DDS e devices con 

incoraggianti risultati sperimentali che suggeriscono un possibile utilizzo 

per una futura sperimentazione in ambito clinico.  
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PART A 

 

“New Gallic Acid Based Hydrogel for Phloretin Intestinal 

Release” (1) 

 

Abstract 

The present work aims to realize a hydrogel based on gallic acid, a molecule 

with antioxidant and antidiabetic activity. The compound has in its structure 

two different functional groups, carboxyl and hydroxyl, susceptible to 

derivatization. Due to these characteristics, it was developed a hydrogel, 

potentially useful for oral administration of phloretin, a flavonoid of natural 

origin, found in apples and pears, with glucose transporter (GLUT) 

inhibitory activity. The obtained gallate hydrogel was characterized by 

Fourier Transform Infrared spectroscopy (FT-IR). Its equilibrium swelling 

degree (α %) and the phloretin release were evaluated in simulating gastric 

and intestinal fluids. The antioxidant activity in inhibiting lipid peroxidation, 

induced in vitro by a source of free radicals, was also assessed, after 

exposure of gallate hydrogel containing phloretin to gastrointestinal 

environmental conditions. The results showed that the gallate hydrogel 

could be successfully used in pharmaceutical field for phloretin intestinal 

release and suggest a possible use for the maintenance of an appropriate 

blood glucose level in the diabetic patient. 

 

Keywords: hydrogel, phloretin, gallic acid, intestinal release. 

 

 

 

 



Section 1-Part A 
 

18 
 

1. Introduction 

Diabetes mellitus is a group of metabolic diseases characterized by a 

congenital (type I insulin-dependent) or an acquired (type II non-insulin-

dependent) inability to transport glucose from the blood to the cells.  The 

chronic hyperglycemia, due to a deficiency of insulin secretion or insulin 

resistance (2), leads to glucose toxicity and is associated with long-term 

damage, dysfunction, and failure of various organs, especially the eyes, 

kidneys, nerves, heart, and blood vessels (3-5).  Consequently it is necessary, 

in particular, in diabetic patient, the maintenance of an appropriate blood 

glucose level in postprandial state (6). Carbohydrates in the diet are 

hydrolyzed by digestive enzymes and then cleaved into monosaccharides, 

these can be absorbed from the small intestine via influx hexose transporters 

(7, 8). There are two type of transporter: Na+-dependent glucose transporter 

(SGLT1), located at the brush border membrane (BBM), that mediates the 

uptake of glucose into the cell against its concentration gradient. The other 

type of transporter GLUT2, transports sugars across the basolateral 

membrane to the blood (9). Literature data suggest that GLUT2 can also be 

found onto the BBM in the presence of glucose in the lumen (10) and can 

contribute at the glucose absorption process (11). Thus, these glucose 

transporters might be an attractive therapeutic target for diabetes (12). 

In this work, was developed a hydrogel for intestinal release of phloretin. A 

hydrogel is a three-dimensional, water-swollen structure composed of 

hydrophilic polymers. This network attains physical integrity and is made 

insoluble due to the presence of chemical and/or physical crosslinks (13-15). 

In addition, it is offers excellent potential as oral therapeutic systems due to 

intrinsic biocompatibility, diversity of both natural and synthetic material 

options and tunable properties. In particular, stimuli-responsive hydrogels 

exploit physiological changes along the intestinal tract to achieve site-

specific and controlled release of protein, peptide and chemotherapeutic 

molecules for local and systemic treatment applications (16). In this context, 

was obtained a hydrogel based on gallic acid, a polyphenolic compound 

commonly distributed in plant-derived foods, such as cereals, legumes, nuts, 

vegetables, fruits, and in beverages such as green or black tea, wine, fruit 

juice, beer and etc (17-19). Literature data proved antidiabetic and 

antioxidant properties of gallic acid (20). So the polyphenolic compound 
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was chosen for hydrogel development, both for its properties and its 

chemical structure: in fact, it possesses two different functional groups, 

carboxyl and hydroxyl, susceptible to derivatization and so able to provide 

polymerizable derivatives (20). The compound entrapped in our gallate 

hydrogel is the phloretin (Figure 1).  

 

 
 

Figure 1: Graphical representation of the gallic acid based hydrogel loaded with 

phloretin. 

 

This is a dihydrochalcone flavonoid, found in apples and other fruits, that 

displays also a potent antioxidant activity in peroxynitrite scavenging and 

the inhibition of lipid peroxidation (21). It is known to inhibit the protein 

kinase C (22-24) and human leukemia cell growth (25) . Literature data 

suggest that phloretin decreases the glucose absorption impeding its 

intestinal transport mediated by GLUT2 (26, 27). On the other hand, the 

phloretin, as well as other flavonoids, can be easily modified by 

environmental factors such as temperature, pH and light (28). These 

compounds, in fact, are poorly adsorbed in the intestine because are, 

probably, degraded by intestinal microorganism and/or enzymes, producing 

different metabolites. For these reasons flavonoids, when administered 

through delivery systems, show an improved stability and absorption profile 

and, consequently, their activity becomes enhanced, more detectable and 

prolonged (28). Therefore, our gallate hydrogel has been formulated 
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specifically to facilitate the phloretin intestinal release, protect it from 

chemical degradation in gastrointestinal tract and enhancing its 

bioavailability (29). The obtained hydrogel was characterized by Fourier 

Transform Infrared spectroscopy (FT-IR). Its equilibrium swelling degree 

(α%) was also evaluated in simulating gastric and intestinal fluids. The 

phloretin release from hydrogel was carried out in the same condition of 

swelling studies.  The antioxidant activity in inhibiting lipid peroxidation, in 

rat-liver microsomal membranes, induced in vitro by a source of free 

radicals, such as tert-butyl hydroperoxide (t-BOOH), was assessed after 

exposure of gallate hydrogel, containing phloretin, to gastrointestinal 

environmental conditions. 

 

2. Materials and Methods 

 

2.1 Chemicals 

Acetone, hydrochloric acid, chloroform, diethyl ether, ethanol, isopropanol, 

methanol, n-hexane, tetrahydrofuran (THF), allyl alcohol and sodium sulfate 

were purchased from Carlo Erba Reagents (Milan, Italy). Gallic acid (MW 

= 170.12), phloretin (MW = 274.27), acrylic acid (MW = 72.06, d = 1051 g 

/ ml), dicyclohexylcarbodiimide (DCC), N,N-dimethylaminopyridine 

(DMAP), potassium tert-butoxide, N,N-dimethylacrylamide (DMAA), 

ammonium persulfate ((NH4)2S2O8), N,N'-methylene-bis-acrylamide, 

sorbitan trioleate (Span85), polyoxymethylene sorbitan trioleate (Tween 

85), N,N,N',N'-tetramethyl-ethylenediamine (TMEDA), tert-

butylhydroperoxide (t-BOOH), trichloroacetic acid (TCA) acid, 2-

thiobarbituric acid (TBA), butylated hydroxytoluene (BHT) were purchased 

from Sigma-Aldrich (Sigma Chemical Co, St Louis, MO, USA). 

 

2.2 Instrument 

The FT-IR spectra were performed on KBr pellets using a spectrometer 

Perkin Elmer 1720, in the range 4000-400 cm-1 (16 scans). The 1H-NMR 

spectra were obtained by the use of a spectrophotometer Burker VM30; the 

chemical shifts were expressed as δ and referring to the solvent. The UV-

VIS spectra have been realized by means of JASCO-530 UV- 
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spectrophotometer. Samples were freeze-dried using a freeze-drying “Micro 

Modulyo Edwards apparatus”.  

 

2.3 Acrylation of 3,4,5-trihydroxybenzoic acid with 2-propenoic acid  

Acrylic acid (0.14 ml, 2 ∙ 10-3 mole) was dissolved in dry THF. Then DCC 

(0.42 g, 2 10-3 mol) and DMAP (0.05 g, 410-4 mol) were added and the 

reaction mixture was kept under stirring at 50 °C for 1h.  After that,  gallic 

acid (1g, 5.810-3 moles) was added to the solution. The reaction was kept 

under magnetic stirring at 50 °C for other 72 h and monitored by thin layer 

chromatography (TLC/silica gel, eluent mixture: chloroform-methanol 7:3). 

The dicyclohexylurea (DCU), formed during the reaction, was eliminated by 

filtration. The solvent reaction was removed by evaporation at reduced 

pressure. The obtained product, with a gelatinous consistency and yellow 

color, was purified through silica gel column chromatography (eluent: 

chloroform). The purified product has been characterized by FT-IR, and 1H-

NMR.  

 

2.4 Hydrogel based on diacrylate gallic acid preparation 

In a two-neck flask fitted with a reflux condenser, magnetic stirring, 

thoroughly flamed and maintained under nitrogen bubbling, the acrylated 

derivative of 3,4,5-trihydroxybenzoic acid was solubilized in an aqueous 

solution of NH3/urea. Subsequently, DMAA (0.035 g, 0.037 ml, 3.510-4 

mol) and ((NH4)2S2O8) (0.8 g, 3.510- 3 moles) were added. The reaction 

mixture was heated to 60 °C and left under magnetic stirring until the 

formation of the hydrogel. The obtained hydrogel was subsequently washed 

with diethyl ether in a porous filter, dried under vacuum and characterized 

by FT-IR (30). 

 

2.5 Phloretin incorporation into the performed hydrogel  

The hydrogel was loaded with phloretin using a drug solution water/ethanol 

8/2. At first it was left under constant stirring at 37 ° C in a water bath for 

72 h. The solution was than filtrated and analyzed by UV-VIS (λ = 288nm). 

The drug loading efficiency (LE%) of hydrogel was calculated by the 

following equation (Eq. 1): 
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𝐿𝐸% =
𝑀𝑖−𝑀0

𝑀𝑖
 × 100                      (Eq.1) 

 

were Mi and M0 are respectively the amount of the drug in solution before 

and after impregnation. The loading efficiency was measured 

spectrophotometrically. 

 

2.6 Antioxidant activity evaluation 

The ability of the prepared hydrogel, loaded and not with phloretin, to 

protect against lipid peroxidation induced by tert-BOOH, was examined in 

rat liver microsomal membranes during 120 min of incubation and after 

hydrogel exposure to gastrointestinal environmental conditions. Aliquots of 

both phloretin-loaded and not loaded hydrogel were added to the 

microsomal suspension. The suspension was then incubated at 37°C in a 

shaking bath in the dark. After incubation, the thiobarbituric acid–

malondialdehyde complex (TBA–MDA) formation was monitored by the 

use of UV–Vis spectrophotometry at 535 nm (31). The experiment was 

repeated in triplicate (n= 3). 

 

2.7 Hydrogel swelling studies 

The swelling behavior of the hydrogel, was assessed in accordance with a 

procedure reported in literature (31), in order to check its hydrophilic 

affinity. This study was performed at two different pHs, which simulated the 

typical conditions of the gastro-intestinal tract. In particular aliquots of dried 

hydrogel of 0.05 g were placed in glass filters (ᴓ10mm, porosity, G3), 

previously weighed, and immersed in beakers containing buffer solutions of 

the two different pHs (1.2 to mimic the acid environment of the stomach and 

phosphate buffer at 7.4 to mimic the small intestine ones). At predetermined 

time intervals (1h, 2h, 3h, 6h, 12h, 24h), the water excess has been removed 

from the filters by percolation at atmospheric pressure. Subsequently, the 

filters were placed in a properly sized centrifuge test tube by fixing them 

with the help of a bored silicone stopper, then centrifuged at 8000 rpm for 5 

minutes and weighed. This operation was repeated at each time point. The 
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weights, measured at each time intervals, were averaged and used to give 

the water content percent by the following equation:  

 

 

𝛼(%) =
(𝑊𝑠−𝑊𝑑)  

𝑊𝑠
× 100             (Eq. 2) 

 

 Where Ws and Wd are weights of swollen and dried hydrogels, 

respectively. The swelling was evaluated for the first two hours at pH 1.2 

and then from the third hour onwards the pH was adjusted to 7.4. This was 

done to simulate the natural transit time in the gastro-intestinal tract. 

 

2.8 Drug release studies  

Dried and loaded hydrogel (0.031 g) was placed in the of swelling media. 

The test tubes were put in a water bath at 37 °C under stirring. At 

predetermined time intervals (1h, 2h, 3h, 6h, 12h, 24h), the samples were 

centrifuged, the supernatant were removed and the medium was replaced 

with fresh solution to maintain the same total volume throughout the study. 

The phloretin concentration in the different solutions was monitored by the 

use of UV-Vis spectrophotometry at 288 nm. As well as for swelling studies, 

the release was evaluated at pH 1.2 only for the first two hours, while the 

release at 7.4 was performed by the third hour onwards. The experiment was 

repeated in triplicate (n=3). Data were calculated in terms of drug release 

percentage. 

 

 2.9 Statistical analysis 

All data present the mean values ±SD (n ≥ 3) and were analysed using 

GraphPad version 5 for Windows (GraphPad Software Inc, La Jolla, CA, 

USA). The significance of the difference between groups was evaluated by 

Student’s t-test or one-way analysis of variance, as appropriate according to 

the number of groups analysed. Mean differences with P ≤ 0.05 were 

considered statistically significant. 
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3. Results and Discussions 

 

Many literature data, concerning polymers as drug delivery systems, show 

an increasing interest respect of biocompatible and site-specific materials 

exploiting the possibility of combine the controlled release of the drug with 

it protection from possible degradation causes like light, pH temperature etc. 

This work fits in this context and had as its purpose the design and synthesis 

of a gallate hydrogel useful for phloretin intestinal release and maintenance 

of an appropriate blood glucose level in the diabetic patient. The starting 

material is gallic acid, organic acid widely present in the plant kingdom, 

which presents in its structure a carboxyl group and three hydroxyl groups, 

all susceptible to derivatization and therefore able to provide various 

polymerizable derivatives. Therefore, through an acrylation reaction has 

been possible to obtain a diacrylate derivative of gallic acid which was used 

for the preparation of a hydrogel.  

 

3.1 Acrylation of 3,4,5-trihydroxybenzoic acid with 2-propenoic acid  

Objective of this reaction has been to synthesize the diacrylate derivative of 

gallic acid. This reaction provides for the use of DCC 

(dicyclohexylcarbodiimide) condensing agent, that reacting with the 

carbonyl group of acrylic acid, allowed the formation of an adduct which 

subsequently underwent nucleophilic attack by the hydroxyl groups of gallic 

acid. The DMAP (N,N-dimethylaminopyridine), has also been used as 

nucleophilic activator because, deprotonating the hydroxyl group of gallic 

acid, permitted the alcoholate formation that reacted with the electrophile 

carbonyl of acrylic acid. In addition, the DMAP, acting as a base, preventing 

the pH lowering (Scheme 1). The dicyclohexylurea (DCU) that was formed 

during the reaction was eliminated by treating the product with hot methanol 

and filtering it. The product was dried under reduced pressure, purified by 

column chromatography and characterized by FT-IR and 1H-NMR. FT-IR 

(KBr) ν (cm-1): 3324 (-OH), 3261 (-OH), 3034 (-CH), 1780 (-C = O), 1739 

(-C = O), 1710 (- C = O), 1626 (-C = C), 1261 (-CO), 985 (-CH), 905 (-CH). 

M / Z: 205 (100%), 277 (4%). 1H-NMR (CD3OD) δ (ppm): 5.916 (2H, dd), 

6.378 (2H, dd), 6.675 (2H, dd), 7.651 (2H, d). Yield 70%. 
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Scheme 1: Graphical representation of gallic acid acrylation-reaction. 

 

3.2 Preparation of the hydrogel based on gallic acid diacrylate  

The gallic acid diacrylated was dissolved in an aqueous solution of 

NH3/urea. The comonomer N,N-dimethylacrylamide and the radical 

initiator ammonium persulfate were added. The obtained solution was kept 

under stirring and warm up until the formation of the hydrogel. This latter, 

washed with distilled water, frozen and freeze-dried and has been thoroughly 

characterized by FT-IR that showed the complete disappearance of the bands 

typical of the acrylic group at 985 cm-1 and 905 cm-1 and the appearance of 

a new band of stretching carbonyl at 1640 cm-1. 

 

3.3 Hydrogel impregnation with phloretin 

The hydrogel was loaded with phloretin using a drug solution water/ethanol 

8/2. The solution was analyzed, after filtration, by UV-VIS (λ = 288nm, ε = 

3201.4 mol • dm-1 • cm-1). Experiment was repeated in triplicate and results 

showed that the loading efficiency was 80% ± 1,2. 

 

3.4 Antioxidant activity evaluation 

The ability of the gallate hydrogel, loaded and not loaded with phloretin, to 

inhibit lipid peroxidation induced by the t-BOOH, a source of free radicals, 

was examined in microsomal membranes of rat liver over a period of 120 

minutes of incubation. Both hydrogels were previously exposed for two 

hours to intestinal environmental conditions (pH 7.4) to verify the 

preservation of the antioxidant activity of gallic acid-based hydrogel. 

Results revealed (Figure 2) that the hydrogels antioxidant activity was 

preserved in the time. 
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Figure 2: Comparative graphs of malondialdehyde formation (MDA) vs time 

(min)in the control vs loaded and not gallate hydrogel. Means value ± SD, n = 3.  

 

 

3.5 Swelling studies  

The swelling behavior of the gallate hydrogel has been evaluated at to two 

different pHs (1.2 and 7.4) and at predetermined time intervals (1h, 2h, 3h, 

6h, 12h, 24h). Each experiment was carried out in triplicate and the results 

were in agreement within ± 4% standard error. The values of swelling degree 

(α%) for the prepared material at pHs 1.2 and 7.4 and different time intervals 

are reported in Table 1. 

Table 1: Swelling behavior of the gallate hydrogel at pHs 1.2 and 7.4. 
 

Time (h) α%  pH 1.2 α%  pH 7.4 

1 67% - 

2 118% - 

3 - 540% 

6 - 779% 

12 - 938% 

24 - 1060% 
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The obtained data showed the actual ability of this hydrogel for phloretin 

intestinal specific release. 

 

3.6 Hydrogel release studies 

The release studies of phoretin were conducted on fixed aliquots of hydrogel 

at two different pH (1.2, and 7.4), which mimic the conditions of the gastro-

intestinal tract, and at different time intervals (1h, 2h, 3h, 6h, 12h, 24h) 

through the use of a water bath at 37 ° C and under stirring. The results of 

release tests revealed that the hydrogel effectively released the drug at higher 

percentages at pH 7.4 (Figure 3). 

 

Figure 3: Graphic representation of phloretin release from gallate hydrogel, 

plotting time (h) vs percentage of drug released, at two different pHs. Means 

value ± SD, n = 3.  

 

Therefore, these data allow to assume an oral administration of the gallate 

hydrogel and the use of this material as a vehicle of phloretin in the intestine.  

 

4. Conclusions 

The aim of this work was the inclusion of phloretin, a natural 

dihydrochalcone flavonoid with multiple properties including antidiabetic 

and antioxidant, in a hydrogel based on gallic acid formulated specifically 

to facilitate the phloretin intestinal release and protect it from chemical 
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degradation in gastrointestinal tract, enhancing its bioavailability. The 

swelling degree of the hydrogel not containing the phloretin, was carried out 

at two different pHs and predetermined time intervals. In particular, acidic 

solutions of HCl at pH 1.2 to mimic the pH of the stomach and 7.4 to mimic 

the pH of the small intestine, have been used. The obtained results revealed 

that the gallate hydrogel swells more at pH 7.4. Furthermore, the hydrogel 

was subjected to release studies in the same conditions of swelling tests. The 

results have shown the ability of hydrogel to release the phloretin at pH 7.4. 

Finally, the hydrogel was also submitted to evaluation of the antioxidant 

activity. The obtained data show that the hydrogel based on gallic acid could 

be used for the controlled release of phloretin through the gastro-intestinal 

tract, suggesting also a possible use in the treatment of diabetes. 
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PART B 

 

“Novel Microspheres Based on Triterpene Saponins from the roots of 

Physospermum Verticillatum (Waldst & Kit) (Apiaceae) for the 

Improvement of Gemcitabine Release” (1) 

 

 

Abstract 

 Objectives The present work concerns the preparation and characterization 

of microspheres based on a mixture of triterpene saponins, from 

Physospermum verticillatum (Waldst & Kit), as a carrier for the specific 

release of gemcitabine.  

Methods Triterpene saponins were derivatized with acrylic acid. The 

obtained polymerizable product was characterized by Fourier Transform 

Infrared to confirm the ester linkage. Then, spherical microparticles were 

prepared by suspension radical copolymerization and impregnated with 

gemcitabine. 

Key findings Microspheres exhibited a mean diameter of 2.7 µ. The 

swelling studies showed that particles swell most at pH 6.2, typical of the 

tumor pathology, then at pH 7.4, miming physiological conditions. The 

microspheres were loaded with gemcitabine (LE 72.2%). Their release 

profile showed an initial dot of around 24% and a further release for 24 h. 

Conclusions This carrier could be potentially release the drug in a in the 

lung, as a function of different pHs between tumor cells and healthy, 

reducing the systemic drug toxicity, allowing the reduction of the doses 

number, increasing the drug half-life, and eliminating the problems related 

to the fast clearance of gemcitabine administration. 

 

 

Keywords: Triterpene saponins, microspheres, lung cancer, gemcitabine, 

release. 
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1. Introduction 

Over the last years the interest towards pulmonary drug delivery systems, 

suitable for cancer therapy, is increasing. Lung cancer is one of the most 

frequently occurring malignancies and the leading cause of death worldwide 

(2-4). The systemic drug administration has hardly successful for the 

treatment of this pathology because only a partial amount of the drug reaches 

the lungs, even when used at high dose. In addition, the majority of these 

agents acts on normal cells, inhibiting their growth, weakening the patient 

that undergoes the antitumor therapy causing, in some cases, even the death 

(5). Therefore, the novel therapeutic strategies aim to improve the delivery 

of drugs that play a fundamental role in the treatment of lung cancer reducing 

also their toxicity (5). For this reason, there is an extensive interest in 

encapsulating the drugs in carrier systems micrometer and nanometer-sized. 

In particular, liposomes, polymer conjugates, polymeric micelles, 

microparticles, and nanoparticles have been investigated to selectively 

deliver various bioactive substances at the tumor site (6-9). Gemcitabine 

(GEM) is one of this kind of drugs.  

It is a difluoro analogue of deoxycytidine (dFdC) and an antineoplastic drug 

belonging to the class of anti-metabolites that find indications in the 

treatment of large cell lung cancer, non-squamous cell lung cancer, 

metastatic pancreatic cancer, ovarian cancer and bladder cancer (10). This 

drug has a short plasma half-life of about 15 minutes (11), and a slower 

clearance in women and in the elderly. Peak levels reach 20-60 µM doses of 

1000 mg/m2 administered intravenously over 30 minutes (12). Furthermore, 

it is converted into its inactive and soluble metabolites and cleared rapidly 

out of body through renal excretion. The dosage should be controlled and 

appropriately modified in patients with kidney and liver diseases. The main 

toxic effect of gemcitabine is the myelo-suppression (13).  

Therefore, novel therapeutic strategies aiming to improve the 

pharmacokinetic, reduce the toxicity and obtain a better bio-distribution, are 

now needed (14). In this context, the microparticles could be used as carrier 

to achieve an efficient release of the chemotherapeutic drugs in the lung 

cancer therapy. Over the main method of microparticles preparation is the 

emulsion polymerization (15),  that  occurs with radical mechanism. 

Through this procedure microparticles based on triterpene saponins were 
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prepared and characterized. The saponins are a group of naturally occurring 

plant glycosides, reported in more than 100 families of plants. Several 

natural saponins have found to possess significant anticancer properties 

against colon, liver, gastric, ovarian, breast, thyroid, and lung epithelial 

cancer cells (16-19). These phytochemicals are able to induce cell cycle 

arrest, apoptosis and inhibit angiogenesis or tumor cell metastasis by 

influencing the dynamics or lateral organization of mammalian cellular 

membranes, by inhibiting proteins involved in the cell cycle (cyclins or 

cyclin-dependent kinases) and by other important cancer promoting 

pathways (20-22). In particular, the saponins are able to interact with 

cholesterol present in the cell membranes on both normal and cancer cells 

causing membrane damage. However, these compounds bind more 

efficiently to cancer cells containing more cholesterol than normal ones, but 

that is not enough to give adequate therapeutic index to be of any clinical 

value (23). 

A rich source of saponins is the Apiaceae family (24-26). In this paper the 

interest was focused on triterpene saponins isolated from the roots of 

Physospermum verticillatum (Waldst & Kit) (Apiaceae), namely 

saikosaponin a, buddlejasaponin IV and songarosaponin D. In our previous 

study, these compounds have been tested in vitro for their potential 

antiproliferative activity against different human tumor cell lines. A 

remarkable activity was detected against COR-L23 (large cell lung 

carcinoma) cells with IC50 values in the range 0.4-0.6 µM (16). The interest 

in these compounds is related also to their ability to exerted significant 

inhibition of nitric oxide (NO) production in LPS induced RAW 264.7 

macrophages. Recently, special attention is giving to combinations of 

saponins and other anticancer drugs (e. g. docetaxel, cisplatin, doxorubicin, 

paclitaxel, etc.) as efficient treatment against cancer cell line (27, 28). The 

improved therapeutic success of saponin-anticancer drug combination is 

related to the potentiation of cancer growth inhibition and the possibility to 

by-pass drug resistance (16, 19). In view of their potential value and of the 

considerations reported above, a mixture of saikosaponin a (1), 

buddlejasaponin IV (2) and songarosaponin D (3) was used to prepare and 

investigate the feasibility of microspheres loaded with gemcitabine to obtain 

synergic effects (Figure 1).  
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Figure 1: Representative scheme of gemcitabine loaded microparticles 

triterpene saponins based. 

 

The formation of microspheres could enhance the saponins selectivity 

towards cancer cells and reduce their toxicity, increasing their therapeutic 

index. In fact, it is known that saponins can cause side effects because of 

their hydrophobic-lytic properties resulting in trapping at the site of 

administration, causing cell and tissue destruction with local and systemic 

adverse reactions and a low therapeutic index.  

 

2. Materials and Methods  

 

2.1 Chemicals 

Acetone, chloroform, dichloromethane, ethanol, methanol, isopropanol, n-

hexane, acetonitrile, tetrahydrofuran (THF) were obtained from Carlo Erba 
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Reagents (Milan, Italy). n-Hexane, chloroform and tetrahydrofuran were 

purified by standard procedures. Acrylic acid, dicyclohexylcarbodimide 

(DCC), dimethylaminopyridine (DMAP), N,N-dimethylacrylamide, 

sorbitan trioleate (Span 85), polyoxymethylene sorbitan (Tween 85), 

N,N,N',N'-tetramethylethylenediamine (TMEDA), ammonium persulfate 

(APS) and gemcitabine hydrochloride were purchased from Sigma-Aldrich 

(Sigma Chemical Co., St. Louis, MO, USA). 

 

2.2 Plant materials 

The roots of Physospermum verticillatum (Waldst & Kit) (Apiaceae) were 

collected in Calabria (Southern Italy) and authenticated by dr. D. Puntillo, 

Natural History Museum of Calabria and Botanical Garden, University of 

Calabria (Italy). A voucher specimen (No. CLU 21188) was deposited in the 

Botany Department Herbarium at the University of Calabria, Italy.  

 

2.3 Extraction procedure 

The triterpene saponins mixture was obtained by extraction from the roots 

of P. verticillatum as previously reported (21). Briefly, the roots (650 g) were 

subjected to maceration with methanol (5 × 72 h). The total extract (87.8 g) 

was suspended in distilled water and partitioned successively with ethyl 

acetate and water-saturated n-butanol. An n-butanol fraction of 52.5 g was 

obtained. 5 g of this was chromatographed on a silica gel column (0.040-

0.063 mm) eluted with CHCl3/MeOH/H2O gradient and fractions of 10 ml 

were collected. After monitoring by thin layer chromatography (TLC), 

fractions were combined into six main parts (1-5). The fifth one (3.5 g) was 

subjected to flash column chromatography over silica gel by using 

CHCl3/MeOH/H2O mixture as eluent to afford a mixture (2.7 g) of 

saikosaponin a, buddlejasaponin IV and songarosaponin D (ratio of 

2.1:1.8:1).  

 

2.4 Measurements 

The FT-IR spectra were carried out using a spectrometer FT-IR Jasco 4200 

(Jasco Analytical Instrument, Japan) and KBr diskes. The structures of the 

synthesized compounds were confirmed by GC-MS Hewlett Packard 5972 

(Hewlett-Packard Company, CA) instrument. The UV-Vis spectra were 
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performed using UV-Vis spectrophotometer V-530 JASCO (Jasco 

Analytical Instrument, Japan). Dimensional analysis of the microparticles 

was made by light scattering using a Brookhaven 90 Plus Particle Size 

Analyzer (Brookhaven Instruments Corporation, USA) by measuring the 

autocorrelation function at 90° scattering angle. The polydispersity index 

(PI), which indicates the measure of the distribution of nanoparticle 

populations, was also determined. Six separate measurements were made in 

order to obtain the average. Data were fitted by the method of inverse 

‘‘Laplace transformation’’ and Contin. Samples were lyophilized using a 

‘‘Freezing-drying’’ Micro module apparatus, Edwards (Crawley, West 

Sussex, UK). Photomicrografies of microparticles were obtained using a 

scanning electron microscope JEOL JSMT 300 A (JSMT, Jeol Ltd., Tokyo, 

Japan); the surface of the samples was made conductive by deposition of a 

gold layer in a vacuum chamber. 

 

2.5 Esterification of triterpene saponins with acrylic acid 

The reaction was conducted in accordance with the procedure of Steglich 

esterification (29). In a three-necked flask fitted with reflux condenser and 

magnetic stirrer, accurately flamed and maintained in an inert atmosphere, 

19.75 µl (0.288 mmol) of acrylic acid were dissolved in 25 ml of dry 

tetrahydrofuran. After dissolution was added 0.040 g of DCC (0.192 mmol), 

0.0012 g of DMAP (0.0096 mmol). After 30 minutes 0.15 g of saponins 

mixture (0.192 mmol) were added. The reaction mixture was kept cold, in a 

cold water bath, under stirring for 72 hours and monitored by TLC (silica 

gel, eluent mixture n-hexane/chloroform 9:1).  At the end of the reaction the 

solvent was removed at reduced pressure. The dicyclohexylurea (DCU) was 

removed using methanol. The product was then dried with a mechanical 

pump and subsequently purified by column chromatography on silica gel 

using as eluent n-hexane/chloroform 8:2. The product was characterized by 

FT-IR. 

 

2.6 Preparation of microspheres based on triterpene saponins  

Microspheres based on   were produced by radical polymerization technique. 

Briefly, in a cylindrical reactor of glass (100-150 ml) equipped with 

mechanical stirrer, dropping funnel and a screw cap with puncture-proof 
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rubber septum, was flamed in a current of nitrogen, and after cooling was 

placed in a bath thermostatically controlled at 40 ° C. Then, the required 

amounts of n-hexane (20 ml) and chloroform (18 ml), distillates, constituting 

the dispersant phase, were introduced in the reactor. The polymerization 

reaction was conducted according to the procedure reported in the literature 

(30). The dispersing phase was kept in a mechanical shaker for 30 minutes. 

A quantity of 0.15 g of ester (0.593 mmol) was suitably dissolved in 4 ml of 

distilled water, sonicated for a few minutes to facilitate the dissolution 

process. In the environmental reaction were added, under nitrogen stream, 

the solution containing the ester, 122.2 µl of N, N-dimethylacrylamide 

(1.186 mmol) and 0.80 g of ammonium persulfate ((NH4)2S2O8) (3.5 mmol) 

which acts as a radical initiator. The density of the organic phase was 

adjusted with the addition of one of the two solvents to obtain an aqueous 

phase in equilibrium with the organic phase. Then was added under nitrogen 

stream 150 μl of sorbitan trioleate (Span 85), after 10 minutes 150 µl of 

polyoxyethylene sorbitan trioleate (Tween 85) and after additional 10 

minutes 150 µl of tetramethylenediamine (TMEDA). The system was kept 

under stirring for 3h and the temperature of 40 ° C. The content of the reactor 

was then filtered and washed in succession with 100 ml of isopropanol, 100 

ml of ethanol and 100 ml of acetone. The filtrate was than analysed and 

characterizated.  

 

2.7 Microspheres characterization  

The obtained samples were characterized by FT-IR spectrophotometry, 

scanning electron microscopy (SEM) and measurement of the swelling 

degree in aqueous solutions at different pH values (6.2 and 7.4).  

 

 

2.7.1 Dimensional analysis 

The size of the microparticles was determined by light scattering using a 

particle size analyzer 90 Plus, at 25 °C. It was also determined the 

polydispersity index (PI), indicating the extent of the distribution of the 

microparticle population (31). The microparticles were also observed by  

means of (SEM). 
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2.7.2 Swelling studies  

The affinity of the hydrophilic microparticles towards the aqueous 

environment was determined by their swelling degree (% WR). Aliquots 

notes of dry material (20 mg) were placed in glass filters (porosity G2/3) 

previously wetted, centrifuged (5 min at 2000 rpm), and then weighed.  

Subsequently, the filters were put in contact with a solution of phosphate 

buffer (Na2HPO4) at pH 6.2 (to mimic the conditions typical of the lungs 

tumor) and at pH 7.4 (to simulate the physiological environment) at the 

temperatures of 37 °C until reaching swelling equilibrium. At predetermined 

intervals time (1h, 2h, 3h, 12h, 18h, 24h) the excess of water was removed 

from the filters by means of percolation at atmospheric pressure. Three 

replicates were used for each pH value. Subsequently, the filters were 

centrifuged at 2000 g/min for 5 min. Finally, after centrifugation, the filters 

are weighed. The weights recorded to the time listed above were averaged 

and used to give the equilibrium swelling degree by the following equation:  

                       

𝑊𝑅(%) =
(𝑊𝑠−𝑊𝑑)  

𝑊𝑠
× 100             (Eq. 1) 

 

where Ws and Wd are the weights of the swollen and dried microspheres 

respectively (30). 

 

2.8 Impregnation of the microspheres with gemcitabine 

The preformed matrix (about 50 mg) was placed in contact with a solution 

of known concentration of drug obtained by dissolving 5 mg of gemcitabine 

in 20 ml of distilled water. The impregnation was carried out under stirring 

at room temperature for 3 days, during which the solution of drug was 

absorbed by the matrix with consequent swelling (15). Finally, the solvent 

was removed by filtration and the microparticles were dried to constant 

weight. The analysis of filtrated water through spectrophotometer UV-Vis 

allowed to calculate the drug loading percentage (LE%) through the next 

equation: 
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                  𝐿𝐸% =
𝑀𝑖−𝑀0

𝑀𝑖
 × 100                   (Eq. 2) 

 

where Mi represents the drug concentration in the solution before loading 

and M0 the drug concentration in the solution after loading respectively. 

 

2.9 In vitro release studies of gemcitabine from microparticles   

Dried and loaded microparticles (10 mg) were dispersed in 6ml of swelling 

media with pH 6.2 or 7.4 (32). The test tubes were put in a water bath at 37 

°C under stirring. At predetermined time intervals (1h, 2h, 3h, 6h, 12h, 24h), 

the samples were centrifuged, 5 ml of supernatant were removed and the 

medium was replaced with fresh solution to maintain the same total volume 

throughout the study. The gemcitabine concentration in the different 

solutions was monitored by the use of UV-Vis spectrophotometry at 275 nm. 

Each in vitro release study was performed in triplicate and under sink 

conditions. The release was calculated in terms of percentage of drug 

released. 

 

2.10 Statistical analysis 

Data are represented as the mean value ± standard deviation (S.D.) of three 

independent experiments. Differences within and between groups were 

evaluated by nonparametric ANOVA tests (Krushal-Wallis) completed by 

and with a multicomparison Dunn test using GraphPad softwere. A P value 

of <0.05 was considered significant.  

 

3. Results and discussion 

The microspheres are prepared using a triterpene saponins mixture 

containing saikosaponin a, songarosaponin D and buddlejasaponin IV, with 

a known antineoplastic activity (33). From the chemical point of view these 

saponins have a triterpene aglycone linked to several sugar moieties. 

Moreover, in the structure are present numerous hydroxyl groups, which 

have been exploited in the acrylation reaction to obtain the corresponding 

acrylic ester. The most reactive OH groups are the primary ones; in 

saikosaponin a are three primary -OH groups, four in songarosaponin D and 
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three in buddlejasaponin IV. Their esterification with acrylic acid furnished 

a derivatized saponins mixture, with numerous polymerizable moieties, that 

was used to prepare multifunctional microspheres, through radical 

polymerization. These particles were characterized and analyzed by means 

of common analyses methods. In particular, were effected studies to verify 

the microparticles swelling degree at the typical pHs of healthy and cancer 

cells. 

 

3.1 Esterification of triterpene saponins with acrylic acid 

The first step involves the esterification of the hydroxyl groups of saponins 

with acrylic acid through esterification of Steglich (29). This reaction allows 

obtaining an ester with practically unitary yields (Figure 2).  

 
 

Figure 2: Synthetic route of triterpene saponins derivatization with acrylic acid. 

 

Respect to Fischer esterification this procedure provides the advantage of 

not using a protic acid as catalyst and avoids the formation of water 

molecules, making easier the purification operations of the final product. 

The obtained product was dried, purified by column chromatography and 

characterized by FT-IR. FT-IR (KBr), ν (cm-1): 3422, 2963, 2920, 1764, 

1752, 980, 905. 

 

3.2 Preparation of microspheres  

The preparation of the microspheres was carried out using the technique of 

emulsion polymerization in reverse phase. This technique consists in the 

addition of a monomer solution (dispersed phase) in an excess of organic 
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solvent immiscible with water (dispersing phase). Under stirring small 

droplets of the dispersed phase are formed, that in order to reduce their 

interfacial free energy assume a spherical shape (15). The radical 

polymerization provides a mechanism for growing chain that begins with 

the generation of primary radicals after the splitting of a suitable initiator. 

These radicals are then reacted with acrylic functions present on the side 

chain of the product and determine the progressive crosslinking. The main 

advantage of the radical polymerization in inverse suspension is that in 

microparticles made with the above process the cross-linking takes place by 

means of covalent bonds between carbon atoms (34); this confers to the 

system more stability than systems in which the connection is with weak 

interactions and/or easily hydrolysable bonds. The size, defined as the 

average of particle diameter, which are generally obtained with this 

technique of polymerization, are included in the wide range of 1 mm-10 mM 

although 30-300 pM constitutes the most common range. The particle sizes 

are determined by many parameters such as the nature and the ratio of the 

substances used as well as reactor's characteristics, like the speed and type 

of agitation, the shape and size. Some generalizations were made and it is 

possible to affirm that the average diameter of the particles is directly 

proportional to the interfacial tension between the two liquid phases and the 

volume fraction of the disperse phase, while it is inversely proportional to 

the speed of agitation, the density of the monomers droplets and the size of 

the blades of agitation (35). 

 
Figure 3: Instrumentation for radical polymerization. 
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3.3 Characterization of microspheres 

The obtained microspheres were characterized by dimensional and 

morphological analyses and FT-IR spectrometry. The analysis by means of 

light scattering confirmed the presence of microparticles with a good 

polydispersity (0.190 with margin of error of ± 0.02) and an average 

diameter of about 2.7 µm ± 0.01. Moreover, the scanning electron 

microscopy (SEM) analysis of the dry microparticles highlighting and 

confirmed the spherical shape and the micrometric dimensions (Figure 4).  

 
 

Figure 4: Photomicrograph of microparticles triterpene saponins based. 

It was also carried out the FT-IR analysis which confirmed the presence of 

a new band at 1653 cm-1 attributable to the carbonyl group of the amide that 

originated the microparticellar matrix. 

 

3.4 Studies of swelling 

To assess the affinity of the microparticles to the aqueous media their 

swelling degree (α %), at two different pH (6.2 and 7.4) and at different time 

intervals (1h, 2h, 3h, 12h, 18h, 24h) was evaluated. In the Table 1 are shown 

the different values of α% to the two different pHs and time intervals. The 

results obtained indicate that the microspheres prepared may be used to 

release anticancer drug in a slow and specific way at pH 6.2, typical of the 

lung tumor. In fact, when the pH is 6.2, the water content is larger than that 

found in 7.4 at any time tested. This behaviour could be attributable to the 

electrostatic repulsions between the polymer chains due to higher groups 
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dissociated at pH 6.2. The groups responsible for this behaviour are those 

acids of the co-monomer N, N-dimethylacrylamide. 

 

Table 1: Swelling degree (α %) at two different pH (6.2 and 7.4) and at different 

time intervals (1h, 2h, 3h, 12h, 18h, 24h). The degree of swelling is expressed as 

the percentage of water in the microparticlesat any time during swelling. Data 

are the mean ± SD of three separate experiments. Differences within and between 

groups were evaluated by nonparametric ANOVA tests (Krushal-Walllis) 

completed with a multicomparison Dunn test. P>0.05.   

 

  Time (h) 

 pH 1 2 3 12 18 24 

α

% 

6.2 120±4.2

*** 

133±5.2

*** 

145±5.8

*** 

326±6.2

*** 

360±6.8

*** 

373±6.9

*** 

7.4 71±2.3 75±2.8 75±2.9 92±3.5 100±4.0 111±4.2 

 

 

3.5 Impregnation of the microspheres with gemcitabine 

The promising results obtained analysing the structural properties and 

evaluating the capability of swelling in aqueous medium at different pH 

values, have suggested a possible use of the polymeric matrix, based on a 

triterpene saponins mixture as systems for the delivery of active principles.  

Due to the chemical nature of the drug and the matrix a portion of the active 

substance interact with the core of the microspheres and another one with 

the surface.  During the impregnation, the polymer synthesized increases in 

volume, but retains its three-dimensional structure without breaking up 

because it is insoluble in water. The percentage of active principle (LE%) 

and therefore the efficiency of loading of the microspheres was found to be 

72.2%. 

 

3.6 In vitro gemcitabine release studies from hydrogel 

The release studies of gemcitabine from the microparticles were conducted 

miming the pulmonary pH in the pathological (6.2) and physiological (7.4) 

conditions, respectively, at different time intervals (1h, 2h, 3h, 12h, 18h, 

24h) through the use of a water bath at 37 ° C and under stirring. Drug release 

profile was determined by spectrophotometric analyses and expressed as the 
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percentage of drug delivered, respect to the effectively entrapped total dose, 

as a function of time. Data showed that gemcitabine release at pH 6.2 is 

significantly higher than pH 7.4 at each time tested (Figure 5). The total 

amount of drug released in 24 h, at this pH in the dissolution medium, was 

about 72%. It is possible to observe an initial massive release after 1 h due 

mainly to the desorption of drug trapped on the surface. After 12 h the 

percent of released drug remains substantial showing that loaded 

microspheres could be useful to transport gemcitabine to the lung thus 

reducing its systemic toxicity.  

 

 

 

 
 

 

Figure 5: Graph of gemcitabine release from saponins-based microspheres. Data 

are the mean ± SD of three separate experiments. Differences within and between 

groups were evaluated by nonparametric ANOVA tests (Krushal-Walllis) 

completed with a multicomparison Dunn test. P>0.05. 

 

4. Conclusions 

The aim of the present work was the preparation and characterization of 

microspheres based on a mixture of three natural triterpene saponins 
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(saikosaponina a, songarosaponina D, buddlejasaponina IV) useful as a 

carrier for the specific release of gemcitabine to lung cells.  The results 

obtained revealed that the microspheres swell most at pH 6.2 indicating that 

the obtained carrier could potentially release the drug in a specific manner 

reducing the systemic toxicity of both triterpene saponins and gemcitabine 

allowing to reduce the number of doses, to increase the half-life of the drug, 

thus eliminating the problems related to the rapid clearance of administration 

of gemcitabine. The results obtained revealed that the microspheres swell 

most at pH 6.2 indicating that the obtained carrier could potentially release 

the drug in a specific manner reducing the systemic toxicity of both 

triterpene saponins and gemcitabine allowing to reduce the number of doses, 

to increase the half-life of the drug, thus eliminating the problems related to 

the rapid clearance of administration of gemcitabine. In vivo studies, useful 

to verify these last aspects and also the safety of these systems, are in 

progress and they will object of a new work. 
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PART C 

 

“Liquid crystalline microspheres for 5-fluorouracil specific 

release”(1) 

 

 

Abstract  

The aim of this study was the synthesis and characterization of swellable 

microspheres based on fenoprofen and poloxamer. Morphology, average 

diameter and thermal behaviour of obtained microparticles were studied by 

scanning electron microscopy, dynamic light scattering, and differential 

scanning calorimetry. The swelling degree was evaluated at different time 

intervals and at two pH values. The results revealed that the microspheres 

swelled better at a pH 6.2, typical of tumour pathologies, than at 7.4, 

physiological one. Then, microspheres were impregnated with 5-

fluorouracil with the aim to increase its bioavailability and reduce its 

toxicity. The percentage of cumulative amount of 5-fluorouracil released 

from microparticles was calculated at pH 6.2. Surprisingly, calorimetry and 

optical microscopy showed the preservation of fenoprofen liquid 

crystallinity in the obtained microparticles with a transition temperature 

close to those of typical tumour-sites. The liquid crystallinity of 

microparticles could be exploited to modulate the release of 5-fluorouracil 

to tumor site.  

 

 

 

Keywords: Fenoprofen, poloxamer, 5-fluoruracil, microspheres, liquid crystals, 

thermosensitive hydrogels. 
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1. Introduction 

Cancer is one of the most overwhelming diseases of modern society, with 

an annual frequency of more than 10 million cases (2). The usual anticancer 

treatments, e.g. irradiation and chemotherapy, generally cause significant 

side effects mainly due to toxicity towards normal cells and tissues (3). In 

this regard, there has been a flurry of activity towards the development of 

novel site-specific and stimuli responsive drug delivery systems (DDS) for 

cancer therapy, in order to maximize the anticancer drug efficacy and avoid 

their cytotoxic limitations (4, 5). These DDS can deliver chemo-drugs 

selectively to the tumour area, thanks to various chemical and physical 

stimuli (6-8). Hydrogels are crosslinked polymer systems able to retain large 

amounts of water by swelling. The presence of crosslinking in the polymer 

matrix makes them insoluble in water. Hydrogel microparticles are 

micrometre-sized particles that have found many applications in daily life as 

catalysts, sensors, lubricants, actuators, waste adsorbers, advanced 

materials, regenerative tissues, imaging tools, fillers, cosmetics, 

pharmaceuticals, and as DDS (9). Stimulus-responsive gels offer the 

opportunity to develop smart drug delivery systems thanks to their ability to 

swell/shrink in response to external stimuli, such as pH, temperature, ionic 

strength, external electric/magnetic fields, solvent quality, and enzymes (10-

12). The swelling or shrinking of a microgel is caused by the globule-to-coil 

or vice versa transition of polymer chains between two neighbouring 

crosslinking points inside the gel network. For example, the pH-sensitive 

hydrogels are widely used for administering active drugs irritating to the 

gastric mucosa by using formulations in a shrunk state at low pH and in a 

swollen state at high pH values. Recently, liquid crystalline materials have 

attracted significant attention for their potential use as DDS with improved 

properties such as physicochemical stability, drug loading, sustained release 

patterns, and a reduction in drug leakage (13); in addition to their well-

known technological applications (14, 15). 5-fluorouracil (5-FU) is an 

anticancer agent, analogue of pyrimidine bases, belonging to the family of 

anti-metabolites. It is widely used alone or in combination with other drugs 

in the treatment of various malignancies, including cancers of the 

gastrointestinal tract, breast, ovary, head and neck area (16). However, 5-FU 

is characterized by poor bioavailability and high toxicity (17). Several 
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modalities of drug administration have been investigated to improve 5-FU 

bioavailability and to reduce the related toxicity (18, 19). Although some 

progress has been achieved, these approaches have issues of poor drug 

loading, drug leakage, burst release patterns, and poor physicochemical 

stability that are unaddressed.  Fenoprofen is an analgesic, anti-

inflammatory and antipyretic nonsteroidal drug that exhibits liquid 

crystalline properties. Literature data suggest that both fenoprofen sodium 

and calcium salts can form stable thermotropic mesophases in dehydrated 

conditions (20-22). In this mesomorphic state, the director of fenoprofen 

molecules can align along the direction of an applied external field due to 

their particular electrical nature (23). Poloxamers are non-ionic copolymers 

(triblock) composed of a central hydrophobic chain of polyoxypropylene 

flanked by two chains of hydrophilic polyoxymethylene (24). Poloxamers 

are commonly used polymers in many pharmaceutical applications for their 

thermogelling properties. In fact, they can be used to increase the water 

solubility of hydrophobic substances or the miscibility of substances with 

different hydrophobicity. In addition, they have been evaluated as drug 

delivery systems and found able to enhance the action of chemotherapeutic 

drugs. They preferentially target cancer cells, due to differences present in 

their membranes, and are able to inhibit multi-drug resistant (MDR) 

proteins, which are responsible for the drug efflux from the cells. Therefore, 

it is possible to increase the susceptibility of cancer cells to 

chemotherapeutic agents  (25-27). Furthermore, literature data report that 

poloxamers can be utilized for controlled drug delivery applications. A 

designed composition in polymers and poloxamers could lead to the 

development of DDS with enhanced properties. This paper deals with the 

synthesis and characterization of swellable microspheres based on 

fenoprofen and poloxamer for the controlled and targeted release of 5-FU 

(Figure 1).  

 

 

https://en.wikipedia.org/wiki/Miscibility


Section 1-Part C 
 

54 
 

 

 

Figure 1: Representation of microspheres based on fenoprofen and poloxamer 

 

The obtained microparticles were characterized by scanning electron 

microscopy, dynamic light scattering, and differential scanning calorimetry. 

Their swelling degree was evaluated at two different pHs, simulating the 

environment typical of tumour sites and the physiological conditions, 

respectively. Then, they were loaded with 5-FU and drug release studies 

were performed at pH 6.2.  

Surprisingly, differential scanning calorimetry and polarizing optical 

microscopy showed the preservation of fenoprofen liquid crystallinity in the 

obtained microparticles with a transition temperature close to those of 

typical tumour-sites. The liquid crystallinity of synthesized microparticles 

could be exploited to modulate the release of 5-fluorouracil by the 

application of an external stimulus such as a magnetic field and/or 

temperature. 

 

 

2. Materials and methods 

 

2.1 Materials 

The solvents such as acetone, chloroform, dichloromethane, ethanol, 

methanol, isopropanol, n-hexane, acetonitrile, tetrahydrofuran (THF) and 

sulfuric acid (H2SO4) were obtained from Carlo Erba Reagents (Milan, 

Italy). The n-hexane and chloroform were distilled before their use. 

Furthermore, the calcium salt of fenoprofen (MW = 522.60 g / mol), 
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Synperonic P105® (MW = 6500 g / mol), acryloyl chloride, triethylamine, 

sorbitan trioleate (Span 85), polyoxyethylene sorbitan (Tween 85), 

N,N,N',N'-tetramethylethylenediamine (TMEDA), N,N'-methylene-

bisacrylamide (MBA), ammonium persulfate (APS), 

dicyclohexylcarbodimide (DCC), dimethylaminopyridine (DMAP), sodium 

hydroxide, and 5-fluorouracil were purchased from Sigma-Aldrich (Sigma 

Chemical Co., St. Louis, MO, USA). 

 

2.2 Measurements 

FT-IR spectra were measured by a Jasco 4200 IR spectrophotometer using 

KBr disks in the range of 4000-400 cm-1 (number of scan 16). 1H-MNR 

spectra were recorded on a Bruker VM-300 ACP NMR spectrometer; the 

chemical shifts were expressed as δ-values (ppm) and referred to the solvent. 

The UV-Vis spectra were carried out using a JASCO UV-530 

spectrophotometer. The samples were lyophilized by using a freezing-

drying equipment (Micro modulyo, Edwards). Scanning electron 

microscopy (SEM) analysis of microspheres was performed with a JEOL 

JSMT 300 A microscope; the surface of the samples was made conductive 

by deposition of a thin gold layer in a vacuum chamber. The liquid 

crystalline properties of compounds were investigated by a polarizing 

optical microscope, POM (Laborlux 12 POL, Leitz, equipped with a heating 

stage, PR 600, Linkam) and differential scanning calorimetry. The transition 

temperatures were evaluated with a differential scanning calorimeter (DSC-

200, Netzsch and DSC-141, Setaram) operating under nitrogen atmosphere 

at a heating rate of 10 °C min-1. The mass of samples (around 4.0 mg) was 

placed in aluminium crucibles with pierced lids. Liquid crystalline phases 

were identified through the comparison of the texture changes around the 

transition temperatures with reference textures (28). 

 

2.3 Fenoprofen preparation  

The acid form of fenoprofen was obtained from the corresponding salt. 

Briefly, 1 g of fenoprofen calcium salt was solubilized in 400 ml of distilled 

water and heated to 100 °C under magnetic stirring (200 rpm) for 1 h. Then, 

H2SO4 was added to promote the precipitation of fenoprofen acid, which 

was recovered by filtration, through porous glass filters with porosity grade 
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4, dried with a mechanical vacuum pump and then characterized by FT-IR 

and 1H-NMR.  

 

2.4 Esterification of poloxamer with fenoprofen 

In a three-neck flask fitted with a reflux condenser, a dripping funnel and a 

magnetic stirrer, thoroughly flamed and maintained under nitrogen 

bubbling, 0.100 g of fenoprofen acid (0.412 mmol) were dissolved in 50 ml 

of dry chloroform. Then, DCC (8.510-2 g, 0.412 mmol) and DMAP (2.510-

3 g, 2.06.10-2 mmol) were added and, after 15 minutes, poloxamer (1.34 g, 

0.206 mmol) was dispersed in the reaction mixture. It was kept cold, in a 

cold-water bath, stirred for 12 hours and continuously monitored by thin 

layer chromatography (TLC) (silica gel, eluent mixture chloroform/n-

hexane 3/7). Finally, the solvent was removed at reduced pressure. The raw 

product was washed with methanol to remove the dicyclohexylurea 

(generated as a reaction by-product), dried with a mechanical vacuum pump 

and, then, purified by column chromatography (silica gel, eluent mixture 

chloroform/n-hexane 3/7) to yield 1. The final compound was characterized 

by FT-IR and 1H-NMR. 

 

2.5 Derivatization of the hydroxyl group of 1 with acryloyl chloride 

In a three-necked flask fitted with a reflux condenser, a dripping funnel and 

a magnetic stirrer, accurately flamed and maintained under nitrogen 

bubbling, 7,810-2 g of 1 (0.01 mmol) were dissolved in dry chloroform (50 

ml) and added of dry triethylamine (2.3 μl, 0.0173 mmol) and, after 30 

minutes, acryloyl chloride (1.4 μl, 1.7310-2 mmol). The reaction was 

conducted at room temperature under mild stirring for 72 hours and 

constantly monitored by TLC (silica gel, eluent mixture chloroform/n-

hexane 3/7). The acrylate 2 was purified by column chromatography (silica 

gel, eluent mixture chloroform/n-hexane 3/7), dried and characterized by 

FT-IR and 1H-NMR. 

 

2.6 Microspheres preparation  

Microspheres based on 2 were obtained by radical copolymerization. 

Briefly, a cylindrical glass reactor (150 ml), equipped with a mechanical 

stirrer and dripping funnel, a screw cap with puncture-proof rubber septum, 
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was flamed under nitrogen flow, and after cooling was immersed in a 

thermostatically controlled bath at 40 °C. Then, 20 ml of n-hexane and 18 

ml of chloroform were poured into the reactor as dispersing phase. After 30 

min of N2 bubbling, this mixture was treated with distilled water (4 ml) 

containing 2 (0.24 g, 0.0354 mmol), N, N'-methylenbisacrylamide (MBA) 

(co-monomer) (3.10-3 g, 1.7710-2 mmol) and ammonium persulfate 

((NH4)2S2O8) (0.8 g, 3.5 mmol), which acts as a radical initiator. Whilst 

stirring at 1000 rpm and at regular intervals (10 min), the mixture was treated 

with 150 μl of sorbitan trioleate (Span 85), 150 μl of polyoxyethylene 

sorbitan trioleate (Tween 85) and, finally, 150 μl of tetramethylenediamine 

(TMEDA) (29). The obtained microspheres were filtered, washed with 100 

ml portions of isopropanol, ethanol and acetone to eliminate the Span 85 and 

Tween 85 surfactants and unreacted reagents, and dried overnight under 

vacuum at 40 °C. Their characterization was performed by POM, dynamic 

light scattering (DLS, Brookhaven Instruments, 90 PLUS), DSC and FT-IR. 

 

2.7 Swelling studies 

The swelling behaviour was investigated in order to check the hydrophilic 

affinity of microparticles. 25 mg of dried material were placed in two 

different glass filters (porosity G3, previously wet, centrifuged for 5 minutes 

at 2000 g / min, and weighed) immersed in two beakers containing the 

swelling media (phosphate buffer pH 6.2, simulating the conditions typical 

of tumour pathology and phosphate buffer pH 7.4, miming physiological 

environment) at the temperature of 37 °C. At predetermined time intervals 

(1h, 3h, 6h, 24h, and 32h), the excess of water was removed from both filters 

by percolation at atmospheric pressure. Subsequently, the filters were 

centrifuged at 3500 rpm for 15 minutes and weighed to give the equilibrium 

swelling degree, α (%), by equation 1. 

The equilibrium swelling degree, α (%), is a measure of how much water is 

retained by hydrogels and can be expressed as: 

  

100(%)
d

ds

W

WW 
                                                              (1) 
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where Ws and Wd were the weights of swollen and dried microspheres, 

respectively (30). 

 

 

2.8 Microspheres loading with 5-FU 

50 mg of microspheres were placed in a drug solution with a known 

concentration of 5-fluorouracil (5 mg in 20 ml of distilled water). After 3 

days under slow stirring at 37 °C, the microspheres were filtered and dried 

to constant weight at reduced pressure in presence of P2O5. The loading 

efficiency percentage (LE%) of all samples was determined by 

spectrophotometric analysis of filtered solvent, according to the following 

equation 2 (31): 

 

𝐿𝐸% =
𝑀𝑖−𝑀0

𝑀𝑖
 × 100                                             (2) 

 

where M0 was the concentration of drug in the solution before loading, Mi 

was the drug concentration in the solution after loading. 

 

2.9 Release studies 

10 mg of dried microspheres were dispersed in 1.5 ml of swelling media 

(phosphate buffer pH 6.2, simulating pathological conditions). The test tubes 

were shaken in a horizontal-shaking bath at 37 °C and a rate of 100 rpm. At 

fixed time intervals, the samples were centrifuged at 3500 rpm for 15 min 

and 1.5 ml of supernatant was replaced with 1.5 ml of fresh solution. The 5-

fluoruracil concentration was determined by UV spectrophotometry at 265 

nm. The experiment was repeated in triplicate. The release was evaluated as 

cumulative drug release percentage over a time interval of 32 h (32). 

 

2.10 Statistical analysis 

Each datum point represents the mean ± SD of three different experiments. 

Data were analysed by Student’s t-test using the Graph Pad Prism 4 software 

program. P < 0.05 was considered as statistically significant. 
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3.  Results and Discussion 

 

3.1 Synthesis of acrylate 2 

Fenoprofen was purchased in its calcium salt form. In order to obtain the 

corresponding acid, it was solubilized in hot, slightly alkaline, distilled 

water. After the complete solubilisation of fenoprofen, sulfuric acid was 

added to favour the acid precipitation. The desired product was then 

recovered by filtration, dried at reduced pressure and subsequently 

characterized by FT-IR and 1H-NMR. FT-IR (KBr) ν (cm-1): 3258 (OH), 

3065 (CH), 3030 (CH), 2930 (CH), 2848 (CH), 1705 (C=O). 1H-NMR 

(CDCl3)  (ppm): 10.5, 7.376, 7.376, 7.322, 7.287, 7.142, 6.999, 6.999, 

6.922, 6.575, 3.889, 1.325. The purified fenoprofen acid was successfully 

esterified through its carboxyl group with the poloxamer Synperonic P105® 

to give 1 (82% yield, Scheme 1) that was purified by column 

chromatography and characterized by FT-IR and 1H-NMR. FT-IR (KBr) ν 

(cm-1): 3447 (OH), 3070 (CH), 3035 (CH), 2977 (CH), 2930 (CH), 

2879(CH), 1750 (C=O).1H-NMR (CD3CN)  (ppm): 7.376, 7.376, 7.311, 

7.288, 7.142, 6.999, 6.999, 6.923, 6.575, 4.474- 3.539, 1.324-1.129. The 

product 1 was finally reacted with acryloyl chloride to obtain the 

polymerizable derivative 2 (Figure 2), that was purified by chromatography 

and then characterized by FT-IR spectrometry and 1H-NMR. FT-IR (KBr) ν 

(cm-1): 3447 (OH), 3070 (CH), 3035 (CH), 2966 (CH), 2920 (CH), 2854 

(CH), 1758 (C=O), 1734 (C=O), 980, 905 (C=C). 1H-NMR (CD3CN)  

(ppm): 7.374, 7.374, 7.311, 7.288, 7.142, 7.0, 6.923, 6.861, 6.575, 6.328, 

6.020, 4.474-3.297, 1.924-1.115. 2 was used to prepare multi-sensitive 

microspheres as reported in literature (33). 
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Figure 2 and Scheme 1: Synthetic route to compound 2. 

 

 

3.2 Microspheres characterization 

The obtained microparticles were characterized by FT-IR, DLS, POM, SEM 

and DSC.  

FT-IR spectra showed the appearance of a new band awardable to C=O 

stretching of co-monomer amidic group (1650 cm-1) and the disappearance 

of the characteristic bands of the acrylic group double bond (C=C) at 980 

cm-1 and 905 cm-1. DLS analysis confirmed the presence of micron-sized 

particles with a rather good polydispersity (0.30 ± 0.04) and an average 

diameter of 3.00±0.02μm. 
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At the optical microscope (T=25 °C), dry particles appeared grouped into 

large clusters of microparticles (Figure 3). After water immersion, the 

dimensions of clusters decreased while individual microspheres swelled.  

The morphological characterization by SEM confirmed that the samples 

were formed by micron-sized particles, generally grouped in large clusters 

(Figure 3). The shape aspect is rather irregular and could be due to the 

particular sample preparation method for SEM analysis, softness and 

adhesion properties of synthesized microparticles. 

 

 

 
 

 

 

Figure 3: POM pictures of microspheres at 25 °C between: a) parallel polarizers, 

b) crossed polarizers (left image); SEM picture of microspheres (magnification of 

391 x) (right image). 

 

DSC analysis was carried out in the range 25 °C - 180 °C (under a nitrogen 

flow rate of 25 ml min-1 and a heating rate of 10 °C min-1) in order to evaluate 

the transition temperatures (Figure 4). Microparticle thermograms are 

characterized by two broad peaks at around 43 °C (endothermic) and 147 °C 

(exothermic). POM observations confirmed that the endothermic peak 

originated from a crystal-nematic phase transition, while the exothermic 

peak was very likely a thermal decomposition of short oligomers 

(polymerization fragments that remained entrapped in the microsphere 
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networks) rather than the thermal decomposition of microspheres. These 

oligomers are able to reduce the thermal stability of microspheres hiding 

the presence of the nematic-isotropic transition of microspheres. 

Interestingly, the thermogram of precursor fenoprofen acid showed three 

transition temperatures (at around 123 °C, 223 °C and 261 °C; Figure 4) that 

were attributed to the crystal-smectic, smectic-nematic, and nematic-

isotropic phase transition by POM observation of mesophase textures. 

 

 

 

Figure 4: Thermogram of microspheres based on fenoprofen and poloxamer. 

Scanning rate was 10 °C min-1 (top image). Thermogram of fenoprofen acid. 

Scanning rate was 10 °C min-1 (bottom image). 
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3.3 Swelling studies 

Microspheres swelling studies (34) were conducted at two different pHs (6.2 

and 7.4) and at different time intervals (1h, 3h, 6h, 24h, and 32h) Table 1.  

 

Table 1: Swelling degree, α%, at two different pH (6.2 and 7.4) and at different 

time intervals (1h, 3h, 6h, 24h, and 32h). Data are the mean ± SD of three 

separate experiments.  

 

 

 

 

 α% 

pH Time (h)  

1 3 6 24 32 

6.2 0 31 338 

 

485 

 

487 

 

7.4 0 30 31 31 54 

 

The obtained results indicated that microspheres are able to release 5-FU in 

a slow and specific way at pH 6.2, which is a pH value typical of tumour 

sites. In fact, the swelling degree at pH 6.2 was greater than that found at pH 

7.4. It is possible to explain this behaviour because of electrostatic repulsion 

between polymeric chains due to the increase of dissociated groups at pH 

6.2. This repulsive force would push the network chain segments apart and 

thus attract more water into the hydrogels, with a consequent higher swelling 

ratio. 

 

3.4 Microspheres loading with 5-FU 

In order to estimate the microparticles ability to encapsulate drugs, their 

loading efficiency was determined by spectrophotometric analysis after a 

soaking procedure with 5-FU. Data showed that 5-FU was efficiently loaded 

in the matrices (LE% = 90.6) because of the strong interactions between the 

polymeric matrix and the anticancer drug. 
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3.5 Release studies 

The release studies were conducted only at pH 6.2 and at different time 

intervals (1h, 3h, 6h, 24h, and 32h). The choice to evaluate the drug release 

only at this pH value was justified by the lower swelling values of 

microparticles at pH 7.4 (see Table 1). 5-FU release profile was determined 

by spectrophotometric analysis and expressed as the percent of drug 

delivered over the effectively entrapped dose, as a function of time. Figure 

5 show the 5-FU cumulative release at pH 6.2.  

 

 

Figure 5 5-FU release from microspheres based on fenoprofen and poloxamer. 

Data are the mean ± SD of three different experiments. Solid line is just a guide to 

the eye. 

From Figure 5, it is possible to distinguish two different stages in the release 

rate of 5-FU from microspheres due to the particular drug placement. In fact, 

5-FU molecules adsorbed at the outer surfaces of microspheres were quickly 

released. This burst effect must not be considered a negative circumstance, 

as a fast release rate of anticancer drugs can show positive effects in tumour 

treatment (35). The release of drug molecules (up to 18%) loaded into the 
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volume of microspheres followed the burst effect. This release process was 

mainly governed by a diffusion mechanism, also promoted by the small 

dimensions of microparticles, which allowed drug molecules to easily 

spread out from hydrogel network.  

It is very difficult to compare the properties of microparticles based on 

fenoprofen and poloxamer with those of other DDS, being the used 

components quite different. If this comparison is limited to systems loaded 

with 5-FU, there are in literature several papers dealing with the synthesis 

and characterization of microparticles able to release percentages of 5-FU 

(e.g. (36)) higher than that found with microparticles based on fenoprofen 

and poloxamer (around 18%). The 5-FU release and swelling behaviour of 

these particles were evaluated at 37 °C. We can hypothesize that the 5-FU 

release from these microparticles decreased due to the higher viscosity and 

lower swelling degree that microspheres containing the poloxamer 

Synperonic P105® showed at 37°C, the temperature at which the swelling 

and release studies were carried out (37). In the next future, these swelling 

and release properties will be compared with the behaviour of hydrogels 

based on acrylated fenoprofen without poloxamer. 

However, it is important to highlight that microspheres based on fenoprofen 

and poloxamer are expected to be multi-sensitive liquid crystalline DDS, 

which represents a real benefit. In fact, the presence of a liquid crystal phase 

in microparticle thermograms could allow a multisensitive drug release 

driven by either temperature or a magnetic field. The alignment of liquid 

crystal director, either perpendicular or parallel to the applied magnetic field, 

could favour a further targeted release of drugs to specific sites. In addition, 

being the transition temperature (around 43 °C) close to the temperature of 

tumoral areas, the microparticles based on fenoprofen and poloxamer could 

allow a specific thermally driven drug release.  

 

 

4. Conclusions 

Microspheres, based on fenoprofen and poloxamer, were successfully 

obtained and characterized as carrier of 5-FU. Microparticles had an average 

diameter of 3 µm and showed a swelling degree larger in pathological 

conditions (pH 6.2) than in physiological condition (pH 7.4). Then they were 
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efficiently loaded with 5-FU and tested for a site-specific release to cancer 

cells. Thanks to the properties of the two precursors, it is expected that 

microspheres could show a beneficial effect against tumour tissues. In fact, 

poloxamers are able to inhibit the production of ATP in multi-resistant 

tumour cells and increases the sensitivity of these cells to drug treatment. 

Moreover, fenoprofen can attenuate the inflammatory process typical of the 

tumour sites. Furthermore, the presence of a liquid crystal phase in 

microparticles could allow a multisensitive drug release driven by either 

temperature and/or a magnetic field. The magnetically and thermally driven 

5-FU release from microspheres will be examined in a future work. 
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PART A 

“α -Tocopheryl Linolenate Solid Lipid Nanoparticles for the 

encapsulation, protection and release of Omega-3 

Polyunsaturated Fatty Acid: In Vitro Anti-Melanoma 

Activity Evaluation"(1) 

 

 

Abstract 

The main target of this study was the preparation, characterization and 

antioxidant activity evaluation of α-tocopheryl linolenate based solid lipid 

nanoparticles (SLNs-TL), able to incorporate omega-3 α-linolenic acid, 

useful for the treatment of melanoma, a type of skin cancer. In particular, 

α-linolenic acid was successfully derivatized with α-tocopherol and the 

obtained compound was characterized by Fourier transform infrared (FT-

IR) and by 1H-NMR to confirm the ester linkage. Both the empty SLNs-TL 

that SLNs-TL-LIN, containing omega-3-linolenic acid, were prepared 

through the technique of the microemulsion. The nanoparticles were 

characterized for entrapment efficiency, size and shape. Their antioxidant 

activity was investigated in rat liver microsomal membranes in inhibiting 

the lipid peroxidation induced by tert-butyl hydroperoxide (tert-BOOH), 

which endogenously produces alkoxyl radicals by Fenton reactions. The 

obtained results indicate that the α-tocopherol, linked by ester bond to α-

linolenic acid, maintains an excellent antioxidant activity. The encapsulation 

efficiency was equal to 77% and the polydispersity index 0.198 indicating a 

good dimensional distribution. Furthermore, the nanoparticles were tested in 

vitro for their cytotoxic activity against human melanoma cancer cell line 

C32. Both empty SLNs-TL and loaded SLNs-TL-LIN showed a high 

biological activity, being more effective than α-linolenic acid and α-

tocopherol. The results indicated that these nanoparticles could provide the 
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delivery and the protection of unstable molecules, such as α-linolenic acid, 

from degradation induced by mechanisms of oxidative stress. 

 

Keywords: Omega-3, α-Tocopheryl linolenate, Solid lipid nanoparticles, 

Antioxidant, Melanoma, Antiproliferative. 

 

 

 

1. Introduction 

Skin cancers have a higher incidence than all other cancers combined and 

are a major cause of morbidity worldwide. Laboratory data suggest that 

certain dietary constituents, notably omega-3 polyunsaturated fatty acids, 

could potentially protect against skin malignancy, although no large-scale 

review has been conducted in humans (2). Omega-3 polyunsaturated fatty 

acids are called essential because the body needs these substances but can’t 

manufacture them, so we have to take them through diet. They have 

beneficial effects not only on the tumors skin but also on other cancers and 

on additional clinical disorders including edema (3), rheumatoid arthritis (4), 

and cardiovascular disease (5, 6). Hence the replacement of saturated fat 

with unsaturated fatty acids for the protection against metabolic diseases and 

disorders, omega-3 fatty acids have been widely accepted as one of the bases 

of healthy lifestyle and nutrition. However, despite this weight of evidence, 

during processing, distribution and handling, oils can easily oxidize, due to 

their high unsaturation degree. Oxidation leads to the formation of 

unpleasant tastes and odors. Consequently, the products' shelf life is 

decreased and free radicals are formed affecting negatively the organism. 

(7). Omega-3 encapsulation (8-15) represent is an alternative to protect fatty 

acids against lipid oxidation, thus increasing their shelf life (16). In addition, 

it also offers the possibility of their controlled release. In the last years 

Cassano et al. realized carriers for the topical delivery of sensitive 

substances. Particularly, with the aim to increase the stability of the vitamin 

E to the light, heat etc., trans-ferulic acid was covalently linked on the 

dextran backbone to realize a hydrogel, entrapping vitamin E. The carrier 

investigation revealed that vitamin E was preserved during the transport and 
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release (17). In addition, Trombino et al. developed and characterized stearyl 

ferulate based SLNs, as vehicle for both β-carotene and α-tocopherol, with 

the aim of increasing the photochemical stability of these substance. It was 

shown that ferulic acid exercised a synergistic effect with loaded 

antioxidants, and was able to protect and stabilize them from degradation 

(18). The obtained data demonstrated that the prepared antioxidant carriers 

could be interesting for transport and release of unstable active ingredients 

suggesting the possibility to prepare a new carrier loading linoleic acid, an 

oxidizable substance, having in the carrier structure the same substance. In 

the present study we prepared SLNs-TL-LIN based on tocopheryl linolenate 

and loading α-linolenic acid (Figure 1). In addition, the anti-proliferative 

effect of obtained formulations against human melanoma cells was also 

evaluated. Nanoparticles development constitutes an interesting new 

strategy in oncology. These carriers allow a new controlled and targeted way 

to deliver anticancer drugs and this results in high efficacy with low side 

effects (19). In fact, many studies deal with nanoparticle formulations in 

cancer treatment (20-23). This new approach appears particularly interesting 

in the treatment of skin cancer because, actually, conventional chemotherapy 

shows little effects against metastatic melanoma (24). Thus, the cytotoxic 

activity against C32 human melanoma cell line of both α- linolenic acid and 

α-tocopherol and prepared nanoparticles were tested and compared.  

 

 

 

Figure 1: Schematic representation of SLNs-TL-LIN. 
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2. Materials and Methods 

2.1. Chemicals 

All solvents, analytical grade, were purchased from Carlo Erba Reagents 

(Milan, Italy): tetrahydrofuran (THF), chloroform (CHCl3), n-hexane, ethyl 

acetate, isooctane and 1-butanol. -linolenic acid (PM = 278.43 g / mol), -

tocopherol (PM = 430.72 g/mol), biliary salt of the taurodeossicolic acid, 

Tween 20, dicyclohexylcarbonymide (DCC), dimethylaminopyridine 

(DMAP), trichloroacetic acid (TCA), butylated hydroxytoluene (BHT), 2-

thiobarbituric acid (TBA),  tert-butyl hydroperoxide (t-BOOH),  phosphate 

buffered saline (PBS), RPMI 1640 medium, fetal bovine serum, L-

glutamine, penicillin/streptomycin, trypan blue, 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT), were purchased from Sigma-

Aldrich (Sigma Chemical Co.,St. Louis, MO, USA). Amelanotic melanoma 

cells C32 were purchased from ATCC no. CRL-1585, UK. 

 

2.2. Measurements 

FT-IR spectra were measured on a Jasco 4200 using KBr disks. 1H-MNR 

spectra were acquired on Bruker VM-300 ACP; the chemical shifts are 

expressed in δ and referred to the solvent. The UV-Vis spectra were carried 

out using JASCO UV-530. Solid lipid nanoparticles were obtained by means 

homogenizer Model SL2, Silverson (Chesham Bucks, England) and washed 

using an Amicon TCF2A ultrafiltration system (Amicon Grace, Beverley, 

MA USA; membrane Amicon Diaflo YM 100). The samples were 

lyophilized using "Freezing-drying" Micro Modulyo, Edwards. 

Dimensional analysis of the nanoparticles prepared were carried out by 

means of light scattering using a Brookhaven 90 Plus Particle Size Analyzer 

(Brookhaven Instruments Corporation, New York, USA) at 25 °C by 

measuring the autocorrelation function at 90° scattering angle. The 

polydispersity index (PI), which indicates the measure of the distribution of 

nanoparticle populations, was also determined. Six separate measurements 

were made in order to obtain the average. Data were fitted by the method of 

inverse ‘‘Laplace transformation’’ and Contin. Absorbance values were 

measured using a microplate reader (GDV DV 990 B/V, Roma, Italy). 

Changes in cell morphology were visualized using an inverted microscope 
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(AE20 Motic; Motic Instruments, Inc., VWR, Milan, Italy). Images were 

captured on a VWR digital camera (Visi Cam 3.0 USB camera, Milan, Italy).  

 

2.3. Synthesis of cis, cis, cis-9,12,15-octadecatrienoate of (2R) -2,5,7,8-

tetramethyl-2- (4R, 8R) - (4,8,12-trimetiltridecil)  -6-chromanol (TL) 

In a three-necked flask, equipped with condenser, dropping funnel and 

magnetic stirrer, accurately flamed and maintained under an inert 

atmosphere, were placed 50 ml of dry THF to which are added 2 g of -

linolenic acid (7.2 · 10-3 moles ), 1.5 g of DCC (7.2 · 10-3 moles) and 0.88 g 

of DMAP (7.2 · 10-3 moles). The solution was kept under stirring for 10 

minutes at room temperature until complete dissolution of DMAP and DCC. 

Next, were slowly added 3.10 g of -tocopherol (7.2 · 10-3 moles) dissolved 

in dry THF until obtaining a solution of light yellow color. The reaction was 

left under stirring in the dark at room temperature for 24 hours and 

monitored by TLC (Thin Layer Chromatography) on aluminum oxide plates 

using as eluent mixture CHCl3: ethyl acetate in a ratio 1:1. At the end it was 

obtained a yellow solution with a white precipitate.  

The product was subjected to filtration and the filtrate is stripped completely 

of the solvent at reduced pressure. It was obtained a dark brown-orange 

residue which was purified by chromatography column (eluent mixture n-

hexane: CHCl3, 8:2) and characterized by FT-IR spectroscopy and 1H-NMR. 

We called the product obtained -tocopheryl linolenate (TL). 

 

2.4. Preparation of Solid Lipid Nanoparticles (SLNs) 

SLNs were prepared by a microemulsion technique at moderate temperature 

according to Gasco (25) as shown in Table 1. Briefly, -tocopheryl 

linolenate, in the presence or not of the active substance, the -linolenic acid 

were melted at 70–75 °C. A warm water solution of sodium taurocholate, 

butanol and Tween 20 was then added to obtain an optically transparent 

system. The warm microemulsion was immediately dispersed in cold water 

(∼2 ◦C) under high-speed homogenation at 8000 rpm for 15min. The volume 

ratio of warm microemulsion to cold water was 1:20. The SLNs-TL and 
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SLNs-TL-LIN dispersions were washed two times using an Amicon TCF2A 

ultrafiltration system.  

 

Table 1: amount of all reagent used for SLNs preparation 

 

-tocopheryl 

linolenate (g) 

tween 

20 (ml) 

1-butanol 

(ml) 

biliary 

salt(g) 

water(ml) -linolenic 

acid (g) 

0.41  0.21 0.09  0.11 0.85 0,04 

 

 

The particles size was determined by dynamic light scattering at 25 °C by 

measuring the autocorrelation function at 90° scattering angle. Cells were 

filled with 100 µl of sample solution and diluted to 4 ml with filtered (0.22 

µm) water. The polydispersity index (PI) indicating the measure of the 

nanoparticle population distribution (26) was also determined. Six separate 

measurements were made to derive the average. Data were fitted by the 

method of inverse “Laplace transformation” and Contin (27, 28). 

 

2.5. Encapsulation efficiency determination 

The encapsulation efficiency of SLNs was evaluated through a 

spectrophotometer UV-Vis. Briefly, the amount of unencapsulated 

substance in the SLNs was removed by centrifugation (at 8000 rpm for 30 

min) and filtration. Subsequently the obtained samples were diluted in 

methanol (1:9) and analysed. The absorbance of the samples was measured 

using quartz cells with a thickness of 1 cm and operating at specific 

wavelengths of -linolenic acid  ( = 268 nm).The encapsulation efficiency 

(EE) (%) is the percentage of active substance encapsulated in SLNs 

expressed referring to the initial drug amount used. This is calculated using 

the following equation:  

 

                            𝐸𝐸% =
𝑔𝑓

𝑔𝑖
·100                                   (Eq. 1) 

 

where gi indicates the grams of -linolenic acid initially used and gf the 

final amount effectively entrapped into nanoparticles.  
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2.6. SLNs antioxidant activity evaluation 

To evaluate the antioxidant activity of the SLNs based on -

tocopheryllinolenate (TL-SLNs) loaded with -linolenic acid, they were 

subjected to the test of malondialdehyde (MDA) using rat liver microsomal 

membranes. As control were used -tocopherol, -linolenic acid and TL-

SLNs unloaded. The preparation of the microsomal suspension follows the 

procedure reported by Trombino et al. (18). Previously an aliquot of each 

sample was added to microsomal membranes to be tested and subsequently 

an amount of t-BOOH (tert-butylhydroperoxide) to reach a final 

concentration of 0.25 mM was also added. The microsomal suspension was 

then incubated at 37 ° C under stirring, in the dark for one hour. 

Subsequently, 1 ml of microsomal suspension was added to a solution 

consisting of 3 ml of trichloroacetic acid (TCA) at 0.5%, 0.5 ml of 

thiobarbituric acid (TBA) (two pieces of TBA to 0.4% in HCl 0.2 M and a 

part of distilled water) and 0,07 ml of butylated hydroxytoluene (BHT) 0.2% 

in 95% ethanol. The samples thus prepared were then incubated in a bath at 

90 °C for 45 min and then centrifuged. After incubation, the TBA-MDA 

complex was detected by spectrophotometry UV-Visat 535 nm, because the 

formation of malondialdehyde is indicative of the lipid peroxidation process. 

The experiment was repeated in triplicate (n = 3). 

 

2.7. Cell effect – MTT reduction assay 

Melanoma cancer cells C32 were cultured in RPMI-1640 medium 

supplemented with 1% antibiotic solution (penicillin/streptomycin), 1% L-

glutamine and 10% fetal bovine serum (FBS). Cells were incubated at 37°C 

under 5% CO2. After cell count, performed using a standard trypan blue cell 

counting technique, cells were subcultured onto 96 well culture plates for 1 

day to become nearly confluent. Cell concentration was 2 x 104 cells/ml. 

Different concentrations of samples were prepared from stock solutions by 

serial dilution in RPMI-1640 medium. One hundred μl/well of each 

concentration were added to obtain final dilutions ranging from 100 to 0.156 

μg/ml. Treatments never exceeded 0.5% of the solvent (DMSO), the 

percentage that was used to treat control wells. 
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After 48 hours, cell viability was assessed by the 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay (29). Medium was 

removed and 0.5% (w/v) MTT in phosphate-buffered saline (100 μl) were 

added to each well. After further 4 h of incubation, DMSO (100 μl) was 

added to each well to dissolve the formazan crystals. Absorbance was 

measured at 570 nm.  Each experiment was carried out in quadruplicate. 

Cytotoxicity was expressed as IC50, which is the concentration giving 50% 

inhibition compared to the control (untreated cells). 

 

2.8. Statistical analysis 

Each datum represents the mean ± SD of three different experiments. Data 

were analyzed by Student’s t test using the GraphPad Prism 4 software 

program. P < 0.05 was considered as statistically significant.  

For the evaluation of the antiproliferative activity experiments were realized 

in quadruplicate.  Data were expressed as means ± S.E. The raw data were 

fitted through nonlinear regression in order to obtain the IC50 values which 

indicate the dose needed to inhibit the 50% of cell viability. Data were 

checked for normality (D'Agostino-Pearson test) and tested for homogeneity 

of variances (Levene's test). The statistical significance of differences 

among group means were estimated by a one-way analysis of variance 

(ANOVA) followed by Bonferroni post hoc test (P < 0.05), using SigmaStat 

Software (Jantel Scientific Software, San Rafael, CA).  

 

3. Results and Discussion 

 

3.1. Synthesis of cis, cis, cis-9,12,15-octadecatrienoato of (2R) -2,5,7,8-

tetramethyl-2-(4R, 8R)-(4,8,12-trimetiltridecil) -6-chromanol (TL). 

The esterification reaction between the -tocopherol and -linolenic acid 

was conducted in order to obtain a new lipophilic and antioxidants 

compound that was used as lipid matrix in the formulation of a new type of 

SLN. This synthesis has allowed the derivatization of the alcoholic function 

of -tocopherol to obtain a compound with a yield of 78% containing in its 

structure an Omega-3 (Scheme 1). This reaction was conducted in the dark 

due to the photosensitivity of the species involved. The product formation 

was confirmed by spectroscopy FT-IR e 1H-NMR. FT-IR (KBr) ν (cm-
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1):3068, 3034 (-CH ),1747 (-C=O ), 996, 950 (HC=CH).1H-NMR (C2D6CO) 

δ (ppm):5.20-5.60 (m, 6H),2.87 (m, 4H), 2.55 (m, 4H), 2.20 (m, 4H), 2.0 (s, 

3H), 2.05 (s, 3H), 2.1 (s, 3H), 1.55 (m, 4H), 0.80-1.50 (m, 47H). 

 

 

 

 
 

 

Scheme 1: Schematic representation of -tocopheryl linolenate synthetic route. 

 

 

3.2. Preparation and characterization of SLNs 

The SLNs based on -tocopheryl linolenate and loaded with -linolenic acid 

were successfully prepared through the microemulsion technique. 

Dimensional analysis to the Light Scattering allowed to determine the 

average diameter of the nanoparticles synthesized and their polydispersity 

index (PI) as shown in Table 2.  

 

Table 2: Light scattering analysis 

Formulation Mean particle size 

(nm) 

Polydispersity Index 

(PI) 

TL-SLNs 450.9 ±1.3 0.216±0.013 

TL-SLN-LIN 181.0±1.8 0.198±0.021 
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It was noted a reduction in the diameter after loading -linolenic acid. In 

particular, the diameter of TL-SLNs was about 450.9 nm, while TL-SLN-

LIN was of 181.0 nm. The polydispersity index, as shown in Table 2, were 

lower than 0.220, these low values of PI are indicative of a good 

homogeneity in the distribution of particle sizes and the presence of only 

two families of nanoparticles. SLN dimensions were confirmed also through 

transmission electron microscopy (TEM). With this technique it is possible 

to observe that nanoparticles have a spherical shape (Figure 2). 

 

 

Figure 2: TEM picture of TL-SLNs 

 

In addition, SLNs were characterized through UV-Vis spectrophotometer 

with the aim to evaluate the percentage of encapsulation of α-linolenic acid. 

The encapsulation efficiency (EE) was of 77 %. This value revealed that the 

acid is encapsulated in great amount due to its chemical affinity for the ester 

of which the nanoparticles are composed. 

 

3.3. Evaluation of SLNs antioxidant activity  

The ability of SLN prepared to inhibit lipid peroxidation induced by t-

BOOH was examined in rat liver microsomal membranes, in an incubation 

period of 120 minutes. In particular, we evaluated the antioxidant activity of 

the following compounds: -linolenic acid, -tocopherol, the -tocoferyl 

linolenate, the SLN loaded with the active ingredient and the SLN not 

loaded. Figure 3 shows that all samples tested preserve the antioxidant 
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activity of -tocopherol and -linolenic acid; more precisely, the SLN 

loaded with -linolenic acid have antioxidant activity superior than 

nanoparticles not loaded due to the simultaneous presence of the linolenic 

acid in the matrix and inside. Also, the ester synthesized (-tocopheryl 

linolenate) preserves the antioxidant activity of -tocopherol and -

linolenic acid.  

 
 

 
 

Figure 3: Graphic representation of % MDA inhibition of  -linolenic acid, -

tocopherol, -tocoferyl linolenate, SLN loaded with the active ingredient and the 

SLN not loaded vs time. The results represent the mean standard error of six 

separate experiments done in triplicate. 

3.4. Evaluation of cytotoxic activity 

Prepared nanoparticles were evaluated for their in vitro cytotoxic properties 

against C32 human melanoma cancer cell line, and compared to the effects 

exerted by α-linolenic acid and α-tocopherol. After 48 h of incubation, all 

reduced cell viability in a dose-dependent manner compared with control 

(0.5% DMSO treated control cells) (Figure 4).  
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Figure 4: Dose depending effect of α-linolenic acid (a), α-tocopherol (b), TL-

SLNs (c) and TL-SLN-LIN (d) on C32 cell viability. 

 

In table 3 are reported the IC50 values referred to the different treatments. 

Interestingly, both empty TL-SLNs and TL-SLN-LIN pointed out a higher 

biological activity compared to the effects exerted by α-linolenic acid and α-

tocopherol.  In particular, the two formulations (empty nanoparticles and 

SLNs loaded with -linolenic acid) pointed out IC50 values of 0.82 and 2.44 

µg/ml, respectively. Statistical analyses (Bonferroni test) evidenced a 

significant difference between these excellent results and the cytotoxic 

activity on melanoma cell line C32 of the other two samples. Moreover, α-

linolenic acid (IC50 = 37.26 µg/ml) was more effective than α-tocopherol 

(IC50 = 79.51 µg/ml) in inhibiting C32 cell viability, whereas no significant 

differences were observed between TL-SLNs and TL-SLN-LIN. 

Changes in treated cells viability were visualized using an inverted 

microscope and captured on a VWR digital camera. As evidenced in Figure 
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5, each sample significantly affected cell viability. At the highest tested 

concentration (100 µg/ml), α-linolenic acid caused 82.81% of inhibition 

(Figure 5b), while an inhibition of 55.36% was observed after the incubation 

of cell cultures with the same concentration of α-tocopherol (Figure. 5c).  

Prepared α-tocopheryl linolenate based solid lipid nanoparticles induced an 

excellent inhibition of cell viability even at lower concentrations. At a 

concentration equal to 50 µg/ml, percent of inhibition of 96.17 and 92.42 

were observed for empty TL-SLNs and TL-SLN-LIN, respectively. Figures 

5d and 5e illustrate changes in treated cells viability induced by a 

concentration of 25 µg/ml of these active formulations, that were able to 

cause 89.96% and 89.33% of inhibition, respectively. 

 

 

Table 3: Cytotoxic activity of α-tocopherol, α-linolenic acid, α-tocopheryl 

linolenate based solid lipid nanoparticles empty and loaded. Data are expressed 

as mean ± S. E. (n=4). Different indicate statistically significant differences at P 

< 0.05 (Bonferroni post hoc test). 

 

 

Sample IC50 (µg/ml) 

α-Linolenic acid 37.26±2.60 b 

α-Tocopherol 79.51±2.15 c 

TL-SLNs 0.82±0.08 a 

TL-SLN-LIN 2.44±0.16 a 
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Figure 5: Changes in cell viability induced on C32 cell line. a) control, cells in 

DMSO (0.5%, v/v), without sample; b) α-linolenic acid, 100 µg/ml; c) α-

tocopherol, 100 µg/ml; d) TL-SLNs, 25 µg/ml; e) TL-SLN-LIN, 25 µg/ml. 

 

4.Conclusions 

The aim of this work was the preparation of SLNs based on α -tocopheryl 

linolenate. The obtained results show that the new ester maintains an 

excellent antioxidant activity. For this reason, SLNs could provide the 

delivery and the protection of unstable molecules, such as α-linolenic acid, 

from degradation. In addition, a high encapsulation efficiency, suggests their 

possible use as valuable antioxidant systems. Moreover, prepared SLNs are 

more effective than both α-linolenic acid and α-tocopherol in inhibiting 

human melanoma cell viability in vitro. Preliminary obtained results suggest 

that these formulations could be good candidates for further in vivo studies 

to develop potential agents in the treatment of melanoma. 
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PART B 

 

“Solid Lipid Nanoparticles for Cyclosporin A Topic 

Release” (*) 

 

 

 

Abstract 

The aim of this work was to design solid lipid nanoparticles (SLNs) based 

on a new ester, oleate of trehalose for the psoriasis treatment. Trehalose was 

firstly esterified with oleic acid, this reaction was carried out in order to 

obtain a more lipophilic compound that could to be used as a lipid matrix in 

the formulation of a new type of SLNs carrying a potent 

immunosuppressant: cyclosporin A. The ester formation was confirmed by 

the analysis of the product obtained by the common spectroscopic 

techniques: FT-IR and 1HNMR. Subsequently, trehalose ooleate SLNs were 

successfully prepared with and without cyclosporin A, using the 

microemulsion technique. Further characterizations were performed by 

differential scanning calorimetry (DSC).  The drug release was then assessed 

from the SLNs through the Franz diffusion cells, using both dialysis 

membranes and rabbit ears skin. Additional investigations carried out using 

the confocal microscope and stripping tape test showed that cyclosporin A 

remains localized on the most superficial layers of the skin. These results 

indicate the possibility of using the nanoparticles prepared for topical 

treatment of psoriasis, indeed, the possibility of side effects due to systemic 

absorption of cyclosporin A is reduced whereas the drug concentration at 

injury level is increased.  

 

 

 

Keywords: Cyclosporine A, nanoparticle, topical, psoriasis, lipid. 
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1. Introduction 
The skin is a protective barrier involved in many important physiological 

functions such as fluid homeostasis, thermoregulation, immune surveillance, 

and provides a unique delivery pathway for therapeutic and active 

substances (1, 2). These functions are related to the skin’s complex multiple 

layers with each layer associated with highly specified cells and structures. 

The permeation barrier properties of human skin are mostly attributed to the 

top layer of the epidermis, the stratum corneum (3).  In fact, the specific 

content, composition and structure of the stratum corneum lipids selectively 

and effectively inhibit the penetration of chemicals (4, 5).  At the moment, 

indeed, many skin diseases such as psoriasis are still waiting for treatment 

based on safer and more efficient cutaneous delivery of therapeutics across 

the stratum corneum barrier.  Psoriasis is a chronic, autoimmune disease 

with a multifactorial pathogenesis associated with genetics, environmental 

and immune system factors (6-8). Cyclosporin A (CsA) is one of the most 

effective systemic drug available for the treatment of psoriasis (9, 10), 

nonetheless long term systemic administration of cyclosporin A produces 

harmful effects like nephrotoxicity, hypertension, hyperlipidaemia, 

hyperkalaemia, paraesthesia, granulomatous, hepatitis etc (11, 12).  Topical 

treatment approaches targeting the drug to the basal layer of epidermis where 

psoriasis originates would be desirable. Unfortunately, topical penetration 

of cyclosporin A is not readily achieved due to its rigid cyclic structure, high 

molecular weight and barrier properties of stratum corneum (13, 14). An 

extensive research has been performed to overcome the stratum corneum 

barrier for the delivery of drugs across the skin using physical 

(iontophoresis, electrophoresis and sonophoresis) and chemical techniques 

(penetration enhancers) or combination of both (15). However, chemical 

enhancers induce irritation and physical methods cause damage and 

disruption of the skin barrier (16, 17). In this context novel nano carrier 

systems could make an important impact on clinical practice. Currently 

lipid-based nanoparticles gained much interest in this field. The 

achievements of SLN as topical drug carrier systems are due to several 

advantages these systems in fact could increasing the permeation of the drug 

while mitigating the damage to the skin barrier function (18). Recently many 

studies have been conducted to determine the potential of SLN as a topical 
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carrier but still few reports are available on this aspect in literature review 

(19-21). In the present study, our aim was to design and prepare 

nanoparticles based on a new ester oleate of trehalose for the topical 

administration of cyclosporin A. We selected trehalose because is an 

extensively used disaccharide in drug delivery due to its biocompatibility, 

bioprotector function and his stabilizing effect on bioactive substances (22).  

Also unsaturated free fatty acids, especially oleic acid, has shown a positive 

role in protecting substances from free radicals and has also showed the 

ability to modulate the inflammation process and to enhance reparative 

response in vivo (23, 24). 

 

 

2. Materials and Methods 

2.1 Chemicals 

All solvents of analytical grade were purchased from Carlo Erba Reagents 

(Milan, Italy) and Fluka Chemika-Biochemika (Buchs, Switzerland): 

dichloromethane (DCM), chloroform, n-hexane, concentrated sulfuric acid 

(96% w/w), 1-butanol and methanol. Trehalose (PM 378.33 g/mol); oleic 

acid (PM 282.46 g/mol); dicyclohexylcarbodiimide, DCC, (PM 206.33 g / 

mol); dimethylaminopyridine, DMAP (PM 122.17 g/mol); Polyoxyethylene 

sorbitan monolaurate (Tween 20, PM 1227.54 g / mol, 1.1 g/mol); biliary 

acid biliary acid (PM 521.69 g/mol), Coumarin-6 were purchased from 

Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO, USA). Cyclosporin A 

(PM 1202.61 g / mol) was purchased from Farmalabor srl (Milan, Italy). The 

cellulose acetate membrane 6-27/32" (MWCO: 12000-15000Da) was 

purchased by Medicell International LTD. 

 

2.2 Instruments 

The infrared spectra on potassium bromide (KBr) pellets were performed 

using a FT-IR Jasco 4200 spectrophotometer in the range 4000-400 cm-1. 

UV-Vis spectra were carried out using UV/Vis JASCO V-530 

spectrophotometer using quartz cells with a thickness of 1 cm. The 1H-NMR 

analysis were performed using a Bruker VM 30 spectrometer; the chemical 

shifts are expressed in δ and related to the solvent. Dimensional analysis was 
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performed using a Brookhaven 90 Plus Particle Size Analyzer. The 

differential scanning calorimetry (DSC) was performed with DSC 200 PC 

NETZSCH at heating rate of 10 °C/min. The samples were freeze-dried by 

Micro Freeze-drying Modulyo, Edwards. Confocal analysis was carried out 

using Leica TC-SP2 Confocal System; Leica Microsystems Srl, Milan, Italy. 

 

 

2.3 Esterification of the oleic acid with trehalose 

In a three-necked flask fitted with a reflux condenser, dropping funnel and 

magnetic stirrer, accurately flamed and maintained under inert atmosphere, 

using nitrogen stream, were solubilized in DCM dry (240 ml) trehalose (1 g, 

2,642 10-3 moles), DCC (1.091g, 5.286 10-3 moles), and DMAP (0.0323g, 

2.64310-4 moles, 1:20 ratio with DCC moles). The solution was kept under 

stirring for 30 min at 0 °C and then at room temperature until complete 

dissolution of DMAP and DCC. Subsequently oleic acid (1.493g, 1.32 10-3 

moles) was added, using the drop funnel. The reaction was left at room 

temperature under stirring for 3 hours and monitored by thin layer 

chromatography (TLC / silica gel, eluent mixture n-hexane-chloroform 1: 

9). The solution was then filtered to remove dicyclohexylurea. The reaction 

solvent was removed by evaporation under reduced pressure. The product 

obtained, white and oily, trehalose oleate, was characterized by FT-IR and 
1H-NMR spectroscopies. 

 

 

  2.4 Preparation of Solid Lipid Nanoparticles (SLNs) 

 SLNs were prepared by a microemulsion technique at moderate temperature 

according to Gasco (25)  as shown in Table 1. Briefly, the trehalose oleate, 

in the presence or not of the drug, cyclosporin A, were melted at 70–75 °C. 

A warm water solution of sodium taurocholate, butanol and Tween 20 was 

then added to obtain an optically transparent system. The warm 

microemulsion was immediately dispersed in cold water (∼2 ◦C) under high-

speed homogenation at 8000 rpm for 15min. The volume ratio of warm 

microemulsion to cold water was 1:20. The empty and loaded SLNs 

dispersions were washed two times using an Amicon TCF2A ultrafiltration 
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system. Same method was employed for the preparation of coumarin-6 

loaded SLNs. 

 

Table 1: amount of all reagent used for SLNs preparation 

 

Oleate of 

trehalose (g) 

tween 

20 (g) 

1-butanol 

(g) 

biliary 

salt(g) 

water(g) Cyclosporin 

A (g) 

0,36 0,208 5,02.10-2 0,0884 0,611 0,0936 

 

 

2.5. SLNs Characterisation  

 

2.5.1. Particle Size  

The particles size was determined by dynamic light scattering at 25 °C by 

measuring the autocorrelation function at 90° scattering angle. Cells were 

filled with 100 µl of sample solution and diluted to 4 ml with filtered (0.22 

µm) water. The polydispersity index (PI) indicating the measure of the 

nanoparticle population distribution was also determined. Six separate 

measurements were made to derive the average. Data were fitted by the 

method of inverse “Laplace transformation” and Contin (26). 

 

2.5.2 Entrapment Efficiency determination 

The encapsulation efficiency of SLNs was evaluated through a 

spectrophotometer UV-Vis. Briefly, the amount of unencapsulated drug in 

the SLNs was removed by centrifugation (at 8000 rpm for 30 min) and 

filtration. Subsequently the obtained samples were diluted in methanol (1:9) 

and analyzed. The absorbance of the samples was measured using quartz 

cells with a thickness of 1 cm and operating at specific wavelengths of 

cyclosporin A ( = 210 nm). The encapsulation efficiency (EE) (%) is the 

percentage of active substance encapsulated in SLNs expressed referring to 

the initial drug amount used. This is calculated using the following equation:  

 

 

                            𝐸𝐸% =
𝑔𝑓

𝑔𝑖
·100                                (Eq. 1) 
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where gi indicates the grams of Cyclosporin A initially used and gf the final 

amount effectively entrapped into nanoparticles. 

 

2.5.3. Differential Scanning Calorimetry (DSC) Analysis 

DSC of drug loaded SLNs, blank SLNs and oleate of trehalose was carried 

out. Measurements were performed at heating rate of 5 °C/min from 0 to 200 

°C. Scans of each component were carried out under a flux of nitrogen. Each 

sample was analyzed at least in triplicate.  

 

2.6. Skin Permeation Experiments 

2.6.1. In Vitro Skin Permeation Studies 

The skin permeation studies were performed (n=6) using full thickness 

rabbit ears skin and cellulose acetate synthetic membranes for 24h. Vertical 

Franz diffusion cells having a diffusional surface area of about 0,85 cm2 

were mounted on the assembly with temperature maintained at 37 ± 0.5°C 

to mimic physiological conditions. Receptor medium (6.0 ml) was filled 

with NaCl solution 0.9% containing 20% ethanol to increase the solubility 

of cyclosporine A, under magnetic stirrer in order to maintain sink condition. 

After equilibration of the membranes (rabbit ears skin or dialysis membrane) 

SLNs suspension containing 0.005g of drug was placed in the donor 

compartment and covered with a laboratory film (Parafilm, Chicago) which 

prevented evaporation during the study. A solution of cyclosporin A (1%, 

w/w) in olive oil was used as the control formulation as reported in many 

previous studies (27-29). At specific time intervals, samples (1 ml) were 

withdrawn from receptor compartment and replaced with fresh receptor 

medium. Samples were analyzed by UV-Vis spectrophotometry for 

cumulative amount of drug permeated. 

 

2.6.2. Quantification of Drug in Skin Using Tape Stripping 

At the end of the permeation experiment, the excess formulation was 

removed from skin surface. The skin was washed 3 times with phosphate 

buffer (pH 7.4) and dried. Then the stratum cornuem (SC) was separated 

from dermal tissues (epidermis and dermis; E+D) using serial tape-stripping 

involving the removal of 15 strips using adhesive tape (Scotch 845 Book 

Tape, 3M). Previous studies have demonstrated that 15 strips are sufficient 

to separate the SC from the epidermis and dermis (29, 30). The cyclosporin 
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A in the adhesive tapes was extracted by vortexing adhesive tapes with 

acetonitrile for 2 min and the acetonitrile solution was then filtered with 0.45 

µm membrane and analyzed by UV-Vis spectrophotometry. The remaining 

epidermis and dermis were cut in small pieces, vortex-mixed for 5 min in 1 

ml acetonitrile, and sonicated for 40 min. The solution was filtrated using 

0.45 µm membranes, and analyzed by UV-Vis spectrophotometry (31). 

 

2.6.3. Localization of Nanoparticles in Skin (CLSM study) 

Confocal Laser Scanning Microscopy (CLSM) was carried out to see the 

depth of penetration of the SLNs. To achieve this aim coumarin-6 dye loaded 

nanoparticles were prepared. Coumarin-6 (0.05%w/v) solution in propylene 

glycol was used as control. Propylene glycol was used to solubilize 

coumarin-6. The dye loaded SLNs were applied on the skin and kept for 24 

h as in the permeation experiment. At the end of the experiment, the excess 

formulation was removed from the skin surface. The skin was washed 3 

times with phosphate buffer (pH 7.4) and dried. Specimens were embedded 

in optimal cutting Temperature compound (Tissue-Tek, Sakura Finetek 

Europe, Alphen aan den Rijin, The Netherlands) and stored at -80°C until 

used. Cryostat-cut skin sections (16 mm thick) were mounted on slides and 

nuclei counterstained with Vectashield solution containing 1.5 mg/ml 4’,6-

diamidino-2-phenylindole (DAPI; Vector Laboratories, CA, USA). Images 

were acquired using a confocal microscope (Leica TC-SP2 Confocal 

System, Leica Microsystem Srl, Milan, Italy).  

2.7. Statistical analysis 

Data are expressed as mean (standard error of the mean of N replicates per 

experiment). Statistical analysis was carried out by Student’s t test using the 

GraphPad Prism 4 software program. P < 0.05 was considered as statistically 

significant.  

 

 

3. Results and Discussion 

 

3.1. Esterification of trehalose with oleic acid 

The esterification reaction between trehalose and oleic acid was conducted 

in order to obtain a compound lipophilic enough to be used as a lipid matrix 
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in the formulation of our SLNs carrying a potent immunosuppressant: 

cyclosporin A.  This synthesis has allowed the derivatization of the alcoholic 

function of trehalose to obtain a compound with a yield of 86% containing 

in its structure an antioxidant, oleic acid (Scheme 1). This reaction was 

conducted in dry dichloromethane at room temperature (32).  
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Scheme 1: Schematic representation of oleate of trehalose synthetic route. 

 

 

The product formation was confirmed by spectroscopy FT-IR e 1H-NMR. 

FT-IR (KBr) ν (cm-1): 3499, 3365, 3204, 2909, 2840, 1738, 1147.1HNMR 

(CD2Cl2) δ (ppm): 0.87 (3H), 1.20-1.45 (20H), 1.5-2.0 (6H), 2.26 (2H), 

3.17-3.2 (4H), 3.45-3.85 (6H), 4.45-4.50 (4H), 5.37 (2H). In particular, the 

FT-IR spectrum of the ester (c) was compared with that of trehalose (b) and 

oleic acid (a) (Figure 1). 
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Figure 1: FT-IR spectra of (a) oleic acid, (b) trehalose and (c) trehalose oleate.  

 

From the spectrum is it possible to observe the presence of a new band at 

1738 cm-1 attributable to the stretching vibration of the C = O of the ester 

(Figure 1 curve c) and the presence at 3200 cm-1 and 3500 cm-1 of a vibration 

attributable to the stretching of the O-H of the trehalose glucosidic rings. 

 

3.2. Preparation and characterization of SLNs 

3.2.1. Size, Entrapment Efficiency and Size Distribution 

The SLNs based on oleate of trehalose and loaded with cyclosporin A were 

prepared successfully through the microemulsion technique with high 

encapsulation efficiency that was found to be 92%. This is a satisfying result 

possibly due to the lipophilic features of cyclosporin A, that well suit the 

lipophilic nature of our nanoparticles. Light Scattering analysis allowed to 

determine the average diameter of the nanoparticles and their polydispersity 

index(PI) as shown in Table 2. These PI values are indicative of a good 

homogeneity in the distribution of particle size. 
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Table 2: Light scattering analysis 

Formulation 
Mean particle size 

(nm) 

Polydispersity Index 

(PI) 

empty SLNs 341,1±3,2 0,291±0,005 

loaded SLNs 378,4±8,4 0,291±0,014 

 

 

3.2.2. Differential Scanning Calorimetry (DSC) Analysis 

Figure 2 shows the DSC thermograms of trealose oleate (curve a), empty 

(curve b) and drug loaded nanoparticles (curve c). Cyclosporin A in the pure 

form exhibits a melting peak at 139 °C indicating the crystalline nature of 

the drug. Cyclosporin A loaded into trehalose oleate nanoparticles shows a 

slight transition peak confirming its presence also on the surface of the 

SLNs. However, as underlined in the next section, this amount is negligible 

(1 · 10-7g vs. 0.043 g of cyclosporine actually loaded into the nanoparticles). 

 

 
 

 

Figure 2: DSC thermograms of trealose oleate (a), empty SLNs (b) and SLNs 

containing cyclosporin A (c). 
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3.3. Skin Permeation Experiments 

3.3.1 In Vitro Permeation Studies 

As described in the Materials and Methods section, the release of the drug 

from solid nanoparticles has been evaluated by means of the Franz Diffusion 

Cells dialysis membrane and rabbit ears skin. Cyclosporin A is a substance 

characterized by a low absorbance range (around 200 nm) and this could 

cause interference by other skin components (33). Indeed, in the skin there 

are lipids, proteins and other constituents that in some cases absorb at the 

wavelength The presence of these components in the Franz cell receptor 

compartment is due to the ethanol present in the solution (0.9% NaCl / 

ethanol 8:2) used to solubilize SLNs, which causes greater mobility of 

phospholipids. (34). The use of ethanol is dictated by the cyclosporin A 

properties. In fact, this drug is practically insoluble in water whereas is 

soluble in 96% ethanol (35) . For this reason, it was chosen to use a 12000 

Da cut-off dialysis membrane that allowed to read the adsorption of 

cyclosporin A present in the receptor compartment without any kind of 

possible interference. In particular, the active substance is present in the 

receptor compartment in the order of 1 · 10-7 g after 30 min. This amount 

remains almost unchanged in the following time intervals (1h, 2h, 4h, 6h, 

24h). This excluded the possibility of using SLNs for transdermal drug 

delivery and therefore the use for systemic absorption. The results are 

consistent with previous studies reported in the literature describing how 

particular drug delivery systems (microparticles and nanoparticles) increase 

the drug's permanence in the skin without transdermal delivery (5, 36, 37). 

This is desirable for topical treatment of skin disorders such as psoriasis as 

it reduces the possibility of side effects due to systemic absorption of 

cyclosporin A and increases drug concentration at the disease level. 

 

3.3.2 Tape Stripping Test 

Tape stripping method was used to determine drug content in skin layers: 

SC and dermal tissues (epidermis and dermis; E+D). Table 3 describes the 

drug content in receptor compartment, SC and dermal tissues (E+D) after in 

vitro skin permeation studies for 24h. The amount of drug detected in SC 

and dermal tissues from SLNs release was higher compared to control 

formulation, hence, SLNs significantly enhanced the penetration of drug in 
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SC as well as in dermal tissues (E+D). Previous reports suggest the ability 

of nanoparticulate delivery systems to increase the skin permeation. Labouta 

et al suggest that due to their particulate nature, permeation is dependent on 

the complex microstructure of the stratum corneum with its tortuous aqueous 

and lipidic channels (38).  Barry at al propose several possible mechanisms. 

They speculate that the large surface area of nanoparticles may play an 

important role in dermal penetration facilitating the contact of the 

encapsulated molecules with the stratum corneum. Moreover, drug loaded 

nanoparticles are considered as a super saturated system but in drug solution, 

the saturation limit is quite below, so the supersaturated state facilitates the 

partitioning of drug into the SC (39).  

 

Table 3: Amount of Cyclosporin A permeated from the control and SLNs in the 

SC, Epidermis + Dermis and Receptor. 

 

Formulation SC (µg/cm2) E+D (µg/cm2) 
Receptor 

(µg/cm2) 

Control 30±3,45 2,5±1,7 0,9±0,04 

Cys A SLNs 150,89±4,0 13±2,6 0,1±0,02 

 

 

3.2.2. CLSM Studies 

Fluorescence microscopy imaging (CLSM) was used to visualize the 

distribution and penetration depth of our SLNs through the skin. It is clearly 

visible in Figure 3 that the SLNs were found to be concentrated into the 

superficial layer of the skin as compared to control formulation. This was a 

further confirmation of tape stripping test results. Therefore, it can be 

concluded that trehalose oleate solid lipid nanoparticles mainly followed 

transfollicular route for their penetration into the skin layers and the results 

are in accordance with the previous finding which used other nanoparticulate 

drug carriers for the topical delivery (40, 41). However, the mechanism by 

which such particulate formulations facilitate skin transport remains 

ambiguous and although more experiments are needed to help us completely 

understand the penetration mechanism, this study represents a step forward 

in the study of skin absorption. In fact, it is possible to foresee synthesized 

particles that have been designed specifically to target the skin.  
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Figure 3: Confocal imagine of trealose oleate SLNs (CTR), Cumarin-6 solution 

and SLNs containing cumarin-6. 

 

 

 

4. Conclusions 

Trehalose oleate SLNs efficiently encapsulate cyclosporin A and exhibit 

suitable size for topical administration. The in vitro permeation study 

showed that SLNs increased the amount of cyclosporin A in SC and dermis 

over control. Localization of SLNs was studied using dye loaded 

nanoparticles, nanoparticles were found to be concentrated into superficial 

skin layers. These solid lipid nanoparticles could be effectively used vehicle 

for the treatment of psoriasis thus avoiding the systemic toxicity of 

cyclosporin A. However, in vivo studies are necessary to evaluate the 

efficacy and toxicity of this drug delivery system. 
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PART A 

 

“Hemostatic Gauze Based on Chitosan and Hydroquinone: 

Preparation, Characterization and Blood Coagulation 

Evaluation”(1) 

 

 

 

Abstract 

This work concerns on the preparation and performance evaluation of a new 

chitosan hydroquinone based gauze for hemostatic use. Chitosan and 

hydroquinone were firstly connected by etherification and then linked to the 

pre-carboxylate gauze. The functionalized material and the chitosan-

hydroquinone ether were characterized by Fourier transform infrared (FT-

IR) spectroscopy and differential scanning calorimetry (DSC). FT-IR results 

showed that an esterification occurred on gauze carboxylic group. The gauze 

functionalization degree was also evaluated by volumetric analysis. The 

ether hydroquinone content was obtained by the Folin test. Moreover, the 

linkage between hydroquinone and chitosan was confirmed by nuclear 

magnetic resonance (NMR). The hemostatic activity of functionalized gauze 

was evaluated by dynamic blood clotting assays. Obtained results showed 

that the prepared material can shorten the blood clotting time and induce the 

adhesion and activation of platelets. Finally, the new gauze swelling 

characteristic was evaluated to confirm its high capacity to absorb the blood. 

 

 

Keywords: gauze, chitosan, hydroquinone, functionalization, hemostatic.  
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1. Introduction 

Uncontrolled hemorrhage related to the traumatic event is often the major 

cause of complications and death, so the use of hemostatic agents may be 

one of the easiest and most effective methods of treating this phenomenon 

(2-5). Substantial blood loss predisposes individuals to hypothermia, 

coagulopathy, acidosis, infection, and multiple organ failure (3-9). Several 

hemostatic agents have been developed, to control the hemorrhage, and 

evaluated in animal models. Investigations produced inconsistent and 

conflicting results regarding the effectiveness of hemostatic agents in 

controlling hemorrhage, which indicate the need for additional investigation 

(10-19). In general, the blood coagulation with the use of clamps, 

compression with plain dressing pads, and suturing of blood vessels is 

deemed inadequate. Laser coagulation procedures have also shown limited 

success because of extensive damage to the surrounding tissues. 

Commercially available dressings are made of materials such as cotton, 

alginate, and chitosan material (10, 20-22). The cotton simply exerts a 

pressure action. Instead, chitosan may induce the adhesion of erythrocytes 

with its amino groups or forming a three-dimensional network structure in 

blood that captured erythrocytes and then aggregated (23, 24). Also 

hydroquinone is used to promote the coagulation process. It is involved in 

the coagulation cascade replacing the reduced vitamin K (KH2) in the 

process of activation of the vitamin K-dependent factors. In fact, the 

hydroquinone represents the biologically active portion of this vitamin. 

During the carboxylation reaction, part of the vitamin K which is converted 

from the reduced form to the oxidized (epoxide) is represented by the 

hydroquinone nucleus (25). 

So the hydroquinone, as an analogue of the natural vitamin K, can act as a 

cofactor of the enzyme γ-glutamyl carboxylase and further favor the process 

of coagulation. In this context fits our work and has the aim to substitute 

traditional gauze, impregnated with coagulating agents, with a gauze 

covalently linking hemostatic agents. In particular, a cotton gauze 

functionalized with chitosan and hydroquinone was prepared and 

characterized. The characteristics and blood coagulation properties of this 
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new hemostatic material, that cut down the well-known free hydroquinone 

toxicity since it is covalently linked, were investigated (Figure 1) (26). 

 

 

 

 

Figure 1. Schematic representation of hemostatic gauze chitosan-hydroquinone 

based. 

 

2. Materials and Methods 

 

2.1 Chemicals 

Hydroquinone, chitosan, sodium nitrite (NaNO2), sulfuric acid (H2SO4), 

orthophosphoric acid 85% (H3PO4), formic acid 85% (HCOOH), 

dimethylacetamide (DMAc), lithium chloride (LiCl), dipyperidine -

azodicarboxylate (ADDP), tributylphosphine (Bu3P), hydrochloric acid 

(HCl), sodium hydroxide (NaOH), sodium carbonate anhydrous (Na2CO3), 

Folin-Ciocalteu reagent, borate buffer (pH 8.5 H3BO3 0.1M NaOH 1M) and 

phosphate saline buffered P-5368 (PBS, pH 7.4 NaCl 0.138 M-KCl 

0.0027M) were purchased from Sigma-Aldrich (Sigma Chemical CO, St. 

Louis, MO). Dichloromethane, acetone, ethyl ether, ethanol, methanol 

phenolphthalein salt, methyl red, methylene blue were purchased from Carlo 

Erba (Milan, Italy). Gauze hydrophilic master aid dermatess (100% cotton) 

was purchased from Pietrasanta Pharma. Type 20 Title 12/8 F.U. Size 10 x 

10cm. 
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 2.2 Instrument 

The FT-IR spectra were performed using a spectrometer Jasco 4200. 1H-

NMR spectra were obtained by the use of a spectrophotometer Burker 

VM30; the chemical shifts were expressed as δ and referring to the solvent. 

The UV-VIS spectra have been realized by means of UV-530 

spectrophotometer JASCO. The samples were lyophilized using "Freezing-

drying" Micro Modulyo, Edwards. The differential scanning calorimetry 

(DSC) was performed with the PC NETZSCH DSC 200 instrument. 

Micrographies were obteined by optical microscope Laborlux 12 Pol by 

Leitz and by Scanning Electron Microscopy (SEM) FEI QUANTA 200, 

FEG (Field Emission Gun).  

 

2.3 Derivatization of chitosan with hydroquinone  

In a three-necked flask fitted with dropping funnel, refrigerant and magnetic 

stirrer, accurately flamed and under nitrogen stream, sulfuric acid (24 ml) 

and chitosan (0,6 g) were added. Then, was added hydroquinone (0,5 g) and 

sodium nitrite (0,0156 g) at room temperature, under magnetic stirring, for 

72 hours (27). After that there was the separation of the two phases, aqueous 

and organic, by means of a separating funnel. The organic phase was dried, 

the aqueous one was neutralized with sodium hydroxide, frozen, and then 

lyophilized to recover the solid product. It was characterized by FT-IR, 1H-

NMR and DSC.  

 

2.4 Test for the determination of total polyphenols 

This test allows to determine the polyphenol content in the sample, in 

particular the content of hydroquinone that is related to chitosan. The 

method used for this test is a colorimetric assay based on an experimental 

procedure recommended by the European Pharmacopea (28). 

At first, was prepared a solution (1g/L) in distilled water. Then 2 ml of this 

solution were transferred into a volumetric flask, containing 10 ml of 

distilled H2O, 1 ml of Folin-Ciocalteu reagent and 12 ml of solution at 

10.75% of anhydrous sodium carbonate. After 30 minutes the absorbance of 

the solution was determined by UV-Vis spectrophotometer at a wavelength 

of 800 nm (A=1.4·10-3, ε= 0.004 mol-1Lcm-1). A sample of distilled H2O 
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was used as white. The hydroquinone content was calculated according to 

the Lambert-Beer Law.  

 

2.5 Gauze carboxylation 

To facilitate the connection between the gauze and the other biologically 

active substances, it is necessary to accomplish before the gauze 

carboxylation (29). 

In a three-necked flask fitted with dropping funnel, refrigerant and magnetic 

stirrer, accurately flamed under nitrogen current, the gauze (1 g) and the 

H3PO4 85% (40 ml) were added. After about 1 hour was added sodium nitrite 

(3 g), shaking vigorously the solution for 5 min. The mixture was left 

without stirring for about 2 hours. Three addition of sodium nitrite were 

performed by repeating the same procedure. After 45 min, it was added 

formic acid (10 ml) to neutralize the excess of sodium nitrite. The product 

was precipitated with ice ethyl ether (400 ml) and acetone (100 ml). 

Subsequently, the obtained gauze was washed with distilled water (100 ml) 

and with ethanol (100 ml). The product obtained was dried under vacuum 

and characterized by FT-IR. The gauze after the carboxylation reaction 

remained intact and white. 

 

2.6 Determination of carboxylic groups content 

The carboxylated gauze (0.05 g) was suspended in a mixture formed by a 

borate buffer (2.5 ml) at pH 8.5 and a methylene blue aqueous solution (2.5 

ml, 300 mg/L). Subsequently the suspension was filtered, acidified with1 ml 

of HCl 0.1 N and distilled water (8 ml) was added (29). The methylene blue 

content of this solution was determined through a UV-Vis 

spectrophotometer. The method is based on the binding of the cation of the 

methylene blue to the carboxylic functions and, therefore, the consequent 

determination of the decrease of its concentration in the solution. The 

resulting amount of free unabsorbed methylene blue is calculated and used 

in the following equation 1 to obtain the content of carboxyl groups: 

 

mmol COOH / g dry sample = 
(7.5 - A) ∙ 0.00313

E
   (1) 
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where A is the total amount of free methylene blue in milligrams; E is the 

weight of the dry sample in grams. 

 

2.7 Derivatization of carboxylated gauze with chitosan-hydroquinone 

by Mitsunobu reaction 

 The Mitsunobu reaction allows to obtain esters with high yields starting 

from a primary or secondary alcohol and a carboxylic acid (30), the 

carboxylated gauze (0,48 g) was suspended in DMAc (94,2 ml) and LiCl 

(0,96 g), maintained in a nitrogen flow, and stirred for 30 minutes. 

Subsequently, were quickly added the ADDP (0,83 g), tributylphosphine 

(0,806 ml) and the chitosan-hydroquinone (1,40 g). The reaction was 

conducted at room temperature for 24 hours and under a nitrogen 

atmosphere. The product obtained was washed with hot methanol (200 ml), 

then rapidly filtered, dried, and finally characterized by FT-IR. The resulting 

gauze is white and integrates. 

 

 2.8 Determination of the substitution degree (DS) 

To calculate the degree of substitution, the functionalized gauze is subjected 

to basic hydrolysis (29). They were weighed suitable amounts of sample and 

dissolved in an ethanolic solution of NaOH 0.25M. The mixture is kept 

under stirring at 100 °C for 24 h. Subsequently, it makes a titration with HCl 

0.1N using phenolphthalein as pH indicators for the first equivalence point 

and the methyl red for the second. The first point is equivalent headline in 

excess of soda; the second equivalent point indicates the neutralization of 

the acid salt present. The moles of hydrochloric acid between the first and 

the second equivalent point corresponding to the moles of free ester. The DS 

is, therefore, determined by the following equation 2: 

 

 

DS = 
MM glucose unit

(g sample/ n free ester) – MM free ester – MM H2O
  (2) 

 

 

where nfree ester is equal to (V2° e.p.- V1° e.p.) * [HCl]; MMglucose unit is the 

molecular mass of glucose unit; gsample the weight of sample; nfree ester the mol 
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of free ester; MMfree ester the molecular mass of free ester and MMH2O the 

molecular mass of water. The substitution degree was determined by 

volumetric analysis dispersing an ester derivative in 5 mL of 0.25 M 

ethanolic sodium hydroxide solution under reflux for 17 h. The dosing, in 

return of the excess of soda, was realized by titration with HCl 0.1 N (first 

equivalent point) (31). The moles of chloride acid used between the first and 

second equivalence correspond to the moles of free esters. The degree of 

substitution (DS) was determined by the Eq. (1). In this equation MM 

glucose unit is the molecular mass of a glucose unit; g sample is the weight 

of the sample; n free ester is the number of moles of free ester; MM free 

ester is the molecular mass of free ester; and MM H2O is the molecular mass 

of water.  

 

2.9 Release studies 

Chitosan-hydroquinone gauze (0.01215 g), previously washed, was placed 

in a flask containing 10 mL of PBS. The flask was put in a water bath at 37 

°C under stirring. At predetermined time intervals (30min, 1h, 2h), 5 ml of 

supernatant was removed and the medium was replaced with fresh solution 

to maintain the same total volume throughout the study. The chitosan-

hydroquinone concentration was monitored by the use of UV-Vis 

spectrophotometry at 260 nm, chitosan-hydroquinone complex wavelength, 

(ε chi-hydro = 1715 mol-1Lcm-1) using PBS as blank.  

 

2.10 In vitro whole blood clotting test 

The in vitro coagulation test was carried out to evaluate whether the 

functionalized gauze increase the rate of blood clotting on the blood 

coagulation activation (32, 33). Pieces of dry material cut into 1cm x 1cm 

were placed in the glass flasks. Next, 0.25 mL of rat whole blood (containing 

the anticoagulant citrate dextrose at a 1:6 ratio) was slowly dispensed onto 

the surface of the dressings.  

The blood was collected at the end of the sacrifice during the experiments 

performed by Prof. Cerra. Prof. Cerra is responsible of a scientific project 

supervised and approved by the local ethical committee and by Ministery of 

the Health in accordance with the Guide for the Care and Use of Laboratory 
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Animals published by the US National Institute of Health (publication No. 

85–23, revised 1996) and in accordance with the Italian law (DL 26/14, 

2014). 

The flasks containing the samples were incubated at 37 ° C. After a 

predetermined amount of time (30, 60, 90, 120 or 180 s), 20 mL of distilled 

water were carefully added by dripping water down the inside wall of flasks, 

preventing disruption of the clotted blood. Red blood cells that were not 

entrapped in the clot were haemolysed with distilled water and the 

absorbance of the resultant haemoglobin solution was measured at 540 nm. 

The absorbance of 0.25 mL of whole blood in 20 mL of distilled water was 

used as a reference value.  The flasks containing the samples were then 

incubated at 37°C. After a predetermined times intervals (30, 60, 90, 120 

and 180 s), 20 mL of distilled water was added along the inside wall of the 

flasks, by preventing the breakdown of coagulated blood. The red blood cells 

that have not been trapped in the clot were hemolyzed with the distilled 

water and the resulting hemoglobin solution was measured in a UV-Vis 

spectrophotometer at a wavelength of 540 nm. The absorbance of 0.25 mL 

of whole rat blood in 20 mL of distilled water was used as the reference 

value. 4 mL of distilled water are used as white (n=6). The pieces of gauze, 

after blood absorption, were observed by optical microscope and scanning 

electron microscope (SEM), to highlight the formation of clots. 

 

 2.11 Swelling test 

The affinity of the derivatized gauze towards the aqueous environment was 

determined by their swelling degree (% WR) in Na2HPO4 (PBS) phosphate 

buffer. Pieces of dry material (1cm x 1cm) were put in contact with 6 mL of 

PBS solution at pH 7.4 (to simulate the physiological environment) at the 

temperatures of 37° C for two hours. Subsequently the wet weight (Wwet) 

of swollen gauze was measured and then the gauze was freeze-dried and 

weighed (Wdry). The gauze water content was calculated using the 

following equation 3: 

 

WC % = 
Wwet - Wdry

Wwet
 ∙ 100   (3) 
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Where WC is the water content of the derivatized gauze, Wwet is the weight 

of the wet gauze (0.188 g) and Wdry is the weight of the gauze after 

lyophilization (5.74·10-3 g). 

 

2.12 Statistical analysis 

All quantitative data were expressed as means ± standard deviations. 

Differences between means were analysed for statistical significance using 

the Student’s t test. P-values less than 0.05 were considered statistically 

significant. 

 

 

3. Results  

Chitosan and hydroquinone have been covalently linked by etherification 

reaction. The obtained ether was characterized by infrared 

spectrophotometry (FT-IR), which confirmed the successful derivatization. 

In particular, it was observed the presence of a new band, absent in both the 

spectra of the starting substances, to 1132 cm-1 due to the asymmetric 

stretching of the C-O-C, and two bands at 3056 cm-1 and 3103 cm-1 

attributable to the stretching of hydroquinone CH. The product achieved was 

also subjected to differential scanning calorimetry (DSC) evaluation, that 

revealed the absence of the typical endothermic peaks of chitosan (265 °C) 

and hydroquinone (172 °C) and the presence of a new peak at 267 ° C. The 

formation of the ether linkage between the chitosan and the hydroquinone 

was confirmed, moreover, by means of nuclear magnetic resonance 

spectroscopy. 1H-NMR (CDCl3)  (ppm): 6.85-6.80 (m), 4.70-4.21 (m), 

3.73-3.10 (m), 2.81-2.71 (m). Finally, through the test for the determination 

of total polyphenols (TP) was traced, by analysis to the UV-Vis 

spectrophotometer, the content of hydroquinone linked to chitosan.  

This value, calculated after assessment of the absorbance at a wavelength of 

800 nm, was equal to 0.15 g of hydroquinone per gram of ether. The ether, 

adequately characterized, was subsequently used to prepare a functionalized 

gauze (Fig. 2). 
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Figure 2. Scheme of hemostatic gauze preparation.  Reaction conditions: i) 

NaNO2, H2SO4; iii) H3PO3, NaNO2, HCO2H; iii) DMA, LiCl, ADDP, Bu3P. 

 

Briefly, the gauze was initially carboxylated and characterized. The 

quantitative analysis of the carboxy groups (27), has revealed a content of 

0.469 to 50 mg of gauze. The FT-IR spectrum showed the presence of a new 

band at 1725 cm- 1 due to the acid stretching vibration of C=O (Fig. 3 curve 

b). After carboxylation the gauze was esterified with ether derivative and 

characterized by FT-IR and DSC. In particular, the FT-IR spectrum of the 

functionalized gauze (c) was compared with non- derivatized (a) and the 

carboxylated (b) ones (Fig. 3). 
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Figure 3. FT-IR of not derivatized gauze (a); carboxylated gauze (b); 

functionalized gauze (c). 

 

From the obtained data it appears the presence of a new band at 1712 cm-1 

attributable to the vibration of C=O of the ester stretching, and the presence 

of a vibrations between 3030 cm-1 and 3110 cm-1 attributable to the 

stretching of the CH of hydroquinone benzene ring. Furthermore, a 

quantitative study of the ester groups, for volumetric analysis, was 

performed by determination of the substitution degree (DS) which is equal 

to 0.71. 

In figure 4 are shown the DSC curves of non derivatized gauze (a), gauze + 

ether mixture (b), functionalized gauze (c) carboxylated gauze (d) and ether 

(chi-hydro) (e) respectively. The derivatized gauze not shows an 

endothermic peak at 249.7 ° C (curve a) which is also present in the curve b 

gauze + ether mixture which, in addition, show the peak relating to the 

transition of the ether to 267 ° C, as confirmed by the curve. Relatively to 

the derivatized gauze, the DSC spectrum reveals the absence of the ether 

transition peak and a similar trend to that of the non-derivatized gauze and 

the carboxylated gauze (250.1 °C, curve d) having a transition peak at 246.5 

° C (curve c). 
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Figure 4. Curve DSC gauze non derivatized (a); gauze + ether mixture (b), 

functionalized gauze (c), carboxylated gauze (d) and ether (chi-hydro) (e). 

 

The purpose of this test was to verify the absence of chitosan-hydroquinone 

complex release from gauze. At predetermined times intervals the samples 

were analyzed by UV-Vis spectrophotometer at a wavelength of 260 nm 

(See chapter 2, Materials and Methods). There was no absorption of the ether 

chitosan-hydroquinone at this wavelength. Therefore, it is possible to 

confirm the absence of ether release from gauze. 

The blood-clotting test was performed in vitro using rat whole blood and the 

derivatized gauze with chitosan-hydroquinone. This test was conducted to 

evaluate the effect of functionalized gauze on the activation of blood 

coagulation. In particular, the rat whole blood was at first dispersed onto 

pieces of gauze. After a predetermined times the gauze was added with an 

appropriate volume of distilled water in order to hemolyze the red blood 

cells that have not been trapped in the clot. The absorbance of the solution 

was measured by UV-Vis spectrophotometer at a wavelength of 540 nm. 

The absorbance of 0.25 mL of whole blood in 20 mL of distilled water was 

used as the reference value. A high absorbance value indicates a slower rate 

of coagulation. 

Derivatized gauze showed a lower absorbance value compared to the 

reference sample, also the absorbance value of the dressing decreases 

significantly over time (30-180 s). 
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In Table 1 are showed the absorbance values of the hemoglobin solutions of 

the various samples measured in a spectrophotometer. 

 

Sample Time (sec) Absorbance 

Gauze 30 0.741 

 

 

Functionalized gauze+blood 

30 0.720 

60 0.464 

90 0.425 

120 0.388 

180 0.276 

 

Table 1. Absorbance values of hemoglobin solutions of the various samples. 

 

The pieces of gauze used to carry out the coagulation test were observed at 

the optical microscope both immediately after the test, both after having 

been dried for one night at 37 ° C in a stove. The optical micrographs showed 

in the figure 5 confirm the occurred coagulation at different selected times. 

In particular, it is possible to observe the interaction between the gauze and 

blood resulted immediately in a dark-brown or black mass at each evaluated 

time.  
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30sec                                  60sec                                 90sec 

    

    

Figure 5. Optical micrographs of wet (A) and dry (B)gauze. 

The gauze observations, by means of a scanning electron microscope 

(SEM), after absorption of rat whole blood (180 s), revealed the presence of 

various red blood cells that adhere strongly on the gauze surface. In 

particular, red blood cells were bound to each other and formed the 

aggregated mass (Fig. 6). 

30 s 60 s 
90 s 

120 s 

180 s 

30 s 60 s 90 s 

120 s 

180 s 
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Figure 6. Scanning electron micrographs of derivatized dry gauze after 180 s 

exposure to blood. 

 

The gauze exhibits a considerable content of water equal to 97%. A high 

swelling degree should correspond to a greater exposure of the coagulants 

substances (chitosan and hydroquinone) to the blood. The obtained result is 

in line with the coagulation tests and supports the high capacity of the 

functionalized gauze to absorb blood and the maintenance, after the 

coagulation tests, of its original shape favoring the acceleration of 

coagulation and adhesion of red blood cells and platelets. 

 

4. Discussions 

The aim of this work was the synthesis, characterization and performance 

evaluation of a new hemostatic gauze linking chitosan and hydroquinone. 

These substances were firstly connected by etherification reaction and then 

linked to the pre-carboxylate gauze. The functionalized material and the 

chitosan-hydroquinone ether were characterized by FT-IR spectroscopy and 

differential DSC. FT-IR results showed that an esterification occurred on 

gauze carboxylic group. The gauze functionalization degree was also 

evaluated by volumetric analysis. The ether hydroquinone content was 

obtained by the Folin test. Moreover, the linkage between hydroquinone and 

chitosan was confirmed also by nuclear magnetic resonance (NMR). 

Dynamic blood clotting test showed that this new material can shorten the 

clotting time. It may be related to platelet aggregation and also to the large 

amount of plasma absorbed due to the gauze swelling capacity. In addition, 
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the prepared gauze could cut down the well-known free hydroquinone 

toxicity, since it is covalently linked, and could decreases the complications 

connected to the uncontrolled hemorrhage. Actually, various literature data 

report about various hemostatic agents chitosan based (34) useful for quickly 

controlling external bleeding when traditional measures such as pressure or 

simple gauze fail (35). They are available as powder, granules or coated 

gauze of this material. The granulate formulation is useful specially to stop 

bleeding in case of deep and difficult wounds. The chitosan-coated gauze 

allows a more effective application of the hemostatic agent on the origin of 

hemorrhage. Over the last 10 to 15 years, a number of in vitro and in vivo 

studies have evaluated the efficacy and safety of these hemostatic products. 

They were authorized in 2006 by the Food and Drug Administration (FDA) 

for emergency treatment in case of external bleeding (36, 37). They act 

independently of the classical coagulation mechanism, work under 

hypothermia, are effective in patients who take anticoagulants or platelet 

aggregates and do not cause damage to the surrounding tissue (38). The 

mechanism of the hepatic effect of chitosan is independent of the classic 

coagulant waterfall. It has been shown that the hemostatic action of the 

polymer appears to be related to its cationic nature. Most biological cell 

surfaces are of anionic nature, so it has been hypothesized that chitosan 

strongly adheres to tissues at the site of the wound through electrostatic 

interactions (39). Feng et al. (40) have reported about bioabsorbable, water-

soluble hemostatic cellulose based gauze matrix structures, including one or 

more species of chitosan, etherized cellulose, nonionic surfactant, water-

soluble polysaccharide hydrocolloid and/or gum stopping rapidly the 

bleeding. In addition, Englehart et al. (41) have compared highly porous 

silica and chitosan-based dressing (TraumaStat) to commercial HemCon in 

a severe groin injury model in swine. Results showed that TraumaStat was 

superior to HemCon and gauze dressings in controlling bleeding from a 

severe groin injury. TraumaStat may be a better hemostatic dressing for 

control of active hemorrhage than current standards of care. All the 

described materials are, actually, not comparable to the one prepared in this 

work that it is made of cellulose, chitosan and hydroquinon covalently linked 

to have a synergic effect due to the simultaneous presence of chitosan and 
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hydroquinone, an analogue of the natural vitamin K, that favors the process 

of coagulation too. 

 

 

5. Conclusion 

This work was aimed at the preparation of a functional gauze linking 

coagulant substances, useful as a topical haemostatic agent for the treatment 

of bleeding wounds. The idea of functionalizing the cotton gauze was born 

from the lack of biomaterials covalently bound with biologically active 

molecules. So far, in fact, the gauzes have been manufactured and marketed 

simply impregnated with substances that favor blood clotting. Therefore, a 

cotton gauze has been derivatized that, despite the chemical treatments 

suffered during the preparation phase, preserves the structural integrity and 

the hemostatic activity of the related molecules. In this regard, the coagulant 

substances, chitosan and hydroquinone, were first linked by a etherification 

reaction. The ether obtained, characterized by FT-IR, 1H-NMR, DSC and 

Folin test, was used to derivatize the previously-carboxylated gauze. This 

last has been, therefore, appropriately characterized by FT-IR, DSC and, 

through volumetric analysis, the degree of substitution (DS) was evaluated. 

In addition other studies have been carried out to show that covalently linked 

gauze molecules are not released, and in vitro tests to evaluate hemostatic 

activity and water content. The obtained results show that the functionalized 

gauze has excellent coagulant activity due to its ability to absorb large 

amounts of blood thus favoring the concentration of blood cells in the 

hemorrhage site and thus facilitating adhesion of platelets and globules red. 

This is confirmed by the observations of functionalized gauze, after the 

coagulation test, at the optical microscope and the electronic scanning 

microscope, which allowed to highlight the presence of clots on the same. 
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PART B 

 

Application of in vitro and in silico methods for the accurate 

and efficient prediction of human pharmacokinetics 

following transdermal administration 

 

Abstract 

The aim of this work was to assess the ability of designed dissolvable 

microneedles (DMN), based on PVA, to enhance and improve the 

percutaneous delivery of ketoprofen compared with a commercial gel. DMN 

arrays were characterised with regard to their morphology, mechanical 

performances, drug content, drug release and stability. In-vitro skin 

permeation studies were conducted on Franz-type diffusion cells using 

porcine skin. Results showed that KET-DMN were able to reduce 

ketoprofen transport lag time and to supply a consistent larger amount of 

drug compared with the conventional ketoprofen gel. The presented delivery 

strategy demonstrates potential for enhanced and painless delivery of this 

drug. In addition, the potential therapeutic outcome of ketoprofen was 

assessed by using in silico modelling. Preliminary data shows that Simcyp® 

simulation software could be a valuable tool in the screening of promising 

dermatological formulations. The pharmacokinetic profile of ketoprofen 

predicted by SKIN-CAD® was shown to be in line with the literature data of 

human clinical study. These findings set the stage for future human studies 

of skin medications and biopharmaceuticals for clinical applications. 

  

Keywords: Ketoprofen, Microneedles, Transdermal, Skin, Dissolvable. 
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1. Introduction 

Over the last years, transdermal route for drug delivery has proved to offer 

a wide range of advantages and clinical benefits over the more commonly 

used dosage forms. Drug delivery directly to the systemic circulation 

following topical application appears to be a desirable alternative to oral 

delivery (1). In fact, the skin has a larger surface area, a slow metabolic 

activity which is especially suitable for drugs that are extensively 

metabolised by the first pass metabolism and from a clinical perspective it 

is useful for patients who may not be able to swallow (2). However, the 

outermost layer of the skin, the stratum corneum, consisting of keratinised 

epithelial cells in a lipid matrix limits penetration of large drug molecules 

(i.e. greater than 500 Da) (3). The most common method to overcame this 

layer is the use of the hypodermic needles. However, the use of this 

conventional needles is usually associated with emotional trauma, pain and 

possible needle stick injury (4). Recently, dissolvable microneedles (DMN) 

have received a great interest as transdermal delivery systems. As the names 

suggest, DMN are micron-sized needle like structures that breach the 

stratum corneum barrier and allow drugs access to subcutaneous tissue and 

systemic circulation. These transdermal systems offers a numerous of 

advantages including their biocompatible nature and one-step application 

process which improves patient compliance (5). The encapsulated drug is 

released into the skin following DMN topical application and their 

dissolution. However, in order for these processes to be successful, a number 

of criteria need to be considered in designing the DMN. First, the 

microneedles must incorporate the drug within a strong biocompatible 

matrix, without affecting the drug integrity or the strength of the 

microneedle (6). In addition, in vivo activity of transdermal formulation 

depends on the bioavailability within the skin at the site of action (7). In this 

context researchers have given much importance on the assessment of 

pharmacokinetics of topical formulation, also referred as dermatokinetics. 

Following a topical application of conventional drug formulation of a topical 

drug to the skin surface, a few processes occurs in a sequence such as a drug 

release from the dosage form, its penetration into the skin, permeation 

through the skin layers and absorption into the systemic circulation in order 

to reach the target tissues and exhibit the therapeutic responses (8). The 
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traditional methods for assessing the pharmacokinetics in plasma or urine 

may not be viable because most of the topically applied drug molecules 

generally do not produce measurable concentrations in extra cutaneous 

biological fluids. Regulatory agencies have also been exploring different 

strategies for the dermatokinetics assessment of topical formulations (9). 

Several mathematical models have been designed to quantify the drug 

molecules in the skin layers (10). Dermatokinetics of a drug, hence, 

determines the efficacy of the treatment. Ketoprofen, a non-steroidal anti-

inflammatory drug (NSAID), is among the most commonly administered 

drugs worldwide. If administered topically, ketoprofen penetrate slowly and 

in small quantities into the systemic circulation. Hence, its bioavailability 

and maximal plasma concentration following topical application are 

generally less than 5% and 15%, respectively (11). On the other hand, 

ketoprofen has usually a short half-life and several side effects when 

administered orally, such as gastrointestinal irritation, nausea, dyspepsia and 

diarrhoea (12). The goal of topical ketoprofen formulations is to minimize 

systemic adverse effects and improve the compliance. Formulation design 

can have a dramatic impact on drug penetration into the skin and its 

permeation depth, consequently affecting the drug absorption rates. 

Ketoprofen topical products currently available on the market employ 

permeation enhancers, which may induce skin irritation (13). Therefore, in 

order to enhance the drug penetration without the need of enhancers, a 

ketoprofen dissolvable microneedle arrays were prepared in this study and 

compared to the commercial ketoprofen gel. In addition, the potential 

therapeutic outcome of ketoprofen was assessed by using in silico 

modelling. Computational models for the prediction of drug plasma levels 

and bioavailability is increasingly being used for orally administered drugs 

(14). However, this approach for other administration routes has not been 

extensively investigated. Preliminary data shows that Simcyp® simulation 

software appears suitable for prediction of drug plasma levels of oral 

administration drugs in healthy individuals. Since also the transdermal route 

can be simulated, this software could be a valuable tool in the screening of 

promising dermatological formulations (15). Moreover, we used also 

SkinCad® software, for the in vitro- in vivo correlations for topical 
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preparations, because this software allowing us to make a prediction of 

clinical study outcome.  

 

2.  Materials and method. 

2.1. Chemicals 

Polyvinyl alcohol 80% hydrolysed (PVA, Mw = 9,000-10,000), ketoprofen, 

((RS)-2-(3-benzoylphenyl) propionic acid, Mw = 254.28 M), PBS 

(Phosphate-buffered saline) and ethanol 96% were sourced from Sigma-

Aldrich (Munich, Germany). Silicon moulds and ImmuPatch silicon 

microneedle arrays were fabricated and provided by the Tyndall National 

Institute, Cork, Ireland. Ketoprofen 2.5% gel was purchased from a local 

pharmacy. HPLC-grade acetonitrile and water were purchased from Sigma-

Aldrich (Arklow, Ireland). All other chemical reagents were of 

pharmaceutical grade and used as received. 

 

2.2 Fabrication of Dissolvable Microneedle Arrays  

Dissolvable microneedles were fabricated using a micromoulding method at 

the room temperature (16). The drug solution was prepared by adding 950 

µl of 5% w/v PVA aqueous solution into 5mg of ketoprofen previously 

dissolved in 50 µl of ethanol. PVA was selected for this study as the 

structural material for the polymer microneedles because it is biocompatible, 

mechanically strong and highly water soluble (17). Prior to dispensing the 

drug solution, the silicon moulds with the cavity density of 25 cavities/cm2 

were cleaned with 96% v/v ethanol in a vacuum for 20 minutes, followed by 

sonication in deionised water for 30 minutes and finally prefilled with fresh 

deionised water in a vacuum for 2-3 hours. A syringe prefilled with the drug 

solution was mounted on the Harvard syringe pump and the tubing line with 

the fuse capillary applicator. The drug solution was then dispensed into the 

each cavity of the PDMS moulds at a rate of 25 µl/min using the light 

microscope (Olympus SZ61, PA, USA). A contact angle of 90˚ was 

maintained between the solution drop and the mould during the whole 

process. Each cavity was carefully overfilled with the same amount of 

solution to ensure a strong circular base of resulting DMN and their 

uniformity. Any moulds not successfully prefilled with water were 

discarded. The filled moulds were stored in overnight in a vacuum 
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environment. After 24 hours ketoprofen-loaded DMN (KET-DMN) were 

removed from the moulds by using an adhesive 3M tape.  

 

2.3 Characterization of Dissolvable Microneedle Arrays  

 

2.3.1. DMN Morphological Properties 

Visual characterization of dissolvable microneedles was performed using 

the light microscope (Olympus SZ61, PA, USA) with an integrated digital 

camera. The DMN morphological characteristics (i.e. physical integrity, 

shape and appearance) were analyzed by scoring the individual 

microneedles on the basis of in house established criteria (Table 1). A score 

of one represented that there was no microneedle present and four indicated 

that the microneedle was of the highest standard based on height, shape and 

point.  

 

Table 1. Criteria for the evaluation of morphological characteristics of dissolvable 

microneedles (Internal Regulations, School of Pharmacy, UCC, Ireland). 

 

Scoring Description 

1 The presence of only the microneedle base and / or the absence of formation. 

2 Incomplete formed microneedle, without top. 

3 Fully formed microneedle with irregular shape and / or dull tip. 

4 Fully formed microneedle of a proper pyramidal shape and a sharp tip. 

 

 

2.3.2 DMN Mechanical Performance  

TA.XT plus Texture Analyser (Stable Micro Systems, Surrey, UK) was used 

to test the mechanical strength of both KET-DMN and PVA-DMN. Axial 

fracture force was applied in the microneedle arrays to obtain the DMN 

failure force. DMN arrays were attached to the moving testing probe of the 

Texture Analyser using double-sided adhesive tape. The test station pressed 

DMN array against a flat block of aluminium until the breaking point. Force 

versus distance curves were acquired. Upon maximum force application, the 

force suddenly decreased. The point before the sudden force decrease was 

accepted as the microneedle failure force and confirmed by microscopic 

evaluation.  
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 2.3.3 Drug Loading Amount  

To determine the loading amount of ketoprofen in the microneedle arrays, 

KET-DMN were placed in an Eppendorf tubes and dissolved in 1ml of the 

mobile phase for high performance liquid chromatography (HPLC). 

Sonication which was required for the complete microneedles dissolution, 

was followed by the solution filtration. The amount of ketoprofen was 

determined using HPLC as described below (Section 2.6).  

 

2.3.4 DMN Penetration Study 

Porcine cadaver ear skin was used as skin model for DMN penetration 

studies to determine the ability of the microneedles to successfully penetrate 

the stratum corneum of the skin samples. For this evaluation DMN array 

1 × 1 cm was applied onto full-thickness porcine skin ex vivo for 5 sec using 

a vertical in-house made applicator with the force of 10 N. The arrays were 

left in the skin for either 5 or 15 minutes. After each time-point they were 

removed and both the skin and the DMN arrays were photographed with a 

digital camera attached to an inverted light microscope to verify the DMN 

capacity to pierce the skin and their successful dissolution. Three DMN 

arrays were used for each time-point.  

 

2.3.5 Short-term Stability Studies 

Physical stability of ketoprofen dissolvable microneedles as well as the 

chemical stability of the drug was assessed for a short period of time.  Two 

time-points (0 and 30 days) and two storage conditions 4°C ± 2°C (low 

condition) and 40°C ± 2°C, RH 85% ± 5% (accelerated condition) were 

evaluated. The DMN arrays were placed individually in a hermetically 

sealed glass vials previously filled with silica gel and cotton wool to avoid 

humidity. The air was removed by purging the inert gas nitrogen. For the 

chemical stability a quantitative determination of the drug and its 

degradation products was analysed using HPLC. For the physical stability 

DMN appearance, their physical integrity and the percentage reduction in 

height of microneedles was visually inspected. Results were obtained by 

evaluating the microneedles on the basis of predetermined criteria described 

in Section 2.3.1.  
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 2.4.  Drug Release Study 

In-vitro release profile of ketoprofen from KET-DMN arrays was 

determined in a medium consisting of PBS:Ethanol, 4:1, at pH 7.4 and 37°C 

in a water bath. Each array was placed in an Eppendorf tube and immersed 

in 1ml of release medium. Aliquots were withdrawn at regular time intervals 

(5 min, 10 min, 15 min, 30 min) and analysed for ketoprofen content using 

HPLC assay as described in Section 2.6. Release profiles were obtained by 

plotting time versus percentage of drug released. In addition, two 

mathematical models were chosen to investigate the ketoprofen release 

profile from DMN. The ketoprofen release data obtained in the range of 5–

30 min were fitted to zero-order kinetics and first-order kinetics to 

characterise mechanism of drug release (18). The linear regression of the 

mathematical models was evaluated using squared correlation coefficient 

(R2) and used as a criteria for selecting the most appropriate model. Drug 

release experiments were performed in triplicate, and the mean values and 

standard deviations (SD) were calculated.  

 

2.5 Skin Permeation Studies 

Fresh porcine ears were obtained from a local supplier immediately 

following the animal’s death. After collection, the ears were cleaned and 

stored at –80°C until the use. Twenty-four hours before the experiment, 

frozen ear was left for slow thawing at 4°C. The hair, cartilage and 

subcutaneous fat were carefully removed from the porcine skin and then the 

skin was washed and visually examined for the integrity. Before use, the 

thickness of the skin was measured using a varnier caliper (Varnier -

Mitutoyo, Japan) and found to be 126 mm. In-vitro skin permeation study 

was performed using static Franz diffusion cells (Perme Gear, Inc., 

Bethlehem, PA, USA). The skin diffusion area was 3.14 cm2, and the 15 ml 

of receptor medium (PBS: ETOH (4:1), pH 7.4) was kept at 37°C and 

continuously stirred to ensure its homogeneity. Sink conditions in the 

receptor compartment were maintained considering the saturated solubility 

of ketoprofen in the medium at 37°C. Following the skin equilibration for 

30 min, three DMN arrays were placed on the skin in each Franz cell and 

again inserted using the custom-made applicator (10 N). Two different 

experiments were set. In the first study, a ketoprofen solution containing 5 
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mg of drug was applied onto the skin previously pierced by a silicon 

ImmuPatch microneedle array, and was used as control. Each ImmuPatch 

array had 36 microneedles over an area of 1 cm2, and with the DMN height 

of 200 μm. In this case the experiment was run for 3 hours. The aim of this 

first experiment was just to verify if the skin breached with DMN would 

ensure a better transdermal release of ketoprofen. In the second study, 1mg 

of ketoprofen 2.5% gel was applied to intact excised porcine skin, to 

simulate physiological condition, and to be compared with KET-DMN. The 

purpose of second study was to investigate the behaviour of the commercial 

gel versus KET-DMN. The second experiment run for 26 hours. The donor 

compartments were covered with Parafilm (Pechiney Plastic Packaging, 

Chicago, IL, USA) during the whole experiment to avoid any evaporation 

and to provide occlusive conditions. In order to determine ketoprofen 

permeation profile, aliquots (1 ml) were withdrawn from the receptor 

solution at predetermined time intervals (1, 2, 3, 4, 6, 24 and 26 h) and 

immediately replaced with equal volumes of the fresh medium to keep the 

volume constant during the experiment. Cumulative amounts of ketoprofen 

recovered from the receptor solution over time per area unit were used to 

calculate the transdermal drug flux (Js, μg/cm2/h), lag time (Tlag, h), 

permeability coefficient (Kp, cm/h) and diffusion coefficient (D, cm2/h). 

The flux was obtained from the slope of the regression line fitted to the linear 

portion of the profile, the lag time was determined from the intercept of the 

plots with the x-axis, the permeability coefficient was calculated dividing 

the flux by the initial concentration and the diffusion coefficient was 

calculated dividing the square skin thickness by six times the lag time (19) .  

 

2.6 Drug Analyses 

The quantification of the drug was performed using a previously developed 

HPLC method (20)and an Agilent 1200 series HPLC system with a UV/VIS 

detector (Agilent Technologies, Santa Clara, CA, USA). A reversed phase 

column (HyperClone C-18, internal pore width 5 μm, 150 mm x 4.6 mm; 

Phenomenex Ltd, Macclesfield, Cheshire, UK), mobile phase was 

Water:Acetonitrile (55:45, v/v) at a pH of 2.5, adjusted using phosphoric 

acid. The flow rate of 1 ml/min and injection volume of 25 μl were 

employed. Ketoprofen was detected at a wavelength of 233 nm. For the 
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calibration curve, a series of solutions were prepared from the stock standard 

solution of ketoprofen (1 mg/ml). The standard curve was found to have 

linear relationship (r2 = 0.9999) over the analytical range of 0,19 – 100 

μg/ml. For the assessment of the quality and reliability of the obtained 

results, analytical parameters for validation of the method were considered, 

according to the ICH guidelines (21). To determine limit of detection (LoD) 

and limit of quantification (LoQ), an approach based on the standard 

deviation of the response and the slope of the representative calibration 

curve was employed.  The LoD of a chromatographic method was 

determined as follows, using Equation. 1:  

 

                                     𝐿𝑜𝐷 =
3.3𝜎

𝑆
                                                   (1) 

 

where σ is the standard deviation of the response (peak area) of the data used 

to construct the regression line and S is the slope of that line. Similarly, the 

LoQ was determined using Equation. 2:  

 

                                   𝐿𝑜𝑄 =
10𝜎

𝑆
                                                     (2) 

 

Under the stated assay conditions, the retention time of ketoprofen was 5 

min. Ketoprofen concentrations were interpolated from the ketoprofen 

calibration curve using the peak area of the obtained sample chromatogram. 

 

2.7 In Silico Modelling  

 

2.7.1 SKIN-CAD® Model Strategy for in vitro/ in vivo correlation. 

The in silico pharmacokinetic-pharmacodynamic (PK-PD) evaluation of 

transdermal drug delivery was performed using SKIN-CAD® software 

(Biocom Systems, Inc. Japan - trial version). This software can predict 

clinical performance using model parameters obtained from in vitro skin 
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permeation studies (22). The simulation provides useful data for designing 

transdermal and topical drug delivery systems as well as the evaluation of 

various factors which affect skin permeation and blood concentration of the 

drug (23). In this work, a study of both ketoprofen skin permeation and its 

concentration in the blood have been carried out based on a constant delivery 

model. Mono and bi-layer models have been used with one compartment 

model to estimate ketoprofen concentration in the blood following topical 

application in a form of gel or a dissolvable microneedle arrays. The one-

compartment model is the simplest pharmacokinetic model which explains 

the drug transport behaviour with an assumption that the drug concentration 

equilibrium and distribution occur rapidly. Therefore, it is suitable model to 

describe the pharmacokinetics of drugs that minimally distribute into the 

body’s tissue (24). Moreover, according to the literature data the one-

compartment model is more appropriate for a drug when using transdermal 

drug delivery (e.g. microneedle arrays) than for oral delivery systems which 

require longer time for drug dissolution, absorption and distribution (25). 

Ketoprofen PK parameters for one-compartment model, such as volume of 

distribution (Vd) and elimination rate constant (Ke), were obtained from 

literature (26). 

When considering ketoprofen delivery from both the dissolvable 

microneedles and the gel product, the following assumptions are made in 

this work: 

(i) The concentration of ketoprofen in the blood remains low compared to 

its concentration in the vehicle so the sink conditions are achieved (27). 

(ii) Skin binding and metabolism of ketoprofen is assumed to be negligible. 

(iii) Ketoprofen molecules that diffuse through the viable skin to the 

interface between 

viable skin and blood microcirculation are taken up by the microcirculation. 

(iv) Diffusion through the skin is the rate limiting step in the uptake of 

ketoprofen. According to Davidson et al.  the rate at which the drug dissolves 

into the tissue fluids and the rate at which it is absorbed by the blood is rapid 

compared to the rate at which it diffuses through the viable skin (28). 

Moreover, Friend studies confirmed that drug absorption entails diffusion 

through the primarily lipophilic stratum corneum, and the hydrophilic 

epidermis: transport between these layers is often the rate-limiting step (29). 
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The parameters and the physicochemical properties of ketoprofen 

transdermal delivery used for both gel and dissolvable microneedle arrays 

are summarized in Table 2.  

 

Table 2. SKIN-CAD® parameters employed for ketoprofen gel and microneedles. 

Parameters 
 
 

Gel 
 

Microneedles 
 

Skin Permeation Model 
 
 

2-Layer Model 1-Layer Model 

Duration for medication (calculation): tm 
(hour) 

26 26 

Application Schedule (Apply - Remove) 
[h]; 

0-26 0-26 

Surface  area  of   a p p l i c a t i o n  ( c m )  3,14 3 
 
 
 
 
 

Thickness of Stratum Corneum [cm] 0,002 0,002 

Thickness of Whole Skin (In Vitro) [cm] 0,126 0,126 

Steady-State Flux Across Intact Skin 
[mcg/cm2/h] 

11,665 2,2039 

Time Lag Across Intact Skin [h]; 0,6342 0,259812 

Steady-State Flux Across Stripped Skin 
[mcg/cm2/h]; 

15 ---- 

Time Lag Across Stripped Skin [h] 0,4 ------ 

Distance to Dermal Microcirculation 
[cm] 

0,126 0,126 

Diffusion Coefficient in Stratum 
Corneum [cm2/s] 

8,40018E-09 -------- 

Diffusion Coefficient in Viable Skin 
[cm2/s] 
 
 
 
 

1,77963E-06 2,82897E-06 

Stratum Corneum/Viable Skin Partition 
Coefficient 

1,19519E+01 ---------- 

Skin Surface Concentration 
[mcg/mL]([mcg/cm3]) 

3,46992E+03 2,72667E+01 

Initial Drug Concentration in Skin 
[mcg/mL]([mcg/cm3]) 

0,0000E+00 0,00000E+00 

Volume of Distribution, V1 [L] 8,76400E+00* 8,76400E+00* 

Elimination Rate Constant, k10 [1/h] 4,95000E-01* 4,95000E-01* 

 

*Data from Geisslinger et al. 
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2.7.2 Simcyp® Model Strategy for in vitro observed /predicted 

parameters. 

The dermal model of Simcyp software (Certara, UK - version 15) is 

developed just for a prediction of the skin permeability parameters such us 

partition coefficient, permeability constants and diffusion coefficient, using 

different methods. As previously described, the drug movement through the 

skin is characterised by the partition coefficients between layers and 

permeability constants for each layer. These could be estimated 

automatically from the physicochemical parameters of the drug molecule 

including LogP (logarithm of the octanol–water partition coefficient), MW 

(molecular weight), and hydrogen-bond donors (HBDs).  

2.8 Statistical analysis 

All data presented as the mean values ± SD (n ≥ 3) were analysed using 

GraphPad version 5 for Windows (GraphPad Software Inc, La Jolla, CA, 

USA). The significance of the difference between groups was evaluated by 

Student’s t-test or one-way analysis of variance, as appropriate according to 

the number of groups analysed. Mean differences with P ≤ 0.05 were 

considered statistically significant. 

 

3. Results 

 

3.1 Fabrication of Dissolvable Microneedle Arrays  

Different methods for microneedle fabrication are described in the literature, 

including sputtering of dissolved material, extrusion at elevated 

temperatures (30, 31), spraying (32) , centrifugation, vacuum or combination 

of these two processes (33-35). For the micromoulding method employed in 

our work, it is important to consider the physical-chemical characteristics of 

the drug solution, such as viscosity and surface tension. These properties 

influence the flow of the drug solution into the cavity of the mould, the 

wetting of the cavity walls and the removal of the air filling the interior of 

the mould cavity. Since the cavities of the micron sized moulds are essential, 

force application (centrifugation and/or vacuum) is necessary to ensure their 

efficient filling with the drug solution and air removal. In this work, 

micromoulding method was successfully used to prepare both KET-DMN 

and PVA-DMN (Figure 1).  
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    a)                                                                                                          b) 

  
 

Figure 1: Light microscope images of (a) single needle and (b) DMN arrays containing 

ketoprofen (KET-DMN). 

 

 

3.2 Characterization of Dissolvable Microneedle Arrays  

 

3.2.1. DMN Morphological Properties  

Both visual inspection of DMN array and single microneedle scoring were 

assessed to evaluate the effective DMN formation considering their shape 

and appearance. This analysis was performed using a light microscope with 

a built-in digital camera, and on the basis of criteria which were previously 

identified and described in section 2.3.1. The lower limit of acceptability for 

the samples of dissolvable microneedles are defined based on the European 

Pharmacopoeia requirements for content uniformity of the drug substance in 

the transdermal patch (36). Hence, DMN arrays consisting more than 90% 

of fully formed pyramidal, sharp-tip microneedles with a highest score 

(score 4) were used for the experiments in this work. The scoring results for 

three KET-DMN batches are presented on Figure 2.  
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Figure 2: Scoring results estimated from the appearance and morphological 

characteristics of dissolvable microneedles arrays used in the experimental work. USL 

upper specification limit, LSL lower specification limit. Means value 

± SD, n = 9. ANOVA, p > 0.5. 

 

 

3.2.2 DMN Mechanical Performance  

 The importance of mechanical strength of microneedles is reflected in their 

successful and safe application on the skin. In fact, mechanical properties 

affect the ability of microneedles to withstand the pressure force during the 

applications (34, 37). The force required for microneedle fracture was 

determined using a Texture Analyser, as detailed in Section 2.3.2. Figure 3 

and 4 show representative graphs in which the axial force applied to the 

microneedles increased until the ultimate load of the microneedle was 

reached. The DMN fracture was indicated by a discontinuity in the applied 

force and confirmed by visual observation of the DMN array after the test.  
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Figure 3: Representative measurement of DMN force during microneedle displacement 

and fracture under axial load. The discontinuity marks the fracture of KET-DMN. 

 

 

Figure 4: Representative measurement of needle force during microneedle displacement 

and fracture under axial load. The discontinuity marks the fracture of the PVA-DMN. 

 

The significance of presented failure force measurements is best appreciated 

when compared to the force required to insert the microneedles into skin. In 

a separate study (38), insertion force was shown to depend on the interfacial 

microneedle area of the tip, whereas other geometric parameters of 

microneedle were found to be less important. Based on this calculation, the 
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safety factor defined as the ratio of failure force to insertion force is always 

well above unity in decreasing from 3.8 N to 1.7 N with increasing 

microneedle length. Measured insertion forces of 0.1–3 N were sufficient to 

allow manual insertion of DMN array. Comparison of calculated insertion 

forces to fracture forces showed to be always more than 100 N for both PVA-

DMN and KET-DMN demonstrating that fracture forces were always much 

greater than insertion forces. This suggests that polymer microneedles 

fabricated in this study have sufficient mechanical strength to be inserted 

into skin without breaking. This finding is experimentally validated further 

below in the skin penetration study. 

 

3.2.3 Drug Loading Amount   

The amount of ketoprofen loaded in the DMN arrays was calculated based 

on the amount of ketoprofen quantified by HPLC analysis in each array 

(actual amount) and the total amount of drug loaded into the DMN 

(theoretical amount). Considering that an average volume of 10 µl of 5 

mg/ml drug solution was used to fabricate one microneedle array, the 

theoretical amount of ketoprofen per is 50 µg/DMN array. The actual 

amount revealed from HPLC analyses was found to be 20 µg ± 1,91, hence, 

the drug loading was 40%. 

 

3.2.4 Skin Penetration Study 

It has been widely reported in literature that porcine skin has similar 

mechanical properties to human skin (39). Therefore, porcine cadaver ear 

skin was used as skin model for DMN penetration studies to determine the 

ability of the microneedles to successfully penetrate the stratum corneum. 

The microneedles arrays were removed from the skin after 5 or 15 minutes 

and both the skin and the DMN arrays were imaged using a light microscope 

(Figure 5).  It was found that typically all microneedles in the array inserted 

into the skin effectively dissolve and have the capacity to pierce the skin. In 

particular, after 5 minutes the microneedles tips had already begun to 

dissolve indicating onset of rapid dissolution in the skin, while almost 

complete dissolution was observed after 15 minutes (Figure 6). The results 

are in accordance with the ultimate aim of our study to design a fast 

dissolving microneedles that are able to provide a rapid drug release. 
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 a)                                                                                     b) 

 
Figure 5: Light microscope images of microneedle penetration performed on porcine ear 

skin after (a) 5 minutes and (b) 15 minutes.  

 

 
    a)                                                                                       b) 

 

C 
 

ccc   

Figure 6: Light microscope images of microneedles arrays after insertion into the skin for 

(a) 5 minutes and (b) 15 minutes.  

 

 

3.2.5 Short-term Stability Studies 

The material from which dissolvable microneedles are fabricated should be 

biocompatible, biodegradable and capable of efficient delivery of the desired 

drug substance. Both natural and synthetic polymers possess these 

characteristics and, hence, are commonly used for the fabrication of 

dissolvable microneedles. The stability of microneedles and the 



Section 3-Part B 

147 
 

incorporated drug must be considered when the material used for DMN 

production is sensitive to the environmental conditions, such as humidity 

and temperature. Therefore, physically stability of the KET-DMN as well as 

the chemical stability of the ketoprofen were investigated for a short period 

of time (30 days). For the determination of the physical stability of the 

dissolvable microneedles, the evaluation of DMN physical integrity, shape 

and appearance was assessed using a light microscope with a built-in digital 

camera. Results were obtained by evaluating the microneedles on the basis 

of predetermined criteria described in Section 2.3.1, and a graphical 

representation is showed in Figure 7. 

 

 
Figure 7: Scoring results estimated from the appearance and morphological 

characteristics of dissolvable microneedles arrays on day 0 and day 30 under low and 

accelerated conditions. USL upper specification limit, LSL lower specification limit. 

Means value ± SD, n = 6. ANOVA, p > 0.5. 
 

During the entire period of the short-term stability studies, all microneedles 

retain the same appearance as at the date of manufacture. No changes were 

observed in the physical integrity of the microneedles. The different 

environment conditions did not have a significant impact on DMN physical 

stability. Following 30 days, microneedles retained their pyramidal shape 

with sharp tips. There was no statistically significant difference observed 

between the day 0 and day 30 samples. In addition, the investigated 

microneedles were dissolved according to the protocol detailed in the 
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Section 2.3.3. in order to determine the chemical stability of ketoprofen. The 

drug content was determined by HPLC method, and the results were then 

compared with the contents of the drug in microneedles arrays on the day of 

preparation (Figure 8).  

 

 
Figure 8: Drug loading of dissolvable microneedles arrays on day 0 and day 30 under low 

and accelerated conditions. USL upper specification limit, LSL lower specification limit. 

Means value ± SD, n = 6. ANOVA, p > 0.05. 

 

Statistical analysis of the results using one-way ANOVA has shown no 

statistically significant value between the content of ketoprofen in the KET-

DMN at different time-points and storage conditions (p> 0.05). Although 

the amount of ketoprofen remained unchanged it is necessary to examine the 

presence of degradation products. No degradation peaks (3-

acetylbenzophenone and 2-[3-carboxyphenyl] propionic acid) were 

identified indicating a good chemical stability of the loaded drug during the 

study period. Even though the primary objective was not the drug protection 

from chemical degradation, but the achievement of a fast release of the drug 

improving its therapeutic efficacy, it is clear that the polymer material 

employed in our work is capable to protect the drug from environmental 

impact.   

 

 

3.3 Drug Release Studies 

In order to characterise the release profile of ketoprofen from dissolvable 

microneedles, in-vitro release studies were performed. The results showed 
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that there was an immediate release of the drug after 5 minutes (71,69%), 

followed by the further ketoprofen release of 81,4% after 15 minutes and 

complete release after 30 minutes when the microneedles were fully 

dissolved (Figure 9). Observed release profile is in agreement with our 

hypothesis that microneedles can be inserted into skin and release 

encapsulated drug during their rapid dissolution. The rate of release in this 

scenario is controlled largely by microneedle dissolution rate. By comparing 

these results with the imaged microneedle dissolution process after insertion 

into skin for different times it can be concluded that the applied method of 

drug loading in polymer dissolvable microneedles provided its fast release. 

 

 

 
 

Figure 9: Graphic representation of ketoprofen release profile from dissolvable 

microneedle arrays, plotting time (min) vs percentage of drug released. Means value ± 

SD, n = 4. 

 

Furthermore, in vitro ketoprofen release studies were also used for 

determination of the mechanism and kinetics of the drug release process. 

The pharmaceutical dosage forms following this dissolution profile, such as 

those containing water-soluble drugs in porous matrices, release the drug in 

a way that is proportional to the amount of drug remaining in its interior 

(40). In our case, in fact, it was verified that the release process is directly 

proportional to the drug concentration, the values of the square of the 

correlation coefficient (r2) obtained based on the linear regression confirmed 

that the kinetic involved in this release is a first order.  
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3.4 Skin Permeation Studies 

The ex vivo skin permeation studies were performed in order to determine 

the mechanism of the drug release and permeation through the skin. For this 

study a full-thickness porcine skin was used, consisting of stratum corneum, 

viable epidermis and dermis. Although the lipid composition in SC of 

porcine skin differs from human tissue, this animal skin model is still 

considered the most suitable 'natural' membrane for in vitro permeation 

studies (41). In particular, the thickness of the porcine skin is approximate 

to the thickness of human skin and, most importantly, it exhibits the most 

similar permeability characteristics compared to other membranes. The 

vertical static Franz diffusion cells which were used for this study are the 

most widely accepted for ex vivo percutaneous absorption studies. A finite 

dose approach used in this work is considered more relevant than infinite 

dose design as it better represents the clinical situation for topical drug 

products (42). The results from the first set experiment are not shown in this 

work because we used it simply to prove the concept and build the 

knowledge about KET-DMN ability to perform an effective transdermal 

drug delivery. Regarding the second experiment, the percentage of the 

cumulative amount of ketoprofen permeated through the porcine skin vs 

time from the ketoprofen gel product and KET-DMN is shown in Figure 10. 

From the beginning of the exposure, significant difference was observed 

between the gel and the microneedles, with respect to drug permeation 

profile. The amount of ketoprofen from DMN arrays and from the gel that 

permeated through skin was 9,86% and 0,34%, respectively. 
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a) b) 

 

 

 

Figure 10: Comparative graphs of ex vivo skin permeation profile of ketoprofen from 

dissolvable microneedle arrays and gel, (a) after 26 h of application, (b) first six hours 

zoomed in. Means value ± SD, n = 3, T- test, p <0.001, statistically significant difference 

between the DMN and gel amount at each time point.  

 

In Table 3 are showed the permeability parameters for the commercial 

ketoprofen gel and KET-DMN. Flux measurement across the skin is perhaps 

the most useful and insightful ex vivo information in development of a 

topical drug product. Considering that the gel contains a significantly higher 

drug concentration (2.5% w/w) in comparison to KET-DMN, it is possible 

to affirm that microneedles significantly improve the ketoprofen transdermal 

drug delivery for KET-DMN in terms of drug amount and the rate of its 

delivery. Lag time, permeability coefficient (Kp) and diffusion coefficient 

(D) were also determined for further characterisation of KET-DMN 

permeation profile and presented in Table 3.  
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Table 3. Permeability parameters of ketoprofen from DMN arrays and the gel through 

porcine skin. 

Parameters KET-DMN Gel 

Flux (µg/cm2/h) 2,20 ± 0,02 11,66  ± 0,04 

Lag Time (h) 0,259 ± 0,12 0,634  ± 0,19 

Kp  (cm/h) 1,1*10 -1  ± 0,23  4,67*10 -4  ± 0,03 

D (cm2/h) 1,018*10-2 ± 0,18 1,69*10 -3 ± 0,10 

Each value represents mean ± S.D. n ≥ 3. Kp, permeability coefficient, D, diffusion coefficient, DMN, dissolvable 

microneedle. 

 

Ex vivo permeation studies provide valuable information about the KET-

DMN behaviour in vivo. The drug permeated indicates the amount of drug 

available for systemic absorption. This method is commonly used in skin 

research and normally gives a good correlation with the in vivo data (43).  

 

3.5 Drug Analyses 

A selective and specific HPLC method was developed, tested and validated 

for the quantitative determination of ketoprofen in the samples obtained in 

all stages of experimental work. The development of the method was started 

on the basis of literature data for the chromatographic conditions of 

ketoprofen determination (19, 21). The development of an analytical method 

for precise, accurate, selective and specific qualitative and quantitative 

determination of the drug was a prerequisite for the overall experimental 

work. In particular, the detection and quantification limits were calculated 

to be 0.04 μg/ml and 0.12 μg/ml, respectively. 

 

3.6 In Silico Models 

In recent years, promoted approaches by many regulatory bodies strongly 

encourage scientists investigating the chemicals and drugs safety to replace 

animal models with the alternatives. Modelling and simulation based on the 

mathematical models are already a well-established, parallel tool which 

allows for specific endpoint prediction and control. 

 

3.6.1 SKIN-CAD® for in vitro/ in vivo correlation. 

The FDA Guidance on IVIVC provides general methods and guidelines for 

the establishment of IVIVC. The number of studies reported in the area of 
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establishing IVIVC for non-oral dosage forms are very occasional and 

further research is necessary in the development of more meaningful 

dissolution and permeation methods (44). Using SKIN-CAD® software it 

was possible to predict human blood concentration - time profile for 

ketoprofen following its transdermal application (Figure 11). Furthermore, 

all the relevant PK parameters were obtained including maximum serum 

concentration (Cmax), area under the curve (AUC) and the time to reach the 

maximum blood concentration (Tmax) (Table 4). The simulation results of 

the ketoprofen pharmacokinetic profile are in agreement with the literature 

data of human clinical study for ketoprofen gel (45). At the moment no 

clinical data regarding ketoprofen dissolvable microneedle arrays are 

available for comparison. Moreover, the results predict that the percentage 

of ketoprofen that reaches systemic concentration would be considerably 

higher when the drug is administered using microneedles, hence, the 

delivery system can significantly affect the drug profiles in vivo. Higher 

Cmax values for ketoprofen gel product than for KET-DMN can be 

explained by approximately 400-fold higher initial concentration of the drug 

in the gel. 

 

Table 4 Gel and KET-DMN PK values. 

 

 

 
 
 
 

 

 

(a) 

 

 

(b) 

 
 

Figure 11. SKIN-CAD® graphical prediction of human blood concentration - time profile 

for (a) Gel and (b) KET-DMN array. 
 

 GEL KET-DMN 

Cmax 8,44 1,52 

AUC 1,97 *10+2  3.6*10+1 

Tmax 6h 5h 
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A very valuable prediction that SKIN-CAD® also provides is the drug 

distribution in the different skin layers following topical application (Figure 

12). These two graphs highlight the different behaviour between the gel and 

the microneedle arrays in terms of the drug permeation. In particular, for the 

gel, the stratum corneum is the main limitation barrier and that affects both 

the amount of ketoprofen permeated and the drug distribution in the skin 

over time (Fig 12a). In general, topically applied drugs are poorly absorbed 

because only a small fraction crosses the stratum corneum. Most of the drug 

remains on the skin surface, or it is subject to loss from a multitude of factors 

(exfoliation, sweating, wash-off, rub-off, adsorption onto clothing, and 

chemical or photochemical degradation) (46).  However, with microneedle 

arrays the distribution profile of ketoprofen in the skin is completely 

different (Fig 12b). Microneedles are capable of enhancing the transport of 

drug across the skin compared with the other transdermal delivery systems 

and approaches. As explained before, the enhanced drug penetration 

observed is due to the disruption of stratum corneum (47). 

 
(a) (b) 

  
Figure 12. SKIN-CAD® graphical prediction of ketoprofen skin distribution for (a) Gel 

and (b) Microneedles arrays. 
 

The skin permeability profile obtained from SKIN-CAD® is presented in 

Figure 13. This profile complies perfectly with the results observed from the 

ex vivo permeation studies for both gel and microneedle arrays for the first 

six hours of the experiment. However, there is an altered amount predicted 

for the last two time points (i.e. 24h and 26h). This difference can be 

explained by the fact that two input parameters used (i.e. the flux and the lag 

time) were calculated from the linear part of the curve (1-4 hours). 

Moreover, integrity of the skin can be compromised during the experiment 

affecting the results, which has been already reported in the literature (48). 
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Figure 13: Comparative graphs of ex vivo skin permeation profile of ketoprofen from 

dissolvable microneedle arrays and gel predicted vs observed after 26 h of application.  

 

3.6.2 Simcyp® for in vitro observed /predicted parameters 

The MPML MechDermA model of Simcyp® software was not able to predict 

the observed parameters reasonably well using only physicochemical 

properties of the drug (Table 5). Only the predicted permeability coefficient 

was close to the observed one. Various publically available and extensively 

tested models were incorporated in the Simcyp® simulator and are available 

for use (49). Still, further validation of the dermal model is needed to 

improve confidence in such modelling strategy. 

 

Table 5. Permeability parameters of ketoprofen from DMN arrays and the gel through 

porcine skin. 

 

Parameters Observed Predicted 

Simcyp® 

Kp  (cm/h) 1,1*10 -1 1,6*10 -1 

D (cm2/h) 1,018*10-2 1,60*10 -3 

Kpvesc 11,95 4,23 
Kp, permeability coefficient, D, diffusion coefficient, Kpvesc partition coefficient viable epidermis-stratum corneum. 
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4.  Discussion  
Conventional transdermal patches provide delivery only for the small subset 

of drugs that can cross skin at useful rates (50). On the other hand limitation 

of conventional hypodermic polymer formulations is that they often require 

surgical implantation or needle injection (51). This limits the ability of such 

systems to be self-administered and generally requires the time and expense 

of trained clinical personnel. Thus, the possibility of dissolvable 

microneedle-based delivery method could provide a significant advance that 

captures the ease of use afforded by a patch and the versatile properties of 

biocompatible polymers. Microneedles can be painlessly inserted into the 

skin in a minimally invasive manner that lends itself to self-administration 

by patients (52). We identified a biodegradable polymer PVA as a material 

for the fabrication of microneedles for self-administration of drug from a 

minimally invasive array. A sensitive fabrication method was employed to 

secure drug stability, sufficient mechanical strength of DMN for insertion 

into skin, and their rapid dissolution. Furthermore, PVA is highly water 

soluble, biocompatible FDA approved pharmaceutical excipient, which has 

a high tensile strength (53). Micromoulding fabrication method faithfully 

reproduces microneedle structures in an economical manner suitable for 

scale up to mass production. The use of polymer microneedles described in 

this study may provide advantages that overcome limitations of silicon and 

metal. Many polymer materials are inexpensive, mechanically strong, and 

enjoy a long-standing safety record in medical devices (54). Moreover, the 

biodegradable polymers used here further alleviate issues of safety, because 

broken microneedles left embedded in the skin can safely degrade and 

disappear. Safe disposal of polymer microneedles is also facilitated by the 

ability to burn, dissolve in a solvent, or mechanically destroy needles to 

prevent intentional or accidental re-use; destruction of used needles in 

developing countries is a high priority of the U.S. Centre for Disease Control 

and Prevention, the World Health Organization, and other international 

agencies (55). After Following the dissolvable microneedle arrays 

preparation, studies to determine the ability to pierce the skin were also 

conducted, revealing that the microneedles could pierce the stratum 

corneum, the main barrier for efficient transdermal drug delivery. KET-

DMN showed evidence of dissolution within the skin after 5 minutes 
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suggesting that the drug was able to diffuse within the skin after a very short 

time. In addition, we assessed the efficacy profiles of drug loaded into the 

microneedles as well as the behaviour of the KET-DMN under storage at 

various conditions to assess their robustness over time. KET- DMN arrays 

were shown to encapsulate ketoprofen without loss of drug activity and to 

exhibit good stability after storage up to 30 days. Based on literature, 

microneedle research is currently focused on using the DMN arrays to 

administer vaccines. Vaccines for influenza and herpes simplex virus (HSP) 

have been incorporated into polymeric microneedles (56). Degradation of 

materials may lead to a reduction of the height of the microneedle, and thus 

to a reduction of the content of the incorporated drug and/or the inability to 

its delivery to the desired depth in the appropriate layer of the skin (57). 

Therefore, the confirmed stability of our KET- DMN is essential for the 

efficacy and safety delivery of the drug. Further studies were conducted to 

evaluate the transdermal release of the drug. Drug release kinetics was 

controlled over times. Previous studies using microneedles made of other 

materials have demonstrated an improved delivery of proteins, DNA, 

vaccines and other compounds both in vitro and in vivo (58). KET-DMN not 

only was able to enhance skin permeability of ketoprofen providing an 

improvement in the drug amount released as compared to the commercial 

ketoprofen gel, but also provided better penetration parameters, thus 

justifying its use as a drug delivery systems of choice for transdermal route. 

Another aim of this study was to perform a correlation study by in silico 

models, such as SKIN-CAD® that allow a prediction of clinical study 

outcome. This software provided the possibility of replacing animal models 

for dermal absorption with the in silico model for skin absorption and 

simulating the dermatokinetics outcome. This is, hence, a reasonable model 

for evaluating and optimizing the design of transdermal drug delivery 

systems showing the influence of formulation on drug release and 

absorption. SKIN-CAD® can also be useful for studying the effects of 

various factors on skin permeation and blood concentration profiles allowing 

users to proceed from in vitro studies to clinical trial by PK-PD simulation 

at preclinical stage. In addition, in a clinical study, participants identified 

many potential benefits of the microneedle delivery system, including 

reduced pain, less tissue damage and risk of transmitting infections 
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compared with conventional injections, as well as potential for self-

administration. The public (100%) and professional (74%) participants were 

positive overall about microneedle technology (4). 

 

 

5. Conclusion 

Ketoprofen loaded dissolvable microneedle arrays have been successfully 

fabricated and characterized. A major obstacle to transdermal ketoprofen 

delivery has been overcome by the approach applied in this study. KET-

DMN were able to reduce ketoprofen transport lag time and to supply a 

consistent larger amount of drug compared with the conventional ketoprofen 

gel. The presented delivery strategy demonstrates potential for enhanced and 

painless delivery of ketoprofen. In silico results show that SKIN-CAD® 

simulation was in agreement with the in vitro experimental results. The 

pharmacokinetic profile of ketoprofen predicted by SKIN-CAD® was shown 

to be in line with the literature data of human clinical study. Overall, 

dissolving microneedles may be useful as a method for patients to self-

administer drugs without the pain or hazards of hypodermic needles. 

The author wish to thank the Biocom systems, Japan for providing the trial version 

of SKIN-CAD. 
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