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Resumen 

La candidiasis oral es una infección provocada por hongos oportunistas que 

generalmente afecta a personas con inmunodeficiencia, bien por una infección viral o por 

un síndrome asociado a otras causas. Sin embargo, en algunos casos pueden verse 

afectadas personas sanas. Aunque Candida albicans es el principal agente patógeno 

causante de esta enfermedad, las infecciones por otras especies de Candida, como C. 

krusei, C. glabrata y C. dubliniensis también se han relacionado con la candidiasis oral. 

A pesar de los progresos en el tratamiento, polienos (como la nistatina) y azoles siguen 

siendo los agentes antifúngicos más utilizados para el tratamiento de estas infecciones. 

No obstante, la mayoría de estos agentes presentan algunas desventajas tales como la 

mala absorción oral del fármaco, el contenido en alcohol de las formulaciones y la 

necesidad de una administración muy frecuente. 

Por lo tanto, el principal desafío en el tratamiento de las infecciones orales por 

Candida consiste en el aumento de la penetración y la permanencia de los antifúngicos 

en contacto con la mucosa oral o mucosa bucal. Para ello, la tecnología de la 

encapsulación constituye una posible estrategia. Así, el objetivo principal de esta Tesis 

ha sido el estudio de la encapsulación de agentes antifúngicos en varios tipos de partículas 

poliméricas con propiedades mucoadhesivas, incorporadas en formulaciones de 

aplicación bucal como pasta de dientes, gel oral y películas orales (sin alcohol) con la 

finalidad de aumentar su eficacia. 

En este contexto, cabe destacar que tres de las formulaciones de nanopartículas 

evaluadas, nanopartículas de ácido poliláctico, de ácido poli(láctico-co-glicólico) y de 

alginato cargadas con nistatina, uno de los medicamentos antifúngicos más utilizados en 

el mercado, presentan ventajas por su tamaño de partícula, carga superficial y eficacia de 

encapsulación del fármaco. Cuando dichas nanopartículas se incorporan en una 

formulación semisólida se obtienen perfiles de liberación, permeabilidad, y 

mucoadhesión que aumentan la eficacia del tratamiento frente a  una solución comercial 

de nistatina, sin detectarse toxicidad de los componentes de la formulación. 

Asimismo, con la finalidad de convertir estas formulaciones en un tratamiento 

más natural, se determinó la actividad antifúngica de extractos de planta procedente de 

Glycyrrhiza glabra (regaliz). Una vez identificado el extracto con mayor actividad, y uno 
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de los principales compuestos responsables de la misma, se procedió a su encapsulación 

en los sistemas de nanopartículas anteriormente mencionados. 

En conclusión, la formulación final desarrollada presenta un mejor perfil 

terapéutico en comparación con la solución comercial de nistatina, indicando que la 

encapsulación del fármaco antimicótico en asociación con un extracto natural podría 

constituir un futuro tratamiento con éxito. 
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Abstract 

Oral candidiasis is an opportunistic fungal infection that generally affects people with 

immunodeficiency due to viral infection or acquired immunodeficiency associated to 

other causes but in some rare cases, it can also affect healthy people. Despite the advances 

in the treatment of the oral candidiasis, polyens (like nystatin) and azoles are still the most 

used antifungal agents. In addition, most of those treatments present some disadvantages 

such as poor oral absorption of the drug, alcohol content in dosage form and they 

generally require a very high frequency of administrations. Therefore, the major 

challenge in the treatment may be focused on the improvement of the oral absorption of 

the antifungal agents through oral or buccal mucosa using bioadhesive dosage forms. 

This thesis aimed to develop a suitable buccal mucoadhesive nanoparticle (NP) 

formulation containing antifungal agents for the local treatment of oral candidiasis. 

Several types of polymeric particles with an encapsulated antifungal agent were prepared 

and further included into a toothpaste, an oral gel and oral films (all free of alcohol). 

Nystatin (Nys) was herein chosen as the reference drug because it is one of the main 

antifungal drug used. In this context, three different systems of nanoparticles (NPs), 

Polylactic acid, Poly(lactic-co-glycolic) acid and Alginate, were selected since they 

present a small particle size (300 to 800 nm), homogenous size distribution, appropriate 

surface charge, high encapsulation efficiency of Nys (above 70%), prolonged release 

profile, high adhesion capacity to oral mucosa, permeation capacity through the oral 

mucosa and safety profile. Also, the NPs successfully maintained the activity of Nys over 

time. Concerning the stability study the formulations were stable for 6 months.  

In addition, instead of Nys, extracts from Glycyrrhiza glabra (Licorice) were prepared 

and their antifungal activity was studied. The results obtained showed that ethanolic 

extract of Glycyrrhiza glabra L. was the most active extract and that the loaded NPs were 

successfully produced, presenting a mean size between 100-900 nm and a negative 

surface charge with high encapsulation efficiency of the extract.  

In conclusion, this thesis confirmed that all biodhesive nanoformulations using Nys or 

extracts from plants are viable alternatives for improving drug bioavailability in the oral 

mucosa. Thus, all nanoformulations might potentially improve the patient compliance 

due to its extended action and reduced the overall required dosage. 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 



 
21 

BACKGROUND, HYPOTHESIS AND OBJECTIVES 

Innovative nanotechnology formulations for the treatment of yeast infections in oral mucosa 

Background 
 

Nowadays, oral candidiasis (OC) is an opportunistic fungal infection that generally 

affects people with immunodeficiency due to viral infection or acquired 

immunodeficiency associated to other causes 1,2. However, it also can affect healthy 

people. This infection is predominantly originated by Candida albicans and where the 

main priorities of the treatment are rapid relief of the symptoms and the elimination of 

any factor that increases the recurrence of the disease 3,4. 

  

The effective treatment of the OC is based on four main grounds: the achievement of an 

early and accurate diagnosis of infection, correction of predisposing factors or underlying 

the disease caused by infection, the correct assessment of the type of Candida that is 

causing the infection and, finally, the use of antifungal agents suitable for the treatment 

of infection regarding the risk ratio/drug benefit in each case 5. 

 

All fungal organisms are eukaryotes and exhibit certain characteristics like mammalian 

cells, and therefore there is a greater difficulty to obtain pharmacological selectivity. In 

general, pharmacological treatment includes the administration of antifungal agents. The 

most used therapeutic agents can be divided into two main classes: azoles and polyenes, 

which despite the recent developments in terms of other alternatives, they continued to 

be the most used antifungal agents. But those treatments present some disadvantages such 

as the poor oral absorption of the drug, high frequency of administration and rapid 

elimination on the target tissue 6,7. Consequently, the major challenge in the treatment of 

OC may be focused on the improvement of the absorption of those antifungal agents and 

where the encapsulation technology may be considered as a possible strategy for 

achieving this objective 8. 

 

In recent years, the encapsulation technologies have emerged with a great interest in in 

the administration of drug with enormous clinical relevance, such as the antifungal agents. 

Problems related to the uncontrolled release profiles, problems also related to the lack of 

specificity and irregular or absence of pharmacokinetic profile can be solved with the use 

of these techniques. Some new formulations involving the use of nanoparticles (NPs) as 

a carrier for the successful delivery of the drug have been developed, like micro 

suspension with amphotericin B and polymeric micro- and nanoparticles with nystatin 
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(Nys) have been developed to improve/solve some of the problems associated to 

antifungal therapy 9, since the polyenes can be toxic, causing serious side effects (like 

renal failure, hypokalemia, and thrombophlebitis) when they are intravenous 

administrated. In addition to this factor, they are poorly soluble in water, and can easily 

form aggregates when present in aqueous media. This feature can be related and 

responsible for the difficulties associated during the administration of polyene (where it 

can be included the poor absorption after oral administration and poor distribution of the 

antifungals in organs and tissues) 9. Despite these two antifungal drugs also clotrimazole 

have been studied using solid lipid nanoparticles (SLN) and nanostructured lipid carriers 

(NLC). In all cases, those studies showed an improvement in the efficacy of the treatment 

of OC by applying nanoparticles 10,11. 

 

Besides that, well-known antifungal agents, natural products like extracts from plants 

have been used, increasing the interest from pharma industry. In the present, they 

represent approximately one-third of the top-selling pharmaceuticals drugs, which are 

composed by natural products or their derivatives 9. Despite this fact, the association 

between extracts from plants and the use of nanoparticles as a drug delivery system can 

be beneficial, since it can improve the solubility of extracts and improve the probability 

to be absorbed in the target tissue, those reducing the number of administration and 

increasing the patient’s compliance. At the same time the natural extract can decrease 

some of the adverse effects associated with the drugs used in the treatment 9.   
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Hypothesis 
 

1. Considering the short-term residence of the antifungal agent in the target tissue, it is 

possible that mucoadhesive polymeric nanoparticles will allow a greater contact time 

in the site of action, improving the efficacy of the treatment of OC? If so, this contact 

by adhesive forces will be higher when those NPs are included in three semi-solid 

formulations (toothpaste, oral gel and oral films)? Can those nanoformulations be 

stable over the time? Can those nanoformulations be safe in the tested 

concentrations? Is there any nanoformulation that can be easily adapted in daily 

routine of the patient? Is there any nanoformulation that can be easily adapted to 

infants, free of alcohol? In there any nanoformulation suitable in case of ulcerations? 

 

2. On the other hand, is it possible to have a therapeutic strategy instead of classic 

antifungals agents? In this case, is it possible to apply extracts from plants? The 

optimized nanoformulations can be applied in those extracts and extended the time 

on the target tissue? If so, this contact by adhesive forces will be higher when those 

extract-loaded NPs are included in three semi-solid formulations (toothpaste, oral gel 

and oral films)? Can those nanoformulations be stable over the time? Can those 

nanoformulations be safe in the tested concentrations?  
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Objectives 

 
Considering the previous points, we propose the development of different polymeric NPs 

implemented in the semi-solid formulations for the local treatment of the OC. To achieve 

these specific objectives, we have followed the subsequent steps: 

 

1. Development of the polymeric nanoparticles and the development of the 

semi-solid formulation (toothpaste and oral gel) 

 

In this part of the work, we have developed several polymeric nanoparticles (alginate, 

chitosan, dextran, xanthan gum, poly-arginine, polylactic acid and poly (lactic-co-

glycolic) acid and accessed its characterization. At the same time, semi-solid 

formulations were developed, specifically a toothpaste and an oral gel. After the 

selection of the best systems of NPs in terms of small size, monodisperse size 

distribution, stability, cytotoxicity, encapsulation efficiency and controlled release 

profile of the encapsulated antifungal agent, they were implemented in the semi-solid 

formulations.  Nystatin (Nys) was used as a model drug. 

 

The main results regarding this milestone were reported in Article II, Article III: 

“Innovative formulation of nystatin particulate systems in toothpaste for candidiasis 

treatment.” 

“Bioadhesive nanoparticles as a strategy to improve the treatment of yeast infections 

in oral mucosa: in-vitro and ex-vivo studies.”  

 

2. Development of the oral films and the in vitro adhesion studies  

 

In this chapter, the optimized nanoformulations of the previous point were tested 

regarding the in vitro interaction with the pig’s mucin and the in vitro attachment with 

the HT-29MTX cells. The tested nanoformulations were the toothpaste with alginate 

NPs, the oral gel with poly(lactic) acid and the oral film with poly(lactic-co-glycolic) 

acid nanoparticles.  

 

The main results regarding this milestone were reported in Article IV: 

“Mucoadhesive assessment of different antifungal Nanoformulations” 
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3. Preparation of natural extracts from Glycyrrhiza glabra (Licorice) study their 

anti-fungal activity 

 

In this step of the work, the natural extracts were obtained from the Glycyrrhiza 

glabra (Licorice). In all case, extracts were tested in terms of their anti-fungal activity 

against several species of Candida (C.tropicalis, C. glabrata, C.dubliniensis, C. 

krusei, C. guilliermondii and C. albicans). Herein, the best extract was selected 

according its minimal inhibitory concentration, the minimal fungicidal concentration 

and the time-killing.  

 

The main results regarding this milestone were reported in Article V: 

“Development of a biodhesive nanoformulation with Glycyrrhiza glabra L. extract 

against Candida albicans” 

 

4. Encapsulation of the ethanolic extract of Glycyrrhiza glabra into the three 

systems of the selected polymeric nanoparticles 

 

In this final step of the work, the ethanolic extract of Glycyrrhiza glabra from the 

previous step was characterized with LC-MS and then it was encapsulated into the 

alginate, the poly(lactic) acid and poly(lactic-co-glycolic) acid. Again, these extract-

loaded NPs were implemented in the respective semi-solid formulations and tested 

with the same tested done in the previous sections. 

 

The main results regarding this milestone were reported in Article V: 

“Development of a biodhesive nanoformulation with Glycyrrhiza glabra L. extract 

against Candida albicans” 
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Abstract 

Oral candidiasis is an important opportunistic fungal infection and polyenes and 

azoles are still the most used antifungal agents. However, the oral absorption resulting 

from most available treatments is poor and, consequently, a very high frequency of 

administrations is required. Therefore, the major challenge is to improve the retention of 

the antifungal agents in buccal mucosa, and the encapsulation into mucoadhesive systems 

may be considered as a possible strategy to achieve this objective. Three types of 

mucoadhesive polymeric nanoparticles (PLA, PLGA and alginate) were prepared using 

nystatin as model drug. The drug-loaded nanoparticles were included in toothpaste, oral 

gel and oral films respectively. The results obtained demonstrated that the loaded 

nanoparticles were successfully produced, presenting a mean size between 300-900 nm 

and with a surface charge between -15.65 and -43.52 mV. Also, the determination of the 

encapsulation efficiency of all nanoparticles showed values above 70%. In terms of the 

in vitro mucoadhesion, the best formulation was the oral film loaded with the PLGA 

nanoparticles followed by the oral gel with PLA nanoparticles and thirdly the toothpaste 

with alginate nanoparticles. This was confirmed in an in vitro rinsing model with mucus 

producing HT29-MTX cells, where the percentage of nystatin retained to the cells after 

40 min of simulated saliva flow was between 10-27% when formulations were used and 

only 4% for free nystatin. Further studies will include in vivo testing using animal models.  

 

Keywords: Nanoparticles, HT29-MTX cells, Mucoadhesion, Antifungal, Nystatin 
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1. Introduction 

Oral candidiasis (OC) is an important opportunistic fungal infection caused either 

by bacteria, viruses or fungus, where Candida albicans is the most common cause (1). 

This is a commensal fungus present in the mouth of 40% to 65% of healthy adults, but it 

can cause an infection in immunosuppressed patients or those receiving anticancer 

radiotherapy. AIDS and other immunodeficient conditions that emerged in recent years, 

have paved the way for the reappearance of oral mucosal infections (2,3). In terms of 

treatment, polyenes and azoles are still the most used antifungal agents. However, most 

of these drugs present a poor oral absorption and, consequently, require a high frequency 

of administrations. One of the mostly used antifungal agent is Nystatin (Nys) which is 

commercially available as a suspension (4). This formulation is associated with a low or 

very limited systemic bioavailability. There are other alternative formulations present on 

the market, such as mouth solutions, rinses, tablets or gels, for the treatment of OC. 

However, even these formulations are unable to maintain the concentration of the drug in 

the saliva for a prolonged period of time (1).  

Therefore, the major challenge is to improve the retention of the antifungal agents 

on oral mucosa, and the encapsulation into mucoadhesive drug delivery systems may be 

a possible strategy to achieve this objective. Mucoadhesive drug delivery systems, like 

oral gels and films (Hydroxypropyl methyl cellulose, Polycarbophil, Ethyl cellulose, etc.) 

and polymeric nanoparticles (NPs) based on Hyaluronic acid, Alginate (Alg), Polylactic 

acid (PLA) and Poly lactic-co-glycolic acid (PLGA), have the capacity to adhere to the 

buccal mucosa and remain in place of action for a considerable period of time when 

compared with conventional delivery systems, like solutions or suspensions (5–7). 

In this work, we have designed several types of mucoadhesive NPs, more 

specifically Alg, PLA and PLGA NPs, containing-Nys as model drug. The drug-loaded 
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NPs were included in toothpaste (TP), oral gel (OG) and oral films (OF), for buccal 

administration. All the formulations have been fully characterized including their 

mucoadhesive capacity. The mucoadhesive capacity of the nanoformulations was tested 

in terms of their interaction with both mucin dispersions and mucus producing HT29-

MTX cells. The effect of the formulations on the permeability of Nys through an HT29-

MTX cell layer using the Transwell® setup was also assessed.  

2. Materials and Methods 

For the development of NPs, sodium alginate from brown algae, acquired from 

Sigma-Aldrich (St. Louis, USA), PLGA (50:50) and PLA both obtained from Purac 

(Gorinchem, Netherlands) and Pluronic® F-127 obtained from Sigma (St. Louis, USA) 

were applied as encapsulation materials. For the preparation of the semi-solid 

formulations, the reagents used were sorbitol and sodium lauryl sulfate obtained from 

José M.Vaz Pereira S.A. (Lisbon, Portugal), glycerol and citric acid both acquired from 

Scharlau (Barcelona, Spain), calcium carbonate from Merck (Darmstadt, Germany),  

microcrystalline cellulose from Fagron (Barcelona, Spain), xanthan gum and sodium 

fluoride from Sigma-Aldrick (St. Louis, USA), hydroxypropyl methylcellulose 

(HPMC) from Norsk Medisinaldepot (Oslo, Norway) and glycerol from Apotek 

Produksjon AS (Oslo, Norway). Mucin from porcine stomach, type II was obtained 

from Sigma–Aldrich (St. Louis, USA). Pure Nys was kindly donated by Angelini 

Pharmaceutical (Dafundo, Portugal). 

All other reagents were of analytical grade. 

2.1. Development of the Nys-loaded NPs 
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 PLGA and PLA NPs were prepared using the same method and according to 

previous work done by our group (8,9). Basically, an emulsion was prepared dissolving 

the PLGA or PLA with a concentration of 20mg/mL and Nys with a final concentration 

of 10mg/mL in a mixture acetone: ethanol (8:2, v/v). This solution was sonicated for a 

period of 15-20 min. After sonication, the solution was added dropwise to a 0.1% (w/v) 

aqueous solution of Poloxamer (Pluronic® F-127), under a constant stirring speed of 800 

rpm (Fig.1). Subsequently, the organic solution was removed using a rotary evaporator at 

60°C for 20 minutes until NPs dispersed in the aqueous phase were formed (10). 

 

Figure 1 – Methodology of the production and characterization of the different types of NPs 
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The Alg NPs were prepared according to an emulsification/internal gelation 

method (11), also used by our group earlier (12).  In shorthand, the loaded-NPs are 

prepared from two different solutions. The aqueous solution is made by 50 mL of Alg 

solution (2%, w/v) and 3.5 mL of calcium carbonate (aqueous dispersion of insoluble and 

ultrafine calcium carbonate crystals at 5%, w/v). The resulting dispersion was emulsified 

within 50 mL of paraffin oil containing 1.5 mL of Span 80 by impeller-stirring 

homogenization (1600 rpm). After 15 min of emulsification, 20 mL of paraffin oil, 

containing 300 µL of glacial acetic acid was added to the mixture and the stirring 

continued for 60 min to trigger the solubilization of the calcium from the carbonate 

complex, and concomitant gelation of the Alg nanoparticles (Fig.1). The oil-dispersed 

Alg nanoparticles were recovered by centrifugation at 26,230xg with a Z36-HK high 

speed centrifuge (Hermle Labortechnik, Wehingen, Germany) coupled with dehydrating 

solvents in acetate buffer to clean the nanoparticles (12). 

2.2. Characterization of the Nys-loaded NPs 

2.1.2. Particle size analysis 

The mean particle size and polydispersity index (PI) of the hydrated NPs (diluted aqueous 

suspensions, 1:20) were measured using dynamic light scattering (DLS) with a Coulter 

Nanosizer Delsa NanoTM C (Coulter Beckman, Fullerton, CA). All experiments were 

made at room temperature, with an detection angle of 165º and performed in triplicate 

(10). 

2.1.3. Zeta potential (ZP) analysis 
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The ZP was measured in the same equipment and the same dilution factor described for 

size analysis but using the electrophoretic mobility technique. Each analysis was carried 

out at room temperature with an detection angle of 90º and in triplicate (10). 

2.1.4. Determination of the Encapsulation Efficiency (EE) 

After the preparation of NPs, a pellet was obtained by centrifugation at 23,000xg for 15 

min in the case of PLGA and PLA NPs, and at 38,000xg for 10 min in the case of Alg 

NPs. Subsequently, the amount of free Nys was determined using direct quantification. 

The particles were disrupted and released Nys was analysed spectrophotometrically at a 

wavelength of 307nm. To obtain a value of the amount of drug present inside the NPs, all 

measurements were within an established linearity range of 0.4–100 µg/mL (R2 = 0.995) 

for PLA and PLGA NPs and 0.4–50 µg/mL (R2 = 0.996) for Alg NPs. For the calculation 

of EE, Eq. (1) was used. 

EE (%) = 
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑑𝑟𝑢𝑔 −𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑑𝑟𝑢𝑔 
× 100 (Eq. (1)) 

All the measurements were made in triplicate.  

2.2. Development of the Semi-solid Formulations 

The production of semi-solid formulations was achieved according to previous 

works done by our research group (12). All formulations were optimized regarding some 

parameters like viscosity and pH values. In the following, preparation methods are 

reported very briefly. 

2.2.1. Toothpaste (TP) preparation 

The TP is constituted of two different phases: the first phase is a homogeneous 

mixture of 0.65 g of xanthan gum mixed with a small volume of sorbitol dispersed in 15g 



 

Article IV 

Innovative nanotechnology formulations for the treatment of yeast infections in oral mucosa 
72 

of glycerol. The second phase is citric acid buffer (pH=5) containing sodium fluoride 

(13mg/mL). These two phases were mixed for 45 min and then 10 g of calcium carbonate 

with microcrystalline cellulose was added under agitation over a period of 30 min. 

Finally, the mint essence and sodium lauryl sulfate were added to the semi-solid dosage 

form (12). 

After the preparation of the TP, the Nys-loaded hydrated Alg NPs were 

implemented in the ratio of TP:NPs=1:2 (g/g). Optimization conditions were determined 

in a previous work done by our group (10).  

2.2.2. Oral Gel (OG) preparation 

The OG preparation involves the addition of a few drops of an aqueous solution 

of sodium hydroxide (NaOH) with a concentration of 0.1M to an aqueous solution of 

Carbopol 940 at 1% (w/v). After the preparation of the OG, the Nys-loaded-PLA NPs 

were implemented in the ratio of OG:NPs=1:4 (g/g).  

2.2.3. Oral Films (OF) preparation 

 The OF were formulated using HPMC as the film-forming polymer and by using 

the solvent casting method (13). Briefly, an aqueous solution containing 8% (w/v) of 

HPMC and 2% (w/v) glycerol was prepared and PLGA, PLA and Alg Nys-loaded-NPs 

were added to a final concentration of 7 %, 4.45 % and 0.72 % (w/v), respectively. Then,  

the final volume was adjusted with water to 100mL and left for an additional 30 min 

stirring to ensure a homogenous distribution of the NPs in the final formulation (13–15). 

After preparation, the homogenous suspensions were allowed to rest for a period of 4 

hours to remove all the air bubbles and poured onto a clean levelled glass plate of the 

Coatmaster 510 (Erichsen GmbH, Germany), where a knife with a gap-opening of 1000 
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µm ensured an even spreading, and allowed to dry overnight at room temperature to 

obtain a larger film sheet. After complete drying, the film sheet was peeled off the glass 

plate and cut into pieces of single dose units of 2x2cm and stored in desiccators to avoid 

moisture fluctuations. The prepared films presented a transparent and homogenous 

appearance, even and flexible structure. 

2.3. Characterization of the semi-solid formulations 

2.3.1. Physical properties of the TP, OG and OF 

The viscosity of the semi-solid formulations was assessed using a Rotating 

Viscometer Brookfield (Middleboro, MA, USA). The formulations were introduced into 

a 50 mL beaker and the spindle was positioned and rotated at a predetermined rpm value. 

The measurements were made with spindle 4 and rotation speed between 50-100 rpm in 

the case of the TP formulations and with the spindles 3, 5 and 6 with a rotation speed 

between 12-100 rpm in the case of the OG formulations. The viscosities and torques were 

recorded. Also, pH values (827 pH Lab, Metrohm, Switzerland), organoleptic aspects 

were assessed.  

Also, the spreadability was assessed using Parallel-plate method (16). The 

spreading capacity was measured 12 h after preparation by measuring the spreading 

diameter of 1 g of the OG between two glass plates, with a diameter of 15cm. The mass 

of the upper plate was standardized at 125 g. To calculate the spreadability the following 

equation was used (Eq. (2)).  

𝑆 = 𝑚 ×
𝑙

𝑡
  (Eq.(2)) 
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Where the (S) represents spreadability capacity of the formulation, (m) is the 

weight (g) tied on the upper plate, (l) is the length (cm) of the glass plates, and (t) is the 

time taken (s) for the plates to slide the entire length. 

 The OF was characterized with respect to thickness, weight, the water content and 

Nys content. Film thickness was assessed using a Micrometer ranging between 0-25mm 

(Cocraft®, Manchester, UK).  Water content was determined using the moisture Analyzer 

MA 30 (Sartorius AG, Goettingen, Germany). For the quantification of Nys present in 

each film, the films were dissolved in 10 mL of water during a period of 30 min. After 

this period, the samples were analysed using the UV-2550 UV-VIS spectrophotometer 

(Kyoto, Japan) at 307nm wavelength.  

Measurements were carried out on 10 pieces with a dimension of 2x2cm for each 

film. 

2.4. In vitro assays 

2.4.1. In vitro mucoadhesion test 

Mucoadhesion from the interaction of the samples with a 3% (w/v) dispersion of 

mucin in phosphate buffer (pH 7.4) was assessed (16). Briefly, the mucin dispersion was 

evenly spread on the top of two different pieces of filter papers (25 µL on each) with an 

inert backing layer (Whatman® Benchkote, St. Louis, USA). In our previous work this 

interaction with buccal tissue was already established using porcine oral mucosa. The 

pieces of filter paper presented a dimension of 1.3x1.3cm. Both pieces were attached with 

double sided adhesive tape; one of them was placed in the lower stationary part of a TA-

XT2i Texture Analyzer (Stable Micro Systems, Surrey, England), and the other was 

attached to a specially designed larger, upper, movable part (11 cm x11 cm). 
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To test the OF 1x1cm squares were used whereas 0,01g was the amount taken for 

OG and TP assessment. The samples were placed between the upper and the movable 

part, and the movable part was lowered until it touched the sample. Based on previous 

works, a preload force of 200g was applied for a period of 100 s, after which the upper 

part was raised with a speed of 0.01mm/s (17).  The measurement was repeated ten times 

for each formulation and compared to the respective controls without NPs. In addition, 

the intermediate precision was tested by repeating the measurements the following day. 

The measurements were also repeated with pure buffer instead of mucin dispersion to 

allow distinction of the unspecific adhesion of the formulations from the mucin 

interaction. Also, this analysis was made only with filter paper in order to individual study 

the interaction of the formulation with the mucus layer. 

Displacement and force of detachment were recorded. Based on the obtained force 

versus time curve, peak force (Fmax, g) and the work of detachment (area under the peak, 

AUC, g/s) were obtained. The values obtained from testing the samples versus the mucin 

dispersions are designated the general mucoadhesion, and the values obtained from 

testing samples versus the phosphate buffer saline (PBS) are designated the unspecific 

adhesion. To estimate the mucin interaction for the semi-solid formulations, the 

unspecific adhesion was deducted from the general mucoadhesion (17). 

After the in vitro mucoadhesion test, the mucoadhesive capacity of the most 

promising OF, OG and TP formulations were also assessed using a retention model with 

HT29-MTX cells. 

2.4.2. Cell culturing 

The HT29-MTX cell-line was kindly provided by Dr. Thécla Lesuffleur 

(INSERM UMR S 938, Paris, France). These mucus-secreting cells have been adapted to 
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and cultured for several passages in medium containing 10−6 M MTX and reversed for 

several passages in drug-free medium (18). They do not need to be maintained in media 

containing MTX in order to differentiate after confluency. 

Medium for cell growth: Dulbecco’s Modified Eagle’s Medium with high glucose 

(DMEM), L-glutamine, sodium pyruvate and phenol red, pH 6.8–7.2 (sodium bicarbonate 

buffer) (Sigma-Aldrich, St. Louis, USA), further supplemented with 10% inactivated 

Fetal Bovine Serum (Sigma–Aldrich, St. Louis, USA), Penicillin (100 units/ml) 

with Streptomycin (100 μg/ml) (Sigma–Aldrich, St. Louis, USA) and Gentamicin (50 

µg/ml) (Sigma-Aldrich, St. Louis, USA). 

The cells were incubated at 37 ºC under an atmosphere of 5% of CO2. For the 

preservation, the cells were passaged before reaching 80% of confluency with a solution 

of trypsin-EDTA (Sigma–Aldrich, St. Louis, USA). The medium was changed every two 

days.  

Before the experiments, the cells were counted using a hemocytometer and seeded 

at an initial density 24.000 cells/cm2. For the rising model experiments, cells were seeded 

on Nunclon® cell culture dishes (Sigma-Aldrich, St. Louis, USA) with a culturing area 

of 78.5 cm2 and cultured for 3 weeks. In these culture conditions, the cells are confluent 

after about 7 days of culture and begin to differentiate, postconfluently, into a mixed 

population of mucus-secreting goblet cells and enterocytes (19). Cells from passage 

number 26, 27, 28 and 29 were seeded, in triplicate, for the mucoadhesion test of the TP, 

the OG, the OF and the solution of free Nys, respectively. (20,21). 

For the permeation and toxicity experiments HT29-MTX cells from passage 

number 27, were seeded on uncoated polycarbonate Transwell filter inserts (Costar, 

Corning) with a 0.4 µm pore size and a cell growth area of 1.12 cm2. The volume of the 
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donor chamber and the acceptor chamber were 0.5 and 1.5 mL, respectively. The 

experiments were carried out after 3 weeks of cell culturing and in triplicate. 

2.4.3. Rising model – mucoadhesive capacity 

After 3 weeks of culturing, culture medium was removed from the dishes 

containing the cell monolayer and the cells were washed twice with Hank’s Balanced Salt 

Solution (HBSS), modified, with 1.26 mM CaCl2 × 2 H2O, 0.81 mM MgSO4 and 

4.17 mM NaHCO3, pH 7.2–7.6 (Sigma–Aldrich, St. Louis, USA). 

In one side of the dish wall, a v-shaped indent was cut to allow HBSS to flow 

through. The dish was then mounted in the chamber and left there to acclimatise with the 

flow rinsing over (flow rate: 0.399 mL/min) for a period of 10 min (20). 

Afterwards the flow was turned off and the samples were placed on top of the cell 

monolayer. In the case of the OF, film piece samples of 2x2cm were dipped in HBSS to 

wet and immediately attach onto cells. For the OG and the TP, 100 mg of samples were 

placed using a syringe. The samples were left on top of the cells monolayer for 2 min to 

let the samples attach onto the mucus present on the monolayer. The flow was turned on 

again at a flow rate 0.399 mL/min. Four nozzles were used, yielding a total flow of 1.6 

mL/min. At pre-determined time points, the HBSS buffer that had rinsed over the 

formulation on top of the monolayer was collected and the amount of Nys determined, 

using the same UV method as described earlier (2.3.1.). 

2.4.4. Permeation and toxicity experiments 

In this assay, we used the Transwell® setup.  Before the experiments were carried 

out, the transepithelial electrical resistance (TEER) was measured with a Millicell ERS-

2 Voltohmmeter, in order to verify the initial integrity of the cell monolayer.  



 

Article IV 

Innovative nanotechnology formulations for the treatment of yeast infections in oral mucosa 
78 

Then, the cell monolayers were washed with HBSS and incubated with 0.5 mL 

samples in the case of OG, TP and pieces of 1x1cm with 0.13mL of HBSS buffer for the 

OF. Additionally, three control samples consisting of 0.5 mL of HBSS, 0.13 mL of HBSS 

buffer (presenting the same condition as the OF) and 0.5 mL solution of free Nys with a 

concentration of 1mg/mL were placed in the donor chamber. Each sample was incubated 

in triplicate. 1.5 mL of HBSS buffer was placed in the acceptor chamber in all cases. After 

2 h in a shaking incubator (60 rpm), the samples present in the donor chamber and the 

HBSS buffer present in the receptor chamber were recovered, and the two chambers, were 

washed with HBSS.  

The samples from the receptor chambers were analysed using the same UV 

method as described earlier (2.3.1.) to quantify the amount of Nys that had permeated the 

cell monolayer. 

After permeation of Nys, the permeability of carboxyfluorescein as well as TEER 

was measured in order to monitor any changes in the integrity of the cell monolayers 

caused by the formulations, i.e. toxicity. 

For the carboxyfluorescein method, the samples present in the donor chamber and 

the HBSS buffer present in the receptor chamber were removed, and the two chambers 

including the filters containing the cell monolayers were washed with HBSS. 0.5mL of a 

15 µM solution of carboxyfluorescein in HBSS and 1.5 mL of HBSS buffer were 

introduced to the donor and the accepter chambers, respectively. The plates were placed 

in a shaking incubator, 37ºC and 60 rpm. After 2 h the amount of permeated 

carboxyfluorescein appearing in the acceptors chambers were measured in triplicate using 

the fluorescence plate reader Victor3TM at λex 485 and λex 535, 0.1s, on black optical 
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bottom polystyrene NunclonTM cell culture dishes, holding 200µL of solution (21). The 

averages of three measurements were used. 

2.5. Statistics 

All results are expressed as mean ± standard deviation. One-way ANOVA and 

two-way ANOVA analysis were applied to demonstrate statistical differences in all tested 

parameters. All analyses were performed using a software program (GraphPad Prism 5®, 

GraphPad Software, San Diego, CA) with a statistical significance level of 0.05. 

3. Results and Discussion 

3.1. Characterization of Nys-loaded NPs 

As demonstrated in our previous work, Nys is one of the most common antifungal 

drugs that present several problems in terms of solubility and permeation into the buccal 

mucosa (22). So, the encapsulation into NPs systems and the implementation of these 

systems into semi-solid formulations will work as a vehicle of Nys (1). The results 

obtained regarding the production of the Nys-loaded-NPs showed that they were 

successfully produced, presenting a mean size between 333-888 nm and with a surface 

charge between -15.65 and -43.62 mV (Table 1), the polydispersivity index demonstrated 

that the PLA and PLGA NPs were more monodisperse than the Alg NPs. Also, the results 

regarding EE by direct determination showed that PLA, PLGA and Alg NPs entrapped 

as much as 90.14 ± 3.84%, 72.74 ± 5.28% and 76.16 ± 7.95% of the added Nys, 

respectively as can be observed in Table 1. This confirmed that the association established 

between the polymers and the drug is very high and it can be different when using diverse 

methods of production, since the hydrophobic polymer (PLA) showed a better EE to the 

purely water-soluble drug (Nys), increasing the possibility of achieving an efficient 
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therapeutic effect. The chemical interaction established between PLA and Nys might be 

higher than for the other two polymers. Also, the influence of the chemical interaction of 

the polymers with the drug can be observed in the release profile, done in another work 

of your group, where the PLA and the PLGA NPs demonstrated a more controlled release 

profile in PBS buffer (pH=7.4) as compared to the Alg NPs (22). The full characterization 

of all NPs was already published by our group, including release profiles and toxicity 

studies (22). 

Table 1 - Characterization of different loaded-NPs with Nys (n=3) 

Polymeric 

NPs 

Mean Size 

Distribution ± 

SD (nm) 

Polydispersivity 

Index (PI) 

Mean Zeta 

Potential ± 

SD (mV) 

Mean EE ± 

SD (%) 

Alg 886.7 ± 13.7 0.325 ± 0.013 -43.62 ± 0.25 71.78 ± 15.65 

PLA 332.8 ± 172.0 0.198 ± 0.070 -26.03 ± 1.16 94.47 ± 0.41 

PLGA 413.1 ± 186.8 0.189 ± 0.080 -15.65 ± 5.35 71.05 ± 9.60 

3.2. Characterization of the semi-solid formulation with Nys-loaded NPs 

After the characterization of NPs, they were implemented in the semi-solid 

formulation respecting certain NPs to formulation ratio, as described in section 2.2. The 

viscosity values of TP and OG with Nys-loaded-NPs, changed when compared with the 

same formulation without the NPs. These effects can be important since the viscosity can 

be directly correlated with the mucoadesive capacity of the formulations. As observed in 

Table 2, Alg NPs increased the viscosity of the TP formulation. It is described that 

formulations with high viscosity would present a better adhesive capacity and vice-versa 

(23). Regarding the pH values, it can be observed that NPs will inflict a slight change in 

the pH value. Despite this, the values remained within the pH reference values based on 

commercial TP where the pH values normally recommended are above 7.5 because the 

teeth actually become stronger and re-mineralize when the mouth is alkaline (12). In the 
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case of the OG, the pH value must be between the interval of 4 and 5.5 so that the 

development of the teeth will not be hampered (24). 

The different OF were also characterized in terms of chemical and physical 

properties (Table 2). The films varied in weight, thickness, and drug content where it can 

be observed that using NPs as vehicle for Nys increased the quantity of drug that was 

present in the films. This will increase the quantity of Nys present at the site of action. 

The residual water content in all films was less than 20% of the film weight.  

Table 2 – Characterization of the Semi-solid Formulations with loaded-NPs (n=3 for the Toothpaste and Oral Gel 

and n=10 for the Oral Film) 

 
Toothpaste 

Toothpaste with 

Nys 

Toothpaste with 

Alg loaded-NPs 

Viscosity (mPas) 1706.00 ± 16.56 3649 ± 54.31 15110 ± 20.50 

pH value 7.47 ± 0.20 7.18 ± 0.10 8.58 ± 0.03 

Spreadability 

(g.cm/s) 
49.98 ± 5.47 49.90 ± 1.17 49.92 ± 2.10 

 
Oral Gel 

Oral Gel with 

Nys 

Oral Gel with 

PLA loaded-NPs 

Viscosity (mPas) 83330.67 ± 8.50 66690 ± 51.96 70830 ± 50.50 

pH value 6.06 ± 0.01 5.02 ± 0.05 4.17 ± 0.02 

Spreadability 

(g.cm/s) 
32.12 ± 11.89 35.20 ± 12.50 83.85 ± 31.21 

 

Oral Film 
Oral Film with 

Nys 

Oral Film with 

PLGA loaded-

NPs 

Weight (mg) 37.02 ± 7.67 37.83 ± 7.79 52.33 ± 6.95 

Thickness (mm) 7.95 ± 0.65 8.89 ± 0.84 14.55 ± 0.76 

Drug content 

(µg) 

N/D 24.06 ± 9.12 115.51 ± 18.63 

3.3. In vitro assays 

For the first test the mucoadesive capacity of all formulations was measured using 

a mucin dispersion and a texture analyser. The maximum peak force and AUC were 

recorded. Results are presented in Fig. 2. The OF with PLGA NPs presented the highest 

value of general mucoadhesion. Regarding the unspecific adhesion, we observed that the 

incorporation of the NPs in the semi-solid formulations of the OF and the TP increased 
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the peak force of the adhesion. The inclusion of NPs in the TP was beneficial for 

mucoadhesion, which can be influenced by many factors, one of them being the viscosity 

of the formulations and, as concluded before, the incorporation of NPs will increase the 

viscosity (see Table 2). Also, when comparing the values of the different OF formulations 

we observed that different polymers constituting the NPs influenced the adhesion 

capacity in different ways similarly to other previous works (25). In the case of the OG 

the formulations containing NPs didn’t present any statistical significant differences when 

compared with the OG without the NPs. 

 

Figure 2 - General mucoadhesion assessment of the semi-solid formulations with and without the loaded NPs, where 

*** (p<0.001), ** (p<0.01) and * (p<0.05). 

The general mucoadhesion is a function that combines both the unspecific 

adhesion and the mucin interaction (26). The estimated mucin interaction is generally a 

complex concept, influenced by degree of hydration of the formulations, the diffusion 

ability of the polymers and their capacity to engage in entanglements and intermolecular 

bonding with the mucin. The real value of the mucin interaction can be found by 

deducting the unspecific adhesion of the formulations (obtained from testing film versus 

buffer) from the general mucoadhesion (testing the formulations versus the mucin). As 

can be observed in Fig. 2-A, in all cases the general mucoadhesion was higher than the 
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unspecific adhesion, indicating interactions between the polymer systems, semi-solid 

formulations and the mucin. The results obtained in terms of the maximum peak force 

correlated with the AUC values (Fig. 2-B). 

We observed that the TP with Alg NPs, the OG with PLA NPs and the OF with 

PLGA NPs were the best formulations in terms of achieving the highest interaction with 

mucin, when compared with the corresponding formulations without NPs, presenting 

values for the general mucoadhesion of maximum force of 290, 297 and 474 g, 

respectively. Moreover, the OF with PLGA NPs presented a significantly higher 

interaction with the mucin compared to all the other formulations (p<0.05). 

Before carrying out the rest of the in vitro assays the HT29-MTX cells were grown 

for a period of 3 weeks on cell culture dishes, which is  the time necessary to form a 

confluent monolayer of cells that will secret mucus (27).  Considering this growth rate, 

several pictures from the moment of seeding, after a period of 2 days, 1 week, 2 weeks 

and in the moment of the experiments (3 weeks) were taken (Fig. 3). 

Figure 3 - Growth rate of the HT29-MTX cells after seeding (A- after 2 days; B- after 1 week; C - after 2 weeks; D - 

In the moment of the experiments). The images were taken under the optical microscope with obj. 20. The scale bar 

equals 100 µm. 

Regarding the rinsing model, three different formulations and a solution of free 

Nys to serve as a control were tested for mucoadhesive capacity. Comparing the results 

presented in Fig. 4, it can be observed that all the formulations increased the retention of 

Nys at the mucus-surface as compared to the solution. The amount of Nys attached to the 

cells after a period of 60 min under constant flow was 4 ± 3% for unformulated Nys 
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(control samples). This value increased to 27 ± 7%, 19 ± 7% and 10 ± 1 % for OF, TP 

and OG respectively. The differences observed in Fig.4 are statistically significant 

(p<0.001) from control from 5 min until 35 min for the TP formulation, at 20 and 25 min 

for the OG formulation (p<0.05) and at all time periods for the OF formulations 

(p<0.001). The results showed that the mucoadhesive properties were improved when the 

NPs were present. 

 

Figure 4 – Retention of Nys to the HT29-MTX cell monolayer during continuous rinsing with saliva substitute 

(HBSS) at 1.6 mL/min (n=3). 

TEER measurement were made before and after incubation with the formulations. 

The results obtained are presented in Fig. 5. The values before the experiments were 

carried out are in the range of 200-300 Ω.cm2, which are considered standard values (28). 

This initial TEER can be compared to the values measured after the experiments had been 

carried out, to assess any toxic effects of the pre-incubation with formulations and free 

Nys compared to HBSS controls. The results are compiled in Fig. 5. It can be observed 

that the formulation of OF and the controls (solution of free Nys and HBSS buffer) did 

not influence the barrier integrity of the HT29-MTX cells monolayers. However, the 

TEER values decreases after pre-incubation with OG and TP. The pre-incubation with 
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TP with Nys caused a TEER drop of 47 % from the initial value, TP with Alg NPs caused 

a drop of 44%, OG with Nys caused a drop of 38% and OG with PLA NPs caused a drop 

of 27% from the initial value. In the case of the OF the results demonstrated an increment 

of the TEER value of 17% for the OF with Nys and 42% for the OF with PLGA NPs. 

These values demonstrate that the presence of the NPs will decrease the effects caused in 

the cells monolayer decreasing the side effects of the formulations. These results can be 

explained since the two formulations present a certain viscosity and the removal of the 

formulations to measure the TEER value can influence the integrity of the monolayer and 

remove some cells causing fragmentation in the monolayer. Also, some other 

explanations can be the interactions of some of the ingredients (like surfactants) that can 

compromise the monolayer. The paracellular permeability carboxyflurescein confirmed 

these results. Since the results obtained, in terms of the amount of carboxyfluorescein that 

permeated the cell monolayers did not increase after pre-incubation with the OF 

formulations, compared to HBSS control, while pre-incubation with OG and TP 

formulations increased the permeability (Fig. 6).  

 

Figure 5 – TEER values of the HT29-MTX cell monolayers before (•) and after (ᴏ) the interaction with the 

formulations (n=3). 
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In general, the formulations showed a high degree of biocompatibility, indicating 

low toxicity, since the amount of carboxyflurescein that permeated was in all cases below 

15% (Fig. 6). These results are in accordance with previous work where it was observed 

in a safety assessment study that the NPs did not interact with the natural growth of a 

fungus (22). Although permeability enhancement is not the same as toxicity, a correlation 

between the two properties is common (28). It can also be concluded that the use of NPs 

in all cases decreased the toxicity of the drug when compared with the respective 

formulation containing free Nys (Fig. 6). Therefore, we may advance with the assumption 

that the formulations should not have a potential toxicity effect for the cells, besides that 

caused by viscosity, but further studies must be conducted.  

 

Figure 6 – Percentage of carboxyfluorescein that permeated cell monolayers during 2 hours after a 2-hour 

preincubation with formulations, drug or HBSS buffer as control (n=3). 

In the case of the permeation experiments, the results showed that the 

formulations increased the percentage of Nys that permeated the cell monolayer, 
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achieving results of 26 ± 1%, 11 ± 1% and 17 ± 1% for the TP, OG and OF formulation, 

respectively, when compared to free Nys solution (2.63 ± 0.20%).   

4. Conclusion 

 This study concludes that the bioadhesive NPs implemented in three different 

semi-solid formulations can be a promising approach to increase the efficacy of the buccal 

administration of Nys in the treatment of yeast infections of the oral mucosa. We observed 

that PLGA, PLA and Alg NPs were able to efficiently encapsulate Nys and also to 

improve the interaction of this antifungal drug with mucin and HT29-MTX cells. When 

focusing on the semi-solid formulations with the NPs, it can be observed that the OF with 

the PLGA NPs was the most promising formulations in terms of mucoadhesive capacity 

followed by the TP formulation with Alg NPs and the OG with PLA NPs.   This study 

also suggested that these formulations may be non-toxic/non-irritating, but future studies 

also including natural products will be made in the near future.  
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Abstract 

Glycyrrhiza glabra L. is considered an important source of bioactive compounds. The objective 

of this study is the development of a natural solution for the treatment of oral candidiasis. Several 

extracts of Glycyrrhiza glabra L. were prepared using different solvents and their potential in 

vitro antifungal activity were assessed. Ethanolic extract showed the most promising results 

against C. albicans. This extract was incorporated into mucoadhesive loaded nanoparticles (PLA, 

PLGA and alginate), which were further included in oral gel, oral film and toothpaste, 

respectively, as nanoformulations for increased bioavailability. Results showed that ethanolic 

extract-loaded nanoparticles were successfully produced, presenting a mean size among 100-900 

nm and a negative surface charge with high encapsulation efficiency. In vitro mucoadhesion 

showed that the most bioadhesive formulation was the oral film with extract-loaded PLGA 

nanoparticles followed by toothpaste with extract-loaded alginate nanoparticles and oral gel with 

extract-loaded PLA nanoparticles.  

Keywords: Antifungal; Glabridin; Glycyrrhiza glabra L.; Nanoparticles; bioadhesion  
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1. Introduction    

Over the years, medicinal plants have become an interesting source of bioactive 

compounds (Cragg & Newman 2013). Several studies have proven that medicinal plants 

have an extremely rich composition, which confers multiple therapeutic properties that 

can be applied in the pharmaceutical field. However, many of these natural compounds 

remain unexplored regarding their mechanism of action, despite being extensively studied 

about their synergistic and multiple therapeutic effects (Atanasov et al. 2015). 

In parallel with the advances achieved with natural compounds, the 

microbiological field is facing several significant challenges. One of the most relevant is 

the development of resistance by some pathogenic microorganisms to well-known 

chemical drugs used in therapy, in order to survive in a hostile environment (Davies & 

Davies 2010; Dias et al. 2012). One of the most common opportunistic fungal infections 

is Candidiasis. It is caused by Candida spp., mainly affecting immunocompromised 

patients, and, more rarely healthy population. C. albicans is considered the most relevant 

species in oral candidiasis, although other Candida species have been pointed out, such 

as C. tropicalis, C. glabrata, C. dubliniensis, C. parapsilosis, C. orthopsilosis, C. 

metapsilosis, C. krusei, C. famata, C. guilliermondii and C. lusitaniae (El-kamali 2009; 

Martins et al. 2015). 

With the increase of fungal infections associated with the existing limited 

antifungal drugs, the high toxicity associated with these compounds and the development 

of some resistance mechanisms to the clinically used drugs, natural products have gained 

impact in the recent development of new antifungal treatments (Scorzoni et al. 2017; 

Perfect 2017). Some plants present potential antifungal activity, such as Liquorice 

(Glycyrrhiza glabra L.), which is a medicinal herb of the Leguminosae family and has 
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been used in traditional medical systems for more than 4000 years as an expectorant, 

emollient, anti-inflammatory, antiviral and antibacterial agent (Wang et al. 2015; Karahan 

et al. 2016). Liquorice roots contain many bioactive components, such as glycyrrhizin, 

liquiritin, liquiritenin, and glabridin (Tian et al. 2008; Fatima et al. 2009). Glabridin is  a 

prenylated  isoflavonoid compound that is found in the decayed part of its thickening 

roots (Lv et al. 2010; Simmler et al. 2013). 

The bioavailability of natural extracts is frequently a major drawback for their use, 

including its administration through oral mucosa (Kesarwani & Gupta 2013). Therefore, 

a major challenge would be to improve the absorption of the extract into the oral mucosa 

to obtain better therapeutic outcomes. A possible strategy to achieve this goal, might be 

the encapsulation of the extract in mucoadhesive nanoformulations (Reis et al. 2012). 

Mucoadhesive drug delivery systems have the capacity to adhere to the oral mucosa, and 

thus remain in the target area for a considerable period, as compared to conventional 

delivery systems (Chinna et al. 2011). 

The overall aim of this study was to investigate the activity of the extracts of 

Glycyrrhiza glabra L. against the most relevant species that are responsible for 

Candidiasis. The extracts of Glycyrrhiza glabra L. were prepared using the following 

solvents: ethanol, acetone, dimethyl sulfoxide (DMSO) and water. The extracts were 

tested regarding their antifungal activity and the most active was encapsulated into three 

different polymeric nanoparticles (NPs): alginate, polylactic acid (PLA) and poly(lactic-

co-glycolic acid) (PLGA), as previously done with nystatin (Nys) (Roque et al. 2018). 

The NPs were embedded into three different mucoadhesive dosage forms: toothpaste, oral 

gel and oral film. Finally, the mucoadhesion capacity and antifungal efficacy of each 

formulation was assessed. 
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2. Materials and methods  

2.1. Samples 

A total of five extracts of Glycyrrhiza glabra L. were prepared and studied in 

terms of antifungal activity. Dried roots and branches were used. The applied plant 

scientific nomenclature is according to The Plant List version 1.1 (2013). The roots of 

Glycyrrhiza glabra L. were obtained from the Herblist of S. João de Brito (Lisbon, 

Portugal). 

2.2. Standards and Reagents 

The solvents used in the extraction were methanol, supplied by António M. S. 

Cruz LDA (Lisbon, Portugal), acetone from Prolabo (Fontenay-sous-Bois, France), 

ethanol and DMSO received from Sigma-Aldrich (St. Louis, Missouri, USA). All organic 

solvents presented analytical grade purity. 

Sabouraud Dextrose Broth (SDB) and Agar were obtained from Biokar (Beauvais 

Cedex, France). Water was treated in a Milli-Q water purification system (Milli-Q® 

Integral Water Purification System, Billerica, MA, USA).   

For the development of the NPs; sodium alginate from brown algae, acquired from 

Sigma-Aldrich (St. Louis, USA), PLGA (50:50) and PLA, both obtained from Purac 

(Gorinchem, Netherlands) and Pluronic® F-127 obtained from Sigma-Aldrich (St. Louis, 

Missouri, USA) were applied as encapsulation materials and stabilizing agents.  

For the preparation of the semi-solid formulations, the reagents used were sorbitol 

and sodium lauryl sulphate obtained from José M. Vaz Pereira S.A. (Lisbon, Portugal). 

Citric acid acquired from Scharlau (Barcelona, Spain), calcium carbonate from Merck 

(Darmstadt, Germany), microcrystalline cellulose from Fagron (Barcelona, Spain), 

xanthan gum and sodium fluoride from Sigma-Aldrich (St. Louis, Missouri, USA), 
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Lycoat RS 720 obtained from Roquette (Lestrem, France) and glycerol from Apotek 

Produksjon AS (Oslo, Norway).  

Nys raw material was kindly donated by Angelini Pharmaceutical (Dafundo, 

Portugal) and pure glabridin powder was obtained from Sigma-Aldrich (St. Louis, 

Missouri, USA). 

2.3. Preparation of the extracts 

All plant extracts were prepared using the ultrasound-assisted extraction method 

to improve extraction yield (Matias et al. 2015). Briefly, 1.0 g of dried and powdered 

Glycyrrhiza glabra L. plant was suspended in 10mL of solvent (ethanol, acetone, DMSO, 

methanol, ethanol/water (70:30 v/v) and water) and sonicated for one hour using an 

ultrasonic bath (Bandelin SONOREX RK 510H, Germany) with a working frequency of 

35 kHz (Matias et al. 2015).  

The bulk extract was separated from the remaining plant material by filtration and 

evaporated under reduced pressure at 50 ºC in a rotary evaporator (IKA RV06-ML 1-B, 

Staufen, Germany) until it was dry. This procedure was repeated until exhaustive 

extractions were achieved. For the antifungal activity tests, the dry extract was 

resuspended in DMSO, obtaining a final concentration of 10 mg/mL. 

2.4. Antifungal activity and characterization of the extracts  

2.4.1. Agar diffusion test 

A preliminary antifungal activity screening of the extracts was carried out using 

C. albicans ATCC 10231, with a well diffusion method described by Rijo et al. 2014 The 

yeast was cultured on Sabouraud agar by the following method; 100 μL of a standardized 

microorganism suspension, corresponding to 0.5 McFarland, to inoculate a Petri dish of 

solid Sabouraud agar. The suspension was spread over the medium surface using a sterile 



 

Article V 

Innovative nanotechnology formulations for the treatment of yeast infections in oral mucosa 
97 

swab. Subsequently, agar wells were made with approximately 5.0 mm in diameter. Then, 

50 μL of each sample (extract), negative control (DMSO) and positive controls (Nys) 

were added to separated wells (Neto et al. 2016). The plates were incubated at 37 °C for 

24 hours. After this period, the diameters of the inhibition zones were measured and the 

results were expressed in millimetres (mm). All the measurements were made in 

triplicate. 

2.4.2. Minimal inhibitory concentration (MIC) 

Minimal inhibitory concentration (MIC) was determined on the most active 

extract identified in the agar diffusion (ethanolic extract). This assay was carried out using 

the microplate broth microdilution method according to Clinical and Laboratory 

Standards Institute (2006) (Rijo et al. 2014). Briefly, various species of Candida (C. 

krusei, C. guilliermondii, C. tropicalis and C. glabrate) were cultured on Sabouraud agar. 

Following the fungal growth, a standardized fungal suspension, corresponding to 0.5 

McFarland, was prepared and used to inoculate 96 well plate with increasing 

concentrations, starting at 78 µg/mL and ending at 5000µg/mL of the extract under 

analysis. After incubation, turbidity of the broth in the wells was observed and the MIC 

was defined as the lowest concentration (µg/mL) of extract at which no visible growth of 

the microorganisms could be detected after 24h of incubation at 37 ºC. Microbial growth 

was measured at 620 nm using an Absorbance Microplate Reader (Thermo scientific 

Multiskan FC, USA). All assays were performed in triplicate, and positive (containing 

Nys) and negative (DMSO) controls were included (Neto et al. 2016). 

2.4.3. Minimal fungicidal concentration (MFC) 

The MIC end-point criterion was the lowest extract concentration at which there 

was no visible growth after 24 h incubation at 37 ºC (Neto et al. 2016; Siopa et al. 2016). 
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To obtain the MFC, each serial dilution was taken from each well and spread on 

Sabouraud agar plate. These plates were then incubated at 37 ºC for 48 h. The MFC was 

defined as the lowest extract concentration that yielded three or fewer colonies (ie 99 % 

of the inoculum was killed). 

2.4.4. Time-killing test  

After the determination of the antifungal activity, the extract at the MIC value 

obtained against C. albicans was tested in terms of the capacity to influence the natural 

growth of C. albicans. A time-killing test protocol was adjusted to achieve this purpose. 

Briefly, a strain of C. albicans (ATCC 10231) was prepared at the starting inoculum of 

106 CFU/mL. The amount of extract corresponding to the MIC value (625 µg/mL) was 

immersed in the suspension of C. albicans for 24 h at 37 ºC. The microorganism growth 

was monitored spectrophotometrically over time (each hour) and quantified by 

absorbance measurements at optical density of 620 nm. Also, a control containing only 

the strain was analysed to determine the natural growth of the C. albicans (Siopa et al. 

2016). 

2.4.5. Liquid Chromatography and Mass Spectrometry (LC-MS) analysis 

LC-MS/MS analyses were performed on a Waters® Alliance 2695 HPLC 

Separation Module connected to a Micromass® Quattro Micro triple Quadropole 

(Waters®, Ireland) Mass Spectrometer equipped with a Waters® electrospray ionization 

(ESI) source.  

Separation of the target compound was achieved using a reverse phase column 

Waters® Sunfire (5 µm, 2.1 x 100 mm) with an injection volume of 10 µL. The mobile 

phase consisted of 0.5 % formic acid in Milli-Q water (eluent A) and acetonitrile (eluent 

B) at a constant flow rate of 0.2 mL/min, with the following elution program 0–15 min 
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from 60 to 10 % A, 15–25 min at 60 % A. The column oven temperature was set at 20 

ºC. Mass spectrometer was operated in positive mode and spectra were recorded in the 

m/z 100 to 1000 Da range. For the selection of the best operating conditions in MRM 

mode, individual standard solution of glabridin (100 ppm) was infused in the mass 

spectrometer and capillary and cone voltages, and collision energy were tuned to 

maximize [precursor ion > product ion] transition signal. ESI capillary voltage was 

optimized to 3kV, cone voltage was set on 30 V. Source and desolvation temperature 

were adjusted to 120 ºC and 350 ºC, respectively. High purity nitrogen (N2) was used as 

drying gas and as a nebulizing gas. Ultra-high purity argon (Ar) was used as collision gas. 

Micromass Mass Lynx Version 4.1 software (Waters) was used for instrument control, 

data acquisition and data processing. 

Standard stock solution (1000 ppm) of glabridin was prepared with MeOH. 

Calibration solutions, over the concentration range 0.01–100 ppm, were obtained from 

the stock solution. Stock solutions and calibration standards were stored below 4 ºC. 

Injections of sample of the extract were bracketed by injections of MeOH to assess 

carryover. Glabridin amounts were calculated from linear calibration curves based on the 

quantification MRM1 transition. Ratios of (MRM1:MRM2) were within the defined 

limits (maximum deviation of 10%). 

2.5. Development of bioadhesive nanoformulation  

2.5.1. Encapsulation into polymeric nanoparticles 

After the determination of the amount of glabridin, the extract was encapsulated 

into polymeric NPs. Three types of polymeric NPs were selected based on previous work 

to encapsulate the extract: in this case, alginate, polylactic acid (PLA) and poly lactic-co-

glycolic acid (PLGA) NPs. PLGA and PLA NPs were prepared according to previous 

work by our group (Roque et al. 2017), using the same method. Briefly explained, an 
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emulsion was prepared dissolving 50 mg of PLGA or PLA with 25 mg of extract in a 

mixture of acetone:ethanol (8:2, v/v). This solution was then placed in an ultrasonic bath 

for a period between 15-20 min. Then the solution was added dropwise to 0.1 % (w/v) 

aqueous solution of Pluronic® F-127, under a constant stirring speed of 800 rpm. 

Subsequently, the organic solution was removed using a rotary evaporator at 60 °C for 20 

minutes until the NPs suspension was formed (Roque et al. 2017). 

The alginate NPs were prepared according to an emulsification /internal gelation 

method, also used by our group earlier (Reis et al. 2008). In short, the aqueous solution 

was made by 50 mL of sodium alginate solution (2 %, w/v), 3.5 mL of 5 % calcium 

carbonate (w/v) and 200 mg of extract. The resulting solution was emulsified within a 

solution of paraffin oil containing 1.5 mL of Span 80 by impeller-stirring homogenisation 

(1600 rpm). After 15 min of emulsification, 20 mL of paraffin oil containing glacial acetic 

acid was added to the mixture and the stirring continued for 60 min to trigger the 

solubilisation of the calcium from the carbonate complex, and concomitant gelation of 

the alginate NPs (Reis et al. 2016). After the preparation of the NPs, they were isolated 

using centrifugation at 23,000xg for 15 min in the case of the loaded PLA and PLGA NPs 

and at 38,000xg for 15 min in the case of alginate NPs. 

2.5.2. Characterization of the extract-loaded nanoformulation 

The NPs were then characterized in terms of size and superficial charge. The three 

types of NPs were assessed as hydrated particulate systems with a Coulter Nanosizer 

Delsa Nano™C (Coulter Beckman, Fullerton, CA). The samples were diluted with 

purified water to 1:20 aqueous solutions for appropriate concentration range, so 

polydispersity index could be determined. A low value of polydispersity index (PI) 

indicates a more uniform and less dispersed distribution in size.  
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All experiments were made at room temperature, with angle detection of 165º and 

in duplicate. Zeta potential was measured in the same equipment by electrophoretic 

mobility technique. Each analysis was carried out at 25 ºC with a 90º detection angle and 

in triplicate (Roque et al. 2017).  

The encapsulation efficiency of the glabridin in the nanoparticles was determined 

through an indirect method. The quantity of extract present in the supernatant (QS) and 

the quantity used in the preparation of the NPs (QNPs) was analysed using the method of 

LC-MS described previously (section 2.4.5). The encapsulation efficiency was 

determined following Equation 1. 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑄𝑁𝑃𝑠−𝑄𝑆

𝑄𝑁𝑃𝑠
 × 100 (Equation 1) 

2.5.3. MIC and MFC determination of the nanoformulations 

Using the same methods as described before (sections 2.4.2 and 2.4.3), the MIC 

and the MFC values were determined for the NPs and were compared with the same 

concentration of free glabridin. The concentrations used were determined according with 

the values obtained in the encapsulation efficiency. In this case, they were 23.62 µg/mL, 

17.49 µg/mL and 4.22 µg/mL for the PLA, PLGA and alginate NPs, respectively. 

2.5.4. Biocompatibility study with mucus-producing cells (HT29-MTX) 

The HT29-MTX cell line was kindly provided by Dr. Thécla Lesuffleur (INSERM 

UMR S 938, Paris, France). These mucus-secreting cells have been adapted to and 

cultured for several passages in medium containing 10−6 M MTX and reversed for 

several passages in drug-free medium (Lesuffleur et al. 1993, J. Cell Science, 106: 771-

783). They do not need to be maintained in media containing MTX to differentiate after 

confluency. 
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In this assay, a Transwell® setup (12 well plate, with a pore size of 0.4 µm) was 

used. The cell monolayers, with a growth time of 3 weeks and with the passage number 

27, were washed with HBSS and incubated on the donor side with 0.5 mL of sample; the 

extract-loaded PLA, PLGA and alginate NPs, respectively. Additionally, two samples 

consisting of 0.5 mL and 0.13 mL of HBSS were used as control. Each sample was 

incubated in triplicate. 1.5 mL of HBSS buffer was placed in the acceptor chamber in all 

cases. After 2 h in a shaking incubator (60 rpm at 37 ºC), the samples present in the donor 

chamber and the HBSS buffer present in the receptor chamber were removed, and the two 

chambers were washed with HBSS. The integrity of the cell monolayer was assessed by 

measuring the paracellular permeability of carboxyfluorescein, 0.5mL of a 15 µM 

solution of carboxyfluorescein in HBSS and 1.5 mL of HBSS buffer were introduced to 

the donor and the acceptor chambers, respectively. The plates were placed in a shaking 

incubator, 37 ºC and 60 rpm. After 2 h, 200 µL of solution from each acceptor chamber 

was removed and the amount of permeated carboxyfluorescein appearing in the acceptor 

chambers was measured in triplicate using the fluorescence plate reader Victor3TM at 

λex 485 and λex 535, 0.1s, on a black optical bottom polystyrene NunclonTM cell culture 

dish, (Adamczak et al. 2016). The average of these three measurements was used. 

Additionally, the transepithelial electrical resistance (TEER) was monitored with a 

Millicell ERS-2 Voltohmmeter, before and after the experiments were carried out. TEER 

was measured to verify the integrity of the cell monolayer. 

2.6. Mucoadhesion assessment of extract-loaded nanoformulations   

After the preparation and characterization, the extract-loaded NPs were further 

included into different formulations. More specific, the alginate NPs were incorporated 

into a toothpaste formulation (0.91 % w/v) and the PLA NPs were incorporated into an 

oral gel formulation (5.00 % w/v). Both formulations were based on our previous work 
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(Reis et al. 2016). The viscosity of the semi-solid formulations was then assessed using a 

Rotating Viscometer Brookfield (Middleboro, MA, USA). pH values (827 pH Lab, 

Metrohm, Switzerland), organoleptic and tactile aspects were also assessed. Finally, the 

PLGA NPs were embedded into an oral film. The selection of the type of polymeric NPs 

and the type of semi-solid formulation was optimized by our group (Roque et al. 2018). 

The oral film was formulated using Lycoat as the film-forming polymer and by using the 

solvent casting method (Moura et al. 2012). Briefly, an aqueous preparation containing 

17 % of Lycoat and 4 % of glycerol (w/w) was prepared and 7 % (w/w) of hydrated PLGA 

extract-loaded NPs were added. Then, the final volume was adjusted with water to 100 g 

and left to stir for an additional 30 min to ensure a homogeneous distribution of the NPs 

in the final formulation. After the preparation, homogeneous suspensions were allowed 

to rest for a period of 4 hours to remove all the air bubbles and then they were poured 

onto a clean levelled glass plate of the Coatmaster 510 (Erichsen GmbH, Germany). The 

suspension was spread evenly by a glass rod knife with a gap-opening of 1000 µm and 

allowed to dry overnight at room temperature to obtain a larger film sheet (Alayoubi et 

al. 2017). After complete drying, the film sheet was peeled off the glass plate, cut into 

pieces of single dose units of 2x2 cm and stored in desiccators to avoid moisture 

fluctuation. In addition to the extract-loaded NP-containing film, one extract-loaded film 

without NPs and one blank (no extract or NPs) film were prepared as references. The 

prepared films showed a transparent and homogeneous appearance, even and flexible 

structure. The oral film was characterized for thickness, weight, and water content. The 

water content was determined using a Moisture Analyzer MA30 (Sartorius, Netherlands). 

In all the assays, the formulations were compared with a control of the formulation 

by itself. 

2.6.1. In Vitro mucoadhesion test 



 

Article V 

Innovative nanotechnology formulations for the treatment of yeast infections in oral mucosa 
104 

Mucoadhesion was estimated from the interaction of the samples and a 3 % (w/v) 

dispersion of mucin in phosphate buffered saline (PBS) pH 7.4. Briefly, the mucin 

dispersion was evenly spread on the top of two different pieces of filter papers (25 µL on 

each) with an inert backing layer (Whatman® Benchkote, Germany). The pieces of filter 

paper presented a dimension of 1.3x1.3 cm. Both pieces were attached with double sided 

adhesive tape; one of them was placed on the lower stationary part of a TA-XT2i Texture 

Analyzer (Stable Micro Systems, Surrey, England), and the other was attached to a 

specially designed larger, upper, movable part (11 cm x11 cm). 

To test the oral film 1x1 cm squares were used whereas 0.01 g was the amount 

taken for the oral gel and toothpaste assessment. The samples were placed between the 

stationary and the movable part. The movable part was lowered until it touched the 

sample. Based on previous works, a preload force of 200 g was applied for a period of 

100 s, after which the upper part was raised with a speed of 0.01 mm/s (Hagesaether et 

al. 2009). The measurement was repeated ten times for each formulation and compared 

to the respective controls, ie, formulation without NPs and formulation with only extract 

(not encapsulated). In addition, the intermediate precision was tested by repeating the 

measurements the following day. The measurements were also repeated for the filter 

paper soaked with pure buffer instead of mucin dispersion to allow separation of the 

unspecific adhesion of the formulation from the interaction with mucin. Displacement 

and force of detachment were recorded. Based on the obtained force versus time curve, 

peak force (Fmax, g) and the area of the peak (AUC, g/s) were obtained. The values 

obtained from testing the samples versus the mucin dispersions were designated as the 

general mucoadhesion, and the values obtained from testing samples versus PBS were 

designated as the unspecific adhesion. To estimate the mucin interaction for the semi-
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solid formulations, the unspecific adhesion was deducted from the general mucoadhesion 

(Hagesaether et al. 2009). 

2.7. Statistics 

All results are expressed as mean ± standard deviation. One-way ANOVA 

analysis was applied to demonstrate statistical differences in all tested parameters. All 

analyses were performed using a software program (GraphPad Prism 5®, GraphPad 

Software, San Diego, CA) with a statistical significance level of 0.05. 

3. Results  

3.1. Selection of the extract 

In order to select the extract with better antifungal activity several solvents were 

used and different extracts were obtained using the ultrasound-assisted extraction method 

(Table 1). Preliminary antifungal activity was determined by the well diffusion assay. 

This assay intended to identify the most active antifungal extract against C. albicans 

compared with Nys used as positive control. Results are presented in Table 1. The most 

active extract was the ethanolic and it was also one of the most efficient solvents regarding 

the extraction yield percentage achieving a value of 18%. 

 

Table 1. Extraction yields and inhibition zone of Glycyrrhiza glabra L. extracts with different solvents 

Extracting solvent 
Extraction yield  

(% w/w) 
Inhibition zone (mm) 

Ethanol/Water (70/30) 19% 9 

Acetone 4% 10 

Ethanol 18% 11 

Water 11% No Inhibition 

DMSO 17% 7 

Negative Control (DMSO) Not applicable No Inhibition 

Positive Control (Nys) Not applicable 25 
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Further studies included MIC evaluation by the microdilution method against 

different species of Candida (C. albicans, C. tropicalis, C. glabrata, C. krusei and C. 

guilliermondii). The results demonstrated that the ethanolic extract of Glycyrrhiza glabra 

L. have a great inhibition capacity achieving a MIC value of 625 µg/mL against C. 

albicans (Table 2).  

Table 2. Antifungal activity of the Glycyrrhiza glabra L. ethanolic extract. 

Sample 
MIC (µg/mL) 

C. krusei C. guilliermondii C. tropicalis C. glabrata C. albicans 

Extract 5000 1250 2500 2500 625 

Nys 78.13 156 78.13 78.13 156 

 

Concerning the MFC assessment, the effect on the fungal growth over time were 

assessed using only C. albicans since this species is considered the most relevant yeast 

pathogen in oral candidiasis. The MFC value (1250 µg/mL) was two times higher than 

the MIC value of the extract. Subsequently, the effect of the extract on the fungal growth 

over time was investigated for C. albicans (ATCC 10231). The results are showed in 

Figure 1, demonstrating a difference of 57.27% when comparing the natural growth of 

the fungus in the absence and in the presence of the extract. 

 
 

Figure 1. Growth curves of fungal strains of C. albicans (ATCC 10231). Fungal growth was assessed in 

the absence of extract (C. albicans) and in the presence of the extract of Glycyrrhiza glabra L. at the MIC. 
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3.1.1. Quantification of glabridin present in the ethanolic extract 

The next step consisted on the identification and quantification of glabridin, the 

main compound considered responsible for the antifungal activity of Glycyrrhiza glabra 

L., in the ethanolic extract (Tian et al. 2008). LC-MS studies started with the direct 

infusion of a standard solution of glabridin (100 ppm) in positive scan ionization mode. 

Capillary and cone voltages of ionisation source were tuned in order to maximise the 

precursor ion signal [M+H]+. The collision energy was also optimised to produce 

characteristic product ions from the precursor ions. The best conditions were found to be 

3.0 kV, 30 V and 15 eV for the capillary and cone voltages and collision energy, 

respectively. Figure 2 shows the MS and MS/MS spectra obtained after the fragmentation 

of the protonated molecule. The MS/MS spectrum of glabridin displayed fragment ions 

characteristic of the compound at m/z 189 (base peak), 149 and 123. 

 

 
 

Figure 2. MS and MS/MS spectra of glabridin. 

 

Mass spectrometry in combination with liquid chromatography provided positive, 

unambiguous confirmation of the presence of glabridin in sample extracts and 

formulations (van Breemen 2015). A significant increase in the sensitivity and selectivity 

of MS analysis can be achieved by using Multiple Reaction Monitoring (MRM) 
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acquisition mode. Three MRM transitions (325 > 189; 325 > 149 and 325 > 123) were 

monitored from glabridin, although only two were chosen for quantification and 

confirmation purposes (Table 3). The transition corresponding to the most intense signal 

for the product ion (MRM1: 325 > 189) was chosen as quantification transition and that 

corresponding to the second transition was used as a qualification/confirmation transition 

(MRM2: 325 > 123) (Table 3 and Figure 3). MRM1/MRM2 ratio transition intensities 

must be of the same range and have a maximum deviation of 10 %, ensuring that the 

compound detected in the samples correspond to the peak of the standard compound 

detected at the same retention time. 

Table 3. Optimized MRM conditions for glabridin. 

Parameter  

Protonated molecule (m/z) 325 

Product ions 123, 149, 189 

Collison energy (eV) 15 

Transitions 325  189 (MRM1, quantification transition) 

325  123 (MRM2, confirmation transition) 

 

Five standard solutions ranging from 0.01 to 100 ppm were analysed in MRM 

mode to assess linearity. Linear regression curve was fitted to the average integrated area 

values corresponding to peaks as a function of the concentration of the standards. All 

experiments were performed in triplicate. For the concentration range of 0.01 to 100 ppm 

the best fit for the calibration curve (y = 88216x+73393) presents a correlation coefficient 

r2 > 0.9986.  

Glabridin was successfully identified in the ethanol extract based on the following 

criteria: a chromatographic peak at 11.68 min (mean value), the presence of two 

monitoring MRM transitions (MRM1: 325 >189 and MRM2: 325 > 123), and the ratio 

of MRM1/MRM2 transition intensities on the same range and with a maximum deviation 

of 10%.  
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Figure 3. MRM chromatograms of glabridin standard solution (0.01 ppm) 

 

A solution with a concentration of 10mg/mL of ethanolic extract contained a 

concentration of 47.71 ppm of glabridin based on the calibration curve. Therefore, there 

is 4.77 µg of glabridin per mg of extract, these results were similar to those obtained in 

other works that quantify glabridin in different extracts of  Glycyrrhiza glabra L. (Tian 

et al. 2008; Xu et al. 2009). 

3.2. Characterisation of the nanoformulation 

The ethanolic extract was encapsulated into three different polymeric 

nanoparticles PLA, PLGA and alginate. The results obtained regarding the production of 

the extract-loaded NPs showed that they were successfully produced, presenting a mean 

particle size between 100-900 nm and a surface charge between -5.47 and -16.73 mV 

(Table 4). Also, the results regarding the encapsulation efficiency by indirect 

determination showed that the PLA, PLGA and alginate NPs were capable of entrapping 
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99.00 %, 73.35 % and 97.00 %, respectively, of the glabridin initially added, which can 

be also observed in Table 4.  

Table 4. Characterization of the extract loaded-NPs 

Samples 
Mean Size ± SD 

(nm) 
IP ± SD 

Zeta Potential ± 

SD (mV) 

Encapsulation 

efficiency ± SD 

(%) 

PLA NPs 142.57 ± 5.70 0.073 ± 0.044 -16.73 ± 4.96 99.00 ± 1.00 

PLGA NPs 135.67 ± 2.04 0.079 ± 0.022 -15.53 ± 0.66 73.35 ± 1.50 

Alginate NPs 846.73 ± 39.39 0.292 ± 0.067 -5.47 ± 4.69 97.00 ± 2.55 

 

Aiming to compare the antifungal activities of NPs with those of the free extract 

and of free glabridin solution, the MIC and MFC values were determined, as can be 

observed in Table 5. The NPs showed the same value of MIC (125 µg/mL) as free 

glabridin solution with the same concentration of glabridin inside the NPs (23.62 µg/mL, 

17.49 µg/mL and 4.22 µg/mL for the PLA, PLGA and alginate, respectively).  

Table 5. Characterization of the extract loaded-NPs 

 

3.2.2. Preliminary cell interaction with mucus-producing cells (HT29-MTX) 

In order to study the interaction of extract-loaded NP with a cell monolayer able 

to produce mucus, TEER measurements were performed before and after incubating the 

HT29-MTX cell monolayers with the NPs. The results obtained are presented in Figure 

Samples MIC (µg/mL) MFC (µg/mL) 

PLA NPs 125.0 No Inhibition 

PLGA NPs 125.0 No Inhibition 

Alginate NPs 125.0 No Inhibition 

Concentration of Glabridin 

entrapped in PLA NPs 
125.0 250.0 

Concentration of Glabridin 

entrapped in PLGA NPs 
125.0 125.0 

Concentration of Glabridin 

entrapped in alginate NPs 
125.0 250.0 

Free Glabridin at 1mg/mL 20.8 20.8 

Extract at 1mg/mL 62.5 125.0 

Nys at 1mg/mL 20.8 20.8 
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4. Before and after incubation, the cell monolayers showed TEER values of around 250 

Ω/cm2. These results were also confirmed with the paracellular permeability of 

carboxyfluorescein after the incubation process (Figure 5). In general, the different types 

of nanoparticles showed a high degree of biocompatibility, indicating low toxicity, since 

the amount of carboxyfluorescein that permeated is in all cases below 10 %. These results 

indicate that the nanoformulations most likely do not have a potential toxic effect on cells, 

but further studies   will be conducted.  

 

 
Figure 4. TEER values of the HT29-MTX cell monolayer before (•) and after (ᴏ) the interaction with the 

NPs (n=3). Controls are HBSS buffer in different quantities to simulate the lowest and highest amounts of 

NPs solution used (µL) 
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Figure 5. Carboxyfluorescein permeation percentage through a HT29-MTX monolayer with and without 

preincubation with NPs (n=3). Controls are HBSS buffer in different quantities to simulate the lowest and 

highest amounts of NPs solution used (µL) 

3.3. Characterization of the mucoadhesive nanoformulations 

NPs were implemented in semi-solid formulations. The viscosity values of 

toothpaste and oral gel with extract-loaded NPs (45417.00 ± 1805.78 and 53190.00 ± 

2213.32 mPas respectively). When compared with the same formulation without the NPs 

but with extract (3773 ± 30.02 and 9167 ± 136.50 mPas, respectively). In addition, it was 

observed that the inclusion of the NPs in the toothpaste exhibited a slight change in the 

pH value when compared with the toothpaste without the NPs: 8.45 ± 0.15 vs 7.47 ± 0.20 

respectively. Concerning the oral gel, the pH value was 4.03 ± 0.09 for the formulation 

with NPs and 6.06 ± 0.01 for the oral gel only.  

The different oral films were also characterized in terms of chemical and physical 

properties. The films with NPs were slightly different in weight and thickness, since in 

the case of the films with the NPs the weight was 92.18 ± 6.47 mg and they were 17.8 ± 

0.89 µm thick. As for oral films with only free extract, and the oral film by itself, the 
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results were 80.43 ± 9.76 mg and 73.83 ± 9.44 mg, respectively, for the weight and 15.95 

± 0.89 µm and 11.75 ± 0.91 µm, respectively, for the thickness. The residual water content 

of all films was less than 20 % of the total film weight. 

3.3.1. In Vitro mucoadhesion test 

The mucoadhesion capacity of the formulations was tested using a texture 

analyser. Maximum peak force and AUC were measured. Results are presented in Figure 

6. The oral films with PLGA NPs exhibited the highest value of general mucoadhesion.  

 

Figure 6. General mucoadhesion assessment of the semi-solid formulations with and without the loaded 

NPs, where *** (p<0.001), ** (p<0.01) and * (p<0.05) 

 

The real value of the mucin interaction consists of the deduction of the unspecific 

adhesion of the formulations (obtained from testing formulation versus buffer), from the 

general mucoadhesion (testing the formulations versus the mucin). As can be observed in 

Figure 6 A and B, the general mucoadhesion was higher than the unspecific adhesion in 

all cases, indicating interactions between the formulations and the mucin. Maximum peak 

force values correlated with the AUC values (Figure 6-B). The formulations with the NPs 

had a high interaction with mucin, compared with the corresponding formulations without 
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NPs, presenting values for the general mucoadhesion of maximum force of 239.37, 

316.88 and 712.84 g, for the toothpaste, the oral gel and the oral films, respectively.  

4. Discussion  

Medicinal plants have been used as a source of bioactive compounds, some of 

them with great potential to be applied in the market (Cragg & Newman 2013). 

Glycyrrhiza glabra L. is one of the oldest herbs that has an ancient medical history 

described and it can be used as a medicine or as an excipient to disguise the unpleasant 

flavour of other products (Fatima et al. 2009; Pan et al. 2013). Glabridin is one of the 

major isoflavonoids of Glycyrrhiza glabra L. It is described to have several biological 

activities, including antifungal activity (Simmler et al. 2013). Tian et al. 2008 and 

Simmler et al. 2013  described that this compound can be extracted from the plant using 

various types of organic and non-organic solvents .  

In this work, ethanol was selected as the best solvent to perform further studies 

since it showed the highest activity against C. albicans in a preliminary well diffusion 

assay. Moreover, the ethanolic extract presented higher inhibitory activity against C. 

albicans compared to the other species with a MIC value of 625 µg/mL, showing as well 

an fungistatic capacity. These results are in accordance with previous studies, which 

showed that ethanolic extracts of Glycyrrhiza glabra L. presented MIC values normally 

lower than 1.5 mg/mL, and are independent of the origin of the fungus (Irani et al. 2010; 

Martins et al. 2016). When focusing on the data obtained in the MFC analysis, the values 

were an indication that the extract can be considered as fungicidal, since the MFC ratio 

should be lower than three times its MIC value (Neto et al. 2016). The study of fungal 

growth over time showed that the extract, at its respective MIC value, was responsible 

for a strong delay and decrease in the growth rate when compared to the control (cell 

growth in the absence of the extract) (Neto et al. 2016).This is very important since C. 
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albicans is one of the most important agents involved in candidiasis present in humans 

and is strongly associated with denture stomatitis. Also, this fungus holds various 

virulence features, like the ability to form biofilms and to switch from yeast to hyphae 

form, both characteristics may represent potential targets for new antifungal treatments 

(Messier & Grenier 2011).  

Nevertheless, the major challenge is to improve the absorption of the extract at 

the site of action, which in this case is the oral mucosa, to improve therapeutic outcomes. 

To achieve this goal, different systems of NPs were adapted from previous work, in order 

to improve the absorption of the extract (Roque et al. 2018). The mean size of the NPs 

obtained, showed that they can be useful, since for NPs to permeate through oral mucosa, 

they would have to present a mean size around, or lower than 500 nm. This size range 

particles can diffuse between the mucin fibres in the microarchitecture and mesh spacing 

of the mucin network (Roque et al. 2018). Also, the results regarding the encapsulation 

confirmed that the association established between the polymers and glabridin is very 

high, increasing the possibility of achieving an efficient therapeutic effect. The NPs 

showed an inhibition activity lower than that observed by the free glabridin and the free 

extract at 1 mg/mL. Even though no MFC values were identified for the NPs, indicating 

no fungicidal activity, it suggests that glabridin is efficiently entrapped inside the NPs, 

but there is still a percentage of glabridin absorbed on the NP surface. 

The TEER values obtained in the beginning of the cell studies are in accordance 

with the standard range (Srinivasan et al. 2015), and no significant differences were 

observed between the units. The TEER values decreased after incubation with NPs, which 

may suggest a weakening of the monolayer caused by the presence of NPs of the extract 

on monolayer surface. A higher amount of carboxyfluorescein permeated the cell layer 

after pre-treatment with NPs compared to control, indicating some interaction between 
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the cell layer and the NPs. These results also indicate a correlation between the amount 

of glabridin and the paracellular permeation, since it was observed that different amounts 

of glabridin present in the NPs caused different results. But there is no direct correlation 

to solely amount of glabridin, since PLA NPs, which had the highest amount of glabridin, 

caused a lower value of paracellular permeation than alginate and PLGA NPs. The 

alginate NPs had the lowest amount of glabridin, but resulted in the second lowest value 

of paracellular permeation. Although permeability enhancement is not the same as 

toxicity, these two properties are usually associated.  

The viscosity effect can have a strong influence on the residence time of the 

extract on the oral mucosa since the viscosity can be directly correlated to the 

mucoadhesion capacity of the formulations. The pH-values of the toothpaste varied, but 

were in all cases within the recommended range, which is above 7.5. The teeth become 

stronger and re-mineralize when the mouth is alkaline (Roque et al. 2018). In the case of 

the oral gel with the NPs, the formulation presented a good value of pH since it should be 

between an interval of 4 and 5.5 so that it does not influence the development of teeth in 

children (Soares et al. 2016).  

The general mucoadhesion is a function that combines both the unspecific 

adhesion and the mucin interaction (Donnelly et al. 2011). The estimated mucin 

interaction is generally a complex concept, influenced by degree of hydration of the 

formulations, the diffusion ability of the polymers and their capacity to engage in 

entanglements and intermolecular bonding with the mucin. The toothpaste with loaded 

alginate NPs, the oral gel with loaded PLA NPs and the oral film with loaded PLGA NPs 

had a high interaction with mucin, compared with the corresponding formulations without 

nanoparticles. Moreover, the oral film with loaded-PLGA nanoparticles presents a 

significantly higher interaction with the mucin compared to all the other formulations. 
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5. Conclusions  

In this study it can be concluded that NPs implemented into three different 

mucoadhesive formulations can be a promising approach to increase the time residence 

of the ethanolic extract of Glycyrrhiza glabra L. for buccal administration and for the 

treatment of yeast infections in the oral mucosa. It was observed that PLGA, PLA and 

alginate NPs could efficiently encapsulate glabridin, that was shown to be an active 

compound present in the extract in terms of inhibition capacity against C. albicans, and 

to improve the interaction of this extract with mucin and HT29-MTX cells. This study 

also suggested that these formulations may be non-toxic/non-irritating, but further studies 

will be performed in the near future. Furthermore, all the formulations developed 

exhibited promising results for a possible industrial scale-up and to be applied in the 

market as an alternative solution for the treatment of oral candidiasis. 
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Conclusion 

 
This thesis aims the development and characterization of bioadhesive NPs and semi-solid 

formulations (toothpaste, oral gel and oral film) to be the carrier of two different 

antifungal agents in the treatment of OC: a classic antifungal agent like Nys and an extract 

from plants. Briefly, seven types of polymeric NPs were designed but only three were 

selected to encapsulate the antifungal drug, Nys. On the other hand, several extracts were 

prepared but only the ethanolic extract of Glycyrrhiza glabra L. was further assessed. The 

results obtained allowed us to achieve the following points and conclusion: 

1. Spherical polymeric particles loaded with Nys were successfully prepared and the 

microbiological studies revealed that the encapsulation of the drug resulted on an 

enhanced of the antifungal effect when comparing with a commercial suspension 

of Nys. Also, it was observed that the particles achieved the lowest minimal 

inhibitory concentration and a high efficiency during a period of one year, when 

compared the commercial Nys. 

 

2. Bioadhesive NPs proved to be a promising approach to increase the efficacy of 

locally administered of Nys in the treatment of OC. After the preparation of 

several types of bioadhesive NPs, the PLGA, PLA and Alginate NPs successfully 

encapsulated Nys. The particle size ranged between 300-900 nm. Also, the chosen 

polymers were bioadhesive and NPs stable along 3 and 6 months and no 

preliminary toxicity was observed in empty NPs.  On the other hand, a high 

adhesion to buccal mucosa was achieved with those NPs. 

 

3. Ate the same time, these bioadhesive NPs were implemented in three different 

semi-solid formulations (toothpaste, oral gel and oral film) and proved to be 

excellent dosage form to be apply in the treatment of yeast infections of the oral 

mucosa. We observed that PLGA, PLA and Alginate NPs implemented in an oral 

film, oral gel and a toothpaste could improve the interaction of this antifungal drug 

with mucin and HT29-MTX cells. These nanoformulations increased the amount 

of Nys attached to the superficial area of the buccal mucosa allowing the 

increasing of the contact time of the drug with the site of action. This study also 

confirmed that these formulations were non-toxic/non-irritating.  
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4. Regarding the extracts from plants and the screening their antifungal activities 

against C. albicans, different extracts from Glycyrrhiza glabra L. were prepared 

and generally characterized. The in vitro studies showed the ethanolic extract of 

was Glycyrrhiza glabra L. the most active against C. albicans. These results were 

also confirmed by the value of the minimal inhibitory concentration and the 

minimal fungicidal concentrations, but also by the growth curve of C. albicans in 

the presence and in the absence of the extract. Thus, the ethanolic extract of 

Glycyrrhiza glabra L. was then encapsulated into the optimized NPs previously 

described. The used of the NPs also improved the interaction of the extract with 

mucin and HT29-MTX cells. Additionally, these nanoformulations were non-

toxic/non-irritating. 

 
 

5. Finally, independently of the source of antifungal agent (as isolated compound 

like Nys or extract), this thesis confirmed that bioadhesive NPs can be considered 

a promising strategy to locally deliver therapeutic agents. Moreover, this thesis 

also confirmed that NPs when included in semi-solid formulations improved the 

time residence of the antifungal agent in the target area by providing high adhesion 

forces; they can be easily adapted in the patient daily routine; they did not have 

alcohol content and they can be applied in case of ulceration of the oral mucosa.  

 

 

 


