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Abstract  

 

Skin cancer affects millions of people around the world, being a major public health concern. 

Melanoma is the most worrying skin cancer type, because it is the most aggressive form of 

cancer and can even cause death. Thus, it is important to improve skin cancer treatment 

efficacy. Topical treatment of skin diseases is a good strategy since avoids systemic side 

effects that usually are associated with oral and parenteral drugs administration. LEM2 is a 

synthetic xanthone with proved antitumor effect in melanoma. However, it presents poor 

aqueous solubility, which is often related with poor bioavailability, limiting its therapeutic use.  

The use of lipid nanoparticles to encapsulate drugs can improve their bioavailability and seems 

to be very interesting for topical delivery of drugs due to their adhesion and occlusive properties. 

In this work, unloaded lipid nanoparticles (SLNs and NLCs) were prepared by hot high-

pressure homogenization (HPH) and ultrasonication. These nanoparticles were characterized 

(particle size, polydispersity index (PDI), zeta potential (ZP), and pH) and stability tests were 

performed for 60 days. NLCs were stable and ultrasonication showed to be an easier and faster 

method to prepare these nanoparticles when compared with hot HPH. So LEM2 was 

encapsulated in NLCs using the ultrasonication method and the final loaded NLCs had a mean 

particle size suitable for topical application, approximately 220 nm, and an encapsulation 

efficiency (EE) around 70%. This formulation seemed to be more cytotoxic against melanoma 

A375 cell line than unloaded NLC, possibly due to LEM2 antitumor activity, which means that 

NLCs could be used as a carrier to this drug, improving its bioavailability problems. 
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Resumo 

 

O cancro da pele afeta milhões de pessoas em todo o mundo, constituindo uma grande 

preocupação em termos de saúde pública. O melanoma é o tipo de cancro da pele mais 

preocupante por ser o mais agressivo, podendo até causar a morte. Deste modo, torna-se 

importante melhorar a eficácia do tratamento desta doença. O tratamento tópico de doenças 

da pele é uma boa estratégia, uma vez que evita os efeitos sistémicos colaterais, normalmente 

associados à administração de medicamentos por via oral ou parentérica. O LEM2 é uma 

xantona sintética com efeito anti-tumoral testada em células de melanoma. No entanto, este 

composto tem fraca solubilidade em meio aquoso, o que normalmente está relacionado com 

uma baixa biodisponibilidade, limitando o seu uso terapêutico. A utilização de nanopartículas 

lipídicas para encapsular fármacos pode melhorar a sua biodisponibilidade e este tipo de 

veículo parece ser bastante interessante para a administração cutânea de fármacos devido às 

suas propriedades de adesão e oclusão.  

Neste trabalho, foram preparadas nanopartículas lipídicas (SLN e NLC) pelos métodos de 

homogeneização a alta pressão (HPH) e ultrasonicação. Estas nanopartículas foram 

caracterizadas (tamanho, índice de polidispersão (PDI), potencial zeta (ZP), e pH) e foram 

feitos estudos de estabilidade durante 60 dias. Os NLC pareceram ser mais estáveis e o 

método de ultrasonicação mostrou ser mais fácil e rápido em comparação com a HPH. Por 

estas razões, o LEM2 foi encapsulado em NLC usando o método de ultrasonicação e as 

nanopartículas finais resultantes apresentaram um tamanho adequado para a aplicação tópica 

do fármaco (aproximadamente 220 nm) e uma eficácia de encapsulação (EE) de cerca de 

70%. Esta formulação mostrou ser mais tóxica para a linha celular A375 de melanoma do que 

as nanopartículas vazias, devido, possivelmente, à atividade anti-tumoral do LEM2, sugerindo 

que as NLC produzidas podem ser usadas como veículo para este fármaco, o que poderá 

melhorar o seu problema de biodisponibilidade.  

 

 

Palavras-chave: cancro da pele, melanoma, nanopartículas lipídicas, tratamento tópico, 

LEM2 
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 Chapter I – Introduction 

 

 

 

1.1. Skin cancer 

 

Skin cancer is a pre-eminent global public health concern, representing the most ordinary 

type of malignancy in Caucasian population and its incidence shows no signs of plateauing 

(1,2).  

Skin cancer is mainly divided into two types: melanoma and non-melanoma skin cancer (3). 

Non-melanoma skin cancer includes basal cell carcinoma (BCC) and squamous cell carcinoma 

(SCC) (4). The different types of skin cancers are named according to the type of skin cell from 

which they arise (3,5). Most skin cancers develop in the uppermost layer of the skin, the 

epidermis (6). 

Melanoma arises from epidermal melanocytes and can occur in any tissue that comprises 

these cells, including non-cutaneous sites, such as eye, oral mucosa, urinary tract, among 

others (7). It is the least common but most aggressive form of skin cancer (melanomas are fast 

to invade and metastasize) (6,8). According to Geller et al. (9), 132.000 new cases of 

melanoma and 50.000 melanoma-related deaths are diagnosed each year worldwide. In 2018, 

there were almost 300.000 new cases of melanoma, being Australia the country with the 

highest rate (Table 1) (9). The top 10 countries with the highest rates of melanoma of the skin 

in 2018 are given in Table 1. 
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Table 1 – Melanoma rates, both genders, all ages, in 2018 (9,10). 

Rank Country Age-standardized rate per  

100 000 

1 Australia 33.6 

2 New Zealand 33.3 

3 Norway 29.6 

4 Denmark 27.6 

5 Netherlands 25.7 

6 Sweden 24.7 

7 Germany 21.6 

8 Switzerland 21.3 

9 Belgium 19.9 

10 Slovenia 18.6 

 

Fortunately, most melanomas arise on the skin surface, being therefore detectable by visual 

examination (1). Typical melanomas usually follow the “ABCDE” rule: asymmetry, border 

irregularity, color variation (especially red, black, blue or white hues), diameter more than 6 

mm and evolving nature of the lesions (11,12) (Figure 1). Some lesions suggestive of 

melanoma will have some but not all of these characteristics (1). For example, some of the 

skin lesions caused by melanomas may be less than 6 mm, and thus it is important that even 

minor skin lesions with unusual appearance be considered for examination (13). Also, any 

alteration in a preexisting nevus, such as bleeding, ulceration, growth, pain or pigmentary 

changes, is a reason for concern (14).  
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Numerous risk factors are associated with melanomas development, including endogenous 

factors (phototype, eye and skin color, individual or family history of skin cancer, number of 

melanocytic nevi, presence of dysplastic nevi) and exogenous factors (history of sunburn, type 

and degree of cumulative sun exposure) (1,15). Almost 90% of all skin cancer cases are 

caused by an overexposure to ultraviolet (UV) radiation, via sunlight or indoor tanning salons 

(16). 

BCC and SCC make up 99% of all non-melanoma skin cancers. Other much fewer common 

forms of non-melanoma skin cancer includes Kaposi sarcoma, dermatofibrosarcoma, Merkel 

cell carcinoma, carcinosarcoma, and primary cutaneous B-cell lymphoma (17). The incidence 

of non-melanoma skin cancer is 18-20 times higher than that of melanoma (17,18). Yet, 

compared to melanoma, the epidemiology of this category of skin cancer is understudied (17). 

BCC is the most common form of skin cancer and represents 75% of non-melanoma skin 

cancer cases (19). It is a slow growing, locally invasive epidermal tumor derived from the basal 

cells. Its metastatic rate is low (19,20). The most typical site of BCC lesions is uncovered skin 

directly exposed to the sun, such as head and neck areas (especially the eyelid and nose) 

(21,22). It develops characteristically into shiny papules, with pearly borders, prominent 

Figure 1 – The “ABCDE” signs of melanoma (13). 
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engorged vessels on the surface (Figure 2, left), and a central ulcer. Sometimes, it could appear 

as yellowish-white flat, scar-like patches. Also, recurrent crusting or bleeding is common (1,22). 

Besides ultraviolet radiation, the most significant risk factors associated with the development 

of BCC includes genetic diseases (Gorlin-Goltz syndrome, for example), age, gender, 

immunosuppression, and fair skin (2,23,24).  

 

 

 

 

 

 

 

 

 

 

 

SCC accounts for the majority of the remainder of non-melanoma skin cancers (19). This 

form of skin cancer arises from the epidermal keratinocytes, which could metastasize (1,23). 

The lesions induced by SCC may occur in areas usually exposed to the sun, such as face, 

lower lip, ears, neck, hands, arms, and legs (25). They can look like scaly red patches, crusted 

thick nodules (Figure 2, right), open sores, or warts, and they must crust over or bleed easily 

when bumped (1,25). Numerous risk factors have been associated with SCC, including 

cutaneous genetically inherited skin diseases (xeroderma pigmentosum, albinism, among 

others), some human papillomavirus types (16, 18, and 31), fair skin, and outdoor occupation 

(2,23).  

 

 

1.2. Lipid nanoparticles 

 

Lipid nanoparticles were introduced in the end of the 20th century by the research groups of 

Müller (Germany), Gasco (Italy), and Westesen (Germany) (26,27). At this moment, there are 

many research groups worldwide working on lipid nanoparticles for pharmaceutical 

applications, estimated by the published articles, which proves the increasing interest in the 

Figure 2 – Examples of non-melanoma skin cancers lesions. Right – BCC, left – SCC (1,25). 
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field of these nanoparticles (28). They can be defined as particles composed of a lipid matrix 

that is solid at body and room temperature, with sizes mainly between 150-300 nm, although 

sizes less than 100 nm and near to 1000 nm may be present (29,30). Lipid nanoparticles are 

interesting lipid-based drug-delivery systems for many reasons, including biocompatibility, 

biodegradability, ease of large-scale production, low toxicity potential, and possibility of both 

hydrophilic and lipophilic drug incorporation (29,31). 

There are two generations of lipid nanoparticles. The first generation of nanoparticles is 

named solid lipid nanoparticles (SLNs) and the second is called nanostructured lipid carriers 

(NLCs) (32). The main difference between them is the inner lipidic structure (32). The matrix of 

SLN is constituted by a solid lipid only, whereas the matrix of NLC is a combination of a solid 

lipid and a liquid lipid (Figure 3) (30,33,34). For a better understanding of the structural 

differences between these two generations of lipid nanoparticles, we can associate the SLN 

lipid organization with a perfect brick wall, while the NLC lipid organization can be compared 

with a disordered wall of stones with different dimensions and shapes (Figure 3). With this lipid 

organization, NLCs are able to overcome some of the shortcomings of SLNs. Thus, NLCs may 

increase drug loading, encapsulation efficiency, and physical stability (31,35) (Figure 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Differences between SLNs and NLCs structure (28). 
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Typical lipid nanoparticles formulations are composed of a solid lipid (in case of SLN) or a 

mixture of solid and liquid lipids (in case of NLC), emulsifier(s), and water (29). Usually, the 

lipids used to prepare lipid nanoparticles are fatty acids, mono-, di-, and triglycerides, waxes, 

and fatty alcohols (29). The components of the lipid matrix must be carefully chosen, taking 

also into account the nature of the compound to be incorporated since it must be solubilized in 

the lipid matrix in order to have good encapsulation efficiency (36). Emulsifier or blend of 

emulsifiers are essential to stabilize lipid nanoparticle dispersions and prevent particles 

agglomeration (36). Tables 2 and 3 show some lipids and emulsifiers used for the preparation 

of lipid nanoparticles, respectively. All the excipients used in lipid nanoparticles formulations 

are generally recognized as safe (GRAS) substances, which mean that they are approved by 

the regulatory authorities for human use in medicine and food (26,34).  
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Table 2 – Commonly used lipids in lipid nanoparticles formulations. 

Lipids  Examples  Physical form References  

Fatty acids Oleic acid  Liquid  (37–46) 

Stearic acid Solid  (41,47–50) 

Triglycerides  Tripalmitin  Solid   (51–53) 

Tristearin  Solid  (52,54,55) 

Long-chain (14-

18C) 

Corn oil Liquid  (56,57) 

Soybean oil Liquid  (42,58) 

Medium chain (6-

12C) 

Glycerylcaprate 

(Miglyol® 810) 

Liquid  (59,60) 

Glyceryltricaprylate 

(Miglyol® 812) 

Liquid  (61–63) 

Mono/di glycerides Glyceryl 

palmitostearate 

(Precirol® ATO 5) 

Solid  (43,44,64–68) 

Glyceryl monostearate Solid  (43,69,70) 

Glyceryl dibehenate 

(Compritol® 888 ATO) 

Solid  (43,64,66,70,71) 

Waxes  Cetyl palmitate  Solid  (62,72–74) 

Carnauba wax Solid  (75–77) 

Phospholipids  Phosphatidylcholine Solid  (52,78,79) 

Other α-tocopherol/vitamin E Solid (80–82) 

 

Table 3 – List of some emulsifiers used in lipid nanoparticles formulations. 

Type of emulsifier Example  References  

Hydrophilic emulsifier  Polysorbates (Tween® 80, 

Tween® 20) 

(38,46,52,73,83–86) 

Poloxamer 88 (52,83,84) 

Sodium deoxycholate (86–88) 

Lipophilic emulsifier  Myverol® 18-04K (67,89–91) 

Span® 20 (92,93) 

Amphiphilic emulsifier  Lecithin  (38,84,94–96) 
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1.3. Examples of lipid nanoparticles used in skin cancer 

 

Lipid nanoparticles have been widely studied due to their therapeutic efficacy via cutaneous 

administration route. Topical drug delivery systems that allow dermal penetration are 

administered for local treatment of pathological conditions, such as skin cancer. These 

formulations should let the drug reach the epidermis and the dermis without systemic effects 

(97). Compared to traditional drug delivery systems (oral and parenteral systems), topical 

delivery offers many advantages (6): 

• Convenient and safe 

• Increased patient acceptability, since it is noninvasive 

• Avoid gastrointestinal tract and first pass effect of drugs 

• Minimize side effects, and 

• Avoid fluctuations in drug levels. 

Some features of lipid nanoparticles, namely their small sizes and high surface area, allow 

them to achieve close contact with superficial junction of corneocyte clusters and channels of 

stratum corneum (Figure 4) (98). This is particularly important to improve drug accumulation 

and local drug depot formation, which can be used for controlled delivery of the compound over 

a long period of time (99,100). Besides, these nanoparticles possess an essential occlusive 

property (Figure 4), which may improve the penetration of compounds through the stratum 

corneum by reducing transepidermal water loss (100). However, it is important to note that the 

physicochemical properties of the molecules also play an important role on their skin 

penetration performance (27,101).  

 

 

 

 

 

 

 

 

 

Figure 4 – Adhesion and occlusion effects of lipid nanoparticles in skin barrier (105). 
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Due to these high attractive features, various scientific groups worldwide have been studied 

the suitability of lipid nanoparticles to improve the topical delivery of drugs, including drugs to 

treat skin cancer. Numerous interesting intensive reviews of scientific publications can be found 

(3,102–104). Hence, only a few examples regarding the most recent publications in this area 

will be referred (Table 4). Considering the examples shown in Table 4, it can be concluded that 

the actual status of the studies related with topical lipid nanoparticles systems seems to be 

promising. 

From the pharmaceutical technology point of view, lipid nanoparticles constitute aqueous 

dispersions with low viscosity for cutaneous application (100,105). Thereby, lipid nanoparticles 

dispersions need to be incorporated into commonly used dermal carriers, such as creams, gels, 

and ointments, to obtain semisolid formulations (100). 
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Table 4 – Examples of drugs encapsulated in lipid nanoparticles to treat skin cancer. 

Compound  Type of lipid 

nanoparticle  

Relevant conclusions Reference  

Topotecan  NLC • Nanoparticle dispersions stable for up to 30 

days 

• In vitro experiments showed that 

nanoencapsulation of the compound 

increased its cytotoxicity 

• NLCs with topotecan were incorporated in 

cellulose hydrogels, increasing the compound 

permeation   

(106) 

Doxorubicin  SLN • The drug was successfully encapsulated in 

SLNs 

• In vitro and in vivo results indicated the 

superiority of cytotoxic performance of drug 

loaded SLN compared to free drug solution  

(107) 

Temozolomide SLN  • Compared with free drug, drug loaded SLN 

exerted larger effects in cell proliferation and 

neoangiogenesis of melanoma cells  

• In vivo experiments showed that drug loaded 

SLN inhibit growth and vascularization of 

melanoma, without toxic effects 

(108) 

5-Fluorouracil NLC • Compared with free drug, drug loaded NLC 

showed significantly higher anticancer effect  

• NLC was incorporated in a hydrogel 

formulation for ease of application which has 

suitable occlusive and mechanical 

properties, viscosity and pH to improve 

patient compliance 

• There was a larger cumulative amount of the 

drug in dermal tissues after application of 

NLC enriched hydrogel when compared with 

5-Fluorouracil hydrogel 

(97) 
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Paclitaxel  SLN • The drug was successfully encapsulated in 

SLN 

• SLN can be homogenously dispersed in a 

topical gel, showing a sustained release 

profile 

• In vivo experiments showed that the loaded 

topical gel is efficient in the treatment of skin 

cancer as compared to the free drug loaded 

gel 

(109) 

Chloroaluminum 

phthalocyanine 

(used as 

photosensitizer 

in photodynamic 

therapy) 

NLC • Lipid nanoparticles increased the retained 

amount of compound into the skin 

• NLC presented potent antitumoral effect 

• The presence of oleic acid in the NLC seems 

to potentialize the antitumoral effect 

(110) 

 

 

 

1.4. Skin cancer and TAp73 

 

p53 is an important tumor suppressor that is vital in preserving cellular genomic integrity and 

controlled cell growth (111,112). Loss of p53 function results in the anomalous growth of cells, 

thus both the cellular expression and activity of p53 are tightly regulated (111). Under normal 

conditions, p53 is expressed at low levels in cells; however, in response to cellular stress like 

DNA damage, p53 is stimulated leading to cell cycle arrest and promotes DNA repair or induces 

apoptosis through transactivation of its target genes (113–116) (Figure 5).  
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There are two p53-related genes, p63 and p73, that are structurally similar and functionally 

related to p53 (117). p53 family genes have three important structural elements: the N-terminal 

transactivation domain (TAD), which is the binding-site for positive/negative regulators of gene 

transcription; the C-terminal oligomerization domain (OD) which is subject to splicing and post-

translational modifications; and the central DNA-binding domain (DBD) that binds to response 

elements of target genes (117–120) (Figure 6). p63 and p73 have an additional conserved 

domain (SAM), in the C-terminal, which is involved in protein-protein interactions (120) (Figure 

6). The high level of sequence similarity in the DBD between p53 protein family members allows 

p63 and p73 to transactivate p53-responsive genes triggering cell cycle arrest and apoptosis 

(121,122). 

 

p21 

GADD45 

RPRM 

… 

BAX 

NOXA 

PUMA 
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DDB2 

MSH2 
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… 

Cell stress 

DNA damage, hypoxia, oncogenic stress… 

p53 

Activation of p53 target genes 

Cellular response 

Growth arrest Apoptosis  DNA repair  

Figure 5 – Schematic representation of some responses mediated by p53 in stress conditions. 
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p73 is expressed mainly in two isoforms, ΔN and TA, that differs in their N-terminal region 

(123–125). ΔNp73 lacks an intact TAD, while retaining the DBD and OD (124,126). 

Consequently, ΔNp73 can act as dominant negative inhibitor for the functionally active p53 

family proteins by competing with them for binding to target genes or by forming hetero 

oligomers with them (124). Thus, ΔNp73 acts as an oncogene (127,128). On the other hand, 

TAp73 contains an N-terminal TAD, like p53, and can activate p53 responsible genes (124). 

Hence, TAp73 acts as a tumor suppressor protein (125,129).  

Unlike TP53, the TP73 gene is rarely mutated in cancers, and the functional isoforms are 

expressed in most human tumors, including melanoma (125,130–133). However, TAp73 is 

often inactivated in cancer through interaction with mutant p53 and MDM2, the major negative 

regulator of p53 (134,135). Chemotherapeutic compounds able to trigger the tumor suppressor 

activity of TAp73, by disrupting the TAp73 interaction with mutant p53 and MDM2, may 

compensate the lack of a functional p53, increasing chemotherapeutic efficiency and overall 

survival of patients (134,136).  

Nutlin-3, reactivation of transcriptional reporter activity (RETRA), small interfering mutant 

p53 peptides (SIMPs), prodigiosin, and benzyl isothiocyanate are some compounds capable 

of inhibiting MDM2-TAp73/mutant p53-TAp73 interactions with antitumor activity (135,137–

142). More recently, it was discovered a new TAp73-activating agent named 1-carbaldehyde-

3,4-dimethoxyxanthone (LEM2) with a potent antitumor activity (135). This synthetic xanthone 

was able to activate TAp73, releasing it from its interaction with both MDM2 and mutant p53, 

and enhancing TAp73 transcriptional activity, cell cycle arrest, and apoptosis (135). 

 

 

 

Figure 6 – Some important functional domains of p53 family member genes. TAD - transactivation domain; 

DBD - DNA-binding domain; OD - oligomerization domain; and SAM - sterile α-motif. 

TAD DBD OD N C p53 

TAD DBD OD N C p63 SAM 

TAD DBD OD N C p73 SAM 
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1.5. Aim of the work 

 

Skin cancer affects millions of people with an increasing incidence worldwide, making it a 

pre-eminent public health concern (1,2). The key for improving the treatment efficacy is to have 

a better understanding of the pathogenesis of the disease, early diagnosis, identification of 

individual molecular typing, and development of innovative and effective drugs, as well as their 

delivery systems.  

Topical treatment of skin diseases, such as skin cancer, is very appealing since systemic 

load of drug and thus also systemic side effects are reduced, when compared to oral or 

parenteral drug administration (6). Furthermore, the direct drug application in the skin surface 

avoids major fluctuations of plasma levels caused by repeated administration of quickly 

eliminated drugs while it also allows to avoid the first passage of drugs through liver after 

intestinal absorption (6). 

LEM2 (Figure 7) is a synthetic xanthone with tested antitumor effect in different cell lines, 

including melanoma (unpublished work). The antitumor activity of LEM2 has been related with 

an activation of TAp73, which is a major target in melanoma (135). However, this compound 

presents poor aqueous solubility, which is often related with poor bioavailability. 

 

 

 

 

 

 

 

 

 

Encapsulated drugs using nanoparticles are advantageous due to properties, such as 

improved bioavailability, high stability, controlled drug release, longer blood circulation time, 

selective organ/tissue distribution, lower required dose, and minimal toxic side effects 

(143,144). Also, the use of lipid nanoparticles seems to be very interesting for topical delivery 

of drugs due to their adhesion and occlusive properties in stratum corneum (99,100).   

Based on these considerations, the main objectives of this dissertation were: 

• Development and optimization of blank (SLN and NLC) and drug loaded (NLC) lipid 

nanoparticles by different methodologies (hot high-pressure homogenization and 

 

Figure 7 – LEM2 structure. 
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ultrasonication), using Precirol® ATO 5, oleic acid, Tween® 80, Cetrimide®, and LEM2, 

for topical application; 

• Development of an HPLC method for the quantification of LEM2 in formulations; 

• Characterization and evaluation of the stability of lipid nanoparticles; 

• In vitro determination of growth inhibitory effect of drug-loaded lipid nanoparticles; 

• Analysis of cell cycle arrest and apoptosis; 

• Analysis of protein levels of TAp73 target genes. 
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Chapter II - Experimental methods 

 

 

 

2.1. Materials and equipment  
 

All the materials and equipment used in this work are listed in Tables 5 and 6, respectively. 

 

 

Table 5 – List of substances and corresponding lot number and manufacturer used in this work. 

Substance  Lot number Manufacturer  

Precirol® ATO 5 3092PPD Gattefossé 

Oleic acid 170285-P-1 Acofarma  

Tween® 80 090725-C-8 Acofarma  

Cetrimide® DG/001/078/2001 Schutz 

Roswell park memorial 

(RPMI) 1640 medium 

00837042 Corning 

Phosphate buffered saline 

(PBS) 

8118127 Gibco 

Fetal bovine serum (FBS) 830372 Gibco 

Trypsin 985425 Gibco 

Trypan blue RNBC7180 Sigma-Aldrich  

Sulforhodamine B (SRB) SLKN5319 Sigma-Aldrich 

Trichloroacetic acid - Sigma-Aldrich 

Tris Base - Sigma-Aldrich 

RNase A RNBG5302 Sigma-Aldrich 

Propidium iodide (PI) MKBV9929 Sigma-Aldrich 

Radioimmunoprecipitation 

assay (RIPA) buffer 

RNTB2150 Sigma-Aldrich 

Ethylene diamine tetra acetic 

acid (EDTA) -free protease 

inhibitor cocktail 

NKML6130 Sigma-Aldrich 
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Enhanced 

chemiluminescence (ECL) 

Amersham kit t 

14774055 GE Healthcare 

Kodak GBX developer and 

fixer 

- Sigma-Aldrich 
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Table 6 – List of equipment and corresponding model and brand name used in this work. 

Equipment  Model  Brand name  Country 

Magnetic stirrer  C-MAG HS 7 IKA Labortechnik Germany 

Analytical balance ABS-N/ABJ-NM KERN & SOHN 

GmbH 

Germany 

High shear 

homogeneizer 

Ultra-Turrax T25 IKA Labortechnik Germany 

High pressure 

homogenizer 

SPCH-10 Stansted Fluid Power United Kingdom (UK) 

Ultrasonicator  VibraCell VCX130 Sonics & Materials, 

Inc 

United States of 

America (USA)  

Particle size/Zeta 

potential analyzer 

ZetaPALS  Brookhaven 

Instruments 

Corporation 

USA 

Chromatograph UltiMate 3000 

Standard HPLC 

Systems 

Dionex Corporation USA 

Spectrophotometer  V-650 UV-VIS 

Spectrophotometer 

Jasco Japan 

Centrifuge Centrifuge 5810 Eppendorf Germany 

Incubator  Heracell 150i Thermo Fisher 

Scientific  

USA 

Inverted microscope AE2000  Motic China 

Centrifuge  Heraeus Multifuge 

X1R Centrifuge 

Thermo Fisher 

Scientific  

USA 

Microscope  BA210 Binocular Motic China 

Microplate reader  Synergy MX Biotek Instruments 

Inc., 

USA 

Cytometer BD Accuri C6 Flow 

cytometry 

BD Biosciences USA 
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2.2. Preparation of lipid nanoparticles 

 

Blank lipid nanoparticles (SLN and NLC) were first developed to assess the suitability of 

these particles for the encapsulation of the drug. The excipients used and their quantities were 

chosen mainly based on previous experimental works performed at the Pharmaceutical 

Technology Laboratory, Department of Pharmaceutical Sciences, Faculty of Pharmacy, 

University of Porto (145,146). All of them are commonly used to prepare lipid nanoparticles, as 

shown in Tables 2 and 3. 

 

Table 7 – Lipid nanoparticle formulations produced in this work. 

Excipient (w/w 

%) 

Unloaded SLN Unloaded NLC LEM2-loaded 

NLC (1) 

LEM2-loaded 

NLC (2) 

Precirol® ATO 5 10.00 7.00 7.00 7.00 

Oleic acid - 3.00 2.99 2.99 

Tween® 80 2.50 2.50 2.50 2.50 

Cetrimide® 0.10 0.10 0.10 - 

LEM2 - - 0.10 0.10 

Water 87.40 87.40 87.31 87.41 

 

 

The unload lipid nanoparticles were produced by two different methods, hot high-pressure 

homogenization (HPH) and ultrasonication. They were characterized and stability tests were 

performed during 60 days. Based on these results, it was decided to encapsulate LEM2 – 0.1% 

w/w – in NLC by the ultrasonication method. In this case, the amount of oleic acid was reduced 

to 2.99% (w/w) (Table 7).  To perform the in vitro studies, were also prepared LEM2-loaded 

NLCs containing all the components mentioned before but without Cetrimide® by the 

ultrasonication method (Table 7). 

 

2.2.1. Selection of a binary mixture of solid and liquid lipid for NLC  

 

The selection of an appropriate lipid blend is crucial for successful production of NLC with 

appropriate physical and chemical characteristics (147). Thus, the solid and liquid lipids were 

mixed in different ratios – 50:50, 60:40, 70:30, 80:20, and 90:10 – in order to establish the 

miscibility of both lipids. Lipids were heated at 75⁰C and stirred at 200 rpm for 15 minutes using 
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a magnetic stirrer (C-MAG HS 7, IKA Labortechnik, Germany). The mixtures were kept at room 

temperature until solidification. A portion of each lipid mixture was placed on a filter paper 

followed by visual observation. The presence of oil droplets on the filter paper indicates the 

lack of miscibility between the lipids.  

 

2.2.2. Preparation of lipid nanoparticles  

 

There are several production techniques described in literature to obtain both SLN and NLC 

(148). Most of them use two basic steps, emulsification and reduction to nanometric size (149). 

Hot HPH and ultrasonication have already proven its effectiveness in encapsulation of poorly 

water-soluble drugs and these were the two methods used in this work to prepare lipid 

nanoparticles (150) (Figure 8). Both methods have been preceded by high shear 

homogenization (Figure 8). Throughout this phase, the temperature used was about 10°C 

above the melting point of the Precirol® ATO 5 (50-60°C). All the lipid nanoparticles were 

produced in triplicate. 
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Aqueous phase 

 

Milli-Q water + Cetrimide® + Tween® 80 

Lipid phase 

 

NLC: Precirol® ATO 5 + oleic acid (+ LEM2)* 

SLN: Precirol® ATO  

Heating of both 

phases at 70 ⁰C 

Dispersing lipid melt in 

aqueous phase using a 

high shear homogenizer 

8000 rpm, 5 min 

Hot high-pressure 

homogenization  

2 cycles  

Ultrassound 

70%, 10 min  

Fast cooling  

*only in loaded lipid nanoparticles 

 

Figure 8 - Schematic overview of the production of lipid nanoparticles, SLN and NLC, by hot HPH and 

ultrasonication. 
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High shear homogenization 

 

High shear homogenization is a technique widely used in the production of micro-

dispersions. In practice, the lipid melt was dispersed in a hot aqueous phase (both at the same 

temperature) using a high shear homogenizer (Ultra-Turrax T25, IKA Labortechnik, Germany) 

at 8000 rpm for 5 minutes (Figure 8). This technique was combined with hot HPH or 

ultrasonication to reduce the size of the obtained microparticles (Figure 8). 

 

Hot high-pressure homogenization (HPH) 

 

High-pressure homogenization (HPH) is a simple, reliable, and easy to scale up technique 

for the preparation of lipid nanoparticles (149,151). In hot HPH, the hot pre-emulsion obtained 

by high shear homogenization is pushed under high pressure, approximately 1500 bar, through 

a micron size gap (Figure 8). The resulting shear stress and cavitation forces breaks down the 

accelerated particles to submicron size (151). In this study, the process was repeated 2 times 

(2 cycles) (Figure 8). The obtained hot nanoemulsion was cooled in an ice bath to form the lipid 

nanoparticles (Figure 8). The equipment used is shown in Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 - High pressure homogenizer used to prepare the lipid 

nanoparticles. SPCH-10, Stansted Fluid Power, UK. 
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Ultrasonication 

 

Ultrasonication is a fast and highly reproducible method to prepare lipid nanoparticles (149). 

In this technique, the hot pre-emulsion obtained by high shear homogenization was converted 

into a nanoemulsion using a sonication probe (6 mm) with power-output amplitude of 70% for 

10 minutes. It causes acoustic cavitation leading to disintegration of the lipid phase into smaller 

particles (152). The obtained hot nanoemulsion was cooled in an ice bath to form the lipid 

nanoparticles. The equipment is shown in Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Characterization and stability studies of lipid nanoparticles 

 

An adequate characterization of the lipid nanoparticles is essential for their quality control, 

but it can be very challenging due to their colloidal size, and their complexity and dynamic 

nature (151,153,154). Some important parameters that should be evaluated include particle 

size and polydispersity index (PDI), zeta potential (ZP), organoleptic features, pH, drug 

encapsulation, among others (151,153,154). There is a wide range of techniques for 

Figure 10 – Ultrasonicator used to prepare the lipid 

nanoparticles. VibraCell VCX130, Sonics & Materials Inc, USA. 
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characterizing lipid particles. Each one has its benefits and limitations and there is no 

universally applicable technique for all samples and situations (155). It is relevant to note that 

particle characterization techniques use a subsampling so it should be as representative as 

possible of the whole sample (155). 

To characterize and study the stability of the lipid nanoparticles produced in this work, the 

parameters evaluated were particle size and PDI, ZP, organoleptic features, and pH, after their 

production, and after 30 and 60 days. The techniques used will be briefly described below. 

During this period, the lipid nanoparticles dispersions were stored in closed glass vials at 4°C. 

LEM2-loaded NLC formulations were also stored and evaluated likewise unloaded lipid 

nanoparticles.  

 

2.3.1. Organoleptic characteristics 

 

Organoleptic analysis of lipid nanoparticles dispersions allows a rapid assessment of 

formulation quality, since variations in their appearance/homogeneity are indicative of poor raw 

materials quality or problems during production and storage. The organoleptic examination of 

the lipid nanoparticles dispersions was performed by visual examination. 

 

2.3.2. Particle size measurements 

 

The mean particle size is considered the most important physical property of particle 

samples that has a direct influence on the physical stability of lipid nanoparticles (153). For 

particle size and size distribution measurements the dynamic light scattering (DLS) technique 

was used.  

 

Dynamic light scattering (DLS) 

 

Dynamic light scattering (DLS) is one of the most popular methods, well-established for the 

measurement of sizes and size distribution of nanoparticles, with the sensitivity of 1 nm to 10 

µm (155,156). Some advantages of using DLS include fast analyses, small amount of sample 

required, and, because it is non-invasive, allows complete sample recovering (155). 

DLS measures the variation of the intensity of scattered light caused by the movement of 

the particles. When the sample containing lipid nanoparticles is illuminated with a laser, the 
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intensity of the scattered light changes in very short time scales at a rate that depends on the 

particle size (Figure 11) (155,157,158).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Small, rapidly diffusing particles have a greater variation of intensity of the scattered light, 

whereas larger particles have a minor one (Figure 11). Thereby, the analyses of these intensity 

fluctuations depend on the speed of the Brownian motion and the particle size is then obtained 

using the Stokes-Einstein relationship (155,158). It should be noted that the particle diameter 

obtained by this technique is named hydrodynamic diameter and refers to how a particle 

diffuses within a fluid (155). 

As mentioned before, DLS also measures the particle size distribution defined by PDI value. 

It ranges from 0.0 for a perfectly uniform sample, to 1.0 for a highly polydisperse sample with 

multiple particle size populations (159).  In drug delivery applications using lipid-based carriers, 

a PDI of 0.3 and below is acceptable, indicating a homogenous population of lipid vesicles 

(159–161). 

Particle size measurements and PDI values were obtained using a ZetaPALS (Brookhaven 

Instruments, USA) (Figure 12). Before the measurements, all samples were diluted by adding 

20 µl of each sample and 1 ml of milli-Q water to a cuvette. Dilution of the original nanoparticle 

dispersions in water is necessary to obtain suitable scattering intensity from DLS 

measurements.  

 

Figure 11 – Illustration of the effect of particle size on the variation of the intensity of scattered 

light (157). 
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2.3.3 Zeta potential (ZP) determination 

 

When a colloidal particle develops a net surface charge, oppositely charged ions accumulate 

around the charged particle surface (162). This new arrangement leads to the formation of an 

electrical double layer around the particle (Figure 13) (162,163). It consists of two parts: an 

inner layer named the Stern layer (where ions are tightly bound with the particle) and the outer 

layer called the diffuse layer (where ions are less strongly associated) (Figure 13) (163–165). 

A theorical boundary lies inside the diffuse layer in which ions and the charged particle create 

a stable entity whereas ions further the boundary remain associated with the bulk fluid (162). 

The potential at this boundary is known as ZP, a potential difference between the bulk fluid and 

the layer of fluid containing oppositely charged ions that is associated with the particle (Figure 

13) (162). 

 

 

 

 

 

 

 

 

 

Figure 12 – ZetaPALS (Brookhaven Instruments, USA) used for 

particle sizes measurements and zeta potential (ZP) values. 
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ZP is considered an important parameter in the predictions for long term stability of the 

formulations (166). Usually, dispersions with ZP values of ±0–10 mV are considered highly 

unstable, ±10–20 mV are relatively stable, ±20–30 mV are moderately stable, and ˃ ± 30 mV 

are highly stable (167). The most significant factor that affects ZP is the pH of the medium 

(168,169).  

The electrophoretic light scattering (ELS) was the technique used to evaluate this 

parameter.  

 

Electrophoretic light scattering (ELS) 

 

The electrophoretic light scattering (ELS) technique is used to measure the electrophoretic 

mobility of the dispersed particles or molecules in solution. In ELS, the velocity of particles is 

determined in a similar mode as in DLS, but under an applied electric field. In practice, the 

dispersion is inserted into a cell containing two electrodes causing the charged particles to 

migrate towards the oppositely charged electrode (Figure 14) (155,170). The magnitude of 

particle velocity is deduced from Doppler shift of laser light scattered from particles as they 

Figure 13 – Schematic representation of zeta potential (ZP) (161). 
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move (168). Since the velocity of the particle is proportional to its charge in an electrical field, 

it is possible obtain its ZP value (168). 

 

 

 

 

 

 

 

 

 

 

 

 

 

This technique is frequently used in combination with DLS in a single equipment, being able 

to measure both particle size and ZP with the same instrument (168). 

The ZP values were determined by the same equipment used to obtain the size of the lipid 

nanoparticles, a ZetaPALS (Brookhaven Instruments, USA) (Figure 12). Before the 

measurements, all samples were diluted by adding 20 µl of each sample and 1 ml of milli-Q 

water to a cuvette.  

 

2.3.4. pH 

 

The pH of the colloidal dispersions of lipid nanoparticles may not correspond to the pH of 

the corresponding final preparation (e.g. cream, gel). However, this evaluation is relevant for 

assessing the stability of the preparations. The pH values were measured with Universal 

indicator paper.  

 

 

2.4. Encapsulation efficiency (EE) 

 

The encapsulation efficiency (EE) of LEM2-loaded NLC was determined by high-

performance liquid chromatography (HPLC). 

Figure 14 – Illustration of the movement of particles in 

electrophoretic light scattering (ELS) technique (169). 
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High-performance liquid chromatography (HPLC) 

 

High performance liquid chromatography (HPLC) is an analytical technique used for the 

separation, identification, and quantification of the components in a mixture (171). HPLC is the 

most versatile, fastest, and safest chromatographic method for the quality control of drug 

components (172). Basically, HPLC pumps at high pressure a sample (analyte) dissolved in a 

solvent (mobile phase) through a column with an immobilized chromatographic packing 

material (stationary phase) (173). Each individual component of the sample has different affinity 

with mobile and stationary phases and, consequently, they will migrate down the column at 

different speeds and times (173). Analytes with strongest interactions with the mobile phase 

will migrate faster through the column, while analytes with greater affinity for the stationary 

phase will migrate slowly through the column (172). The time at which a specific component 

elutes (comes out of the end of the stationary phase) is named retention time and is unique for 

each component at specific conditions (171,172). The separation of compounds in a sample 

can be accomplished via an isocratic elution or via a gradient elution; in the first one, the 

composition of the mobile phase remains constant while in the second one the composition of 

the mobile phase is changed over the course of the separation (173). At the exit of the column, 

the mobile phase passes through a detector (e.g. UV-absorbance detector), which creates a 

signal correlating to the amount of analyte emerging from the column (172–174). The 

representation of these signals over the time constitutes the chromatogram. The peaks in the 

chromatograms provide qualitative and quantitative information about the analyzed sample 

(175). The qualitative information is obtained from the retention times and the quantitative 

information from the areas, or height, of the peaks (175).  

 

2.4.1. HPLC method development and optimization  

 

The sensitivity of the HPLC method which uses UV detection depends upon the proper 

selection of the wavelength. A solution of LEM2 in ethanol (50 µg/ml, see 2.4.2. section) was 

prepared and using a spectrophotometer (Jasco V-650 UV-VIS Spectrophotometer, Japan) the 

UV spectrum of the drug was performed with the wavelength ranging from 200 to 400 nm. The 

wavelength used to detect the drug by HPLC method was 242 nm, which is a wavelength of 

maximum absorbance. The HPLC method was developed using an UltiMate 3000 Standard 

HPLC Systems (Dionex Corporation, USA). 
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The selection of suitable stationary and mobile phases can offer a simple and quick 

analytical HPLC procedure (176). Take into consideration methodology already developed and 

described in (178), were conducted tests under the analytical conditions described with slight 

changes. The stationary phase used was a C18 column (Thermo Fisher Scientific Acclaim™ 

120 C18) with a particle size of 5 µm, with a length of 25 cm and internal diameter of 4.6 mm. 

The choice of the mobile phase is also important since it runs the solute through the stationary 

phase, thus the solvent in the mobile phase should be pure, avoiding any material that can 

degrade the column or HPLC device. Common mobiles phases used include any miscible 

combination of water or organic liquids and the most common are methanol and acetonitrile 

(172). Many combinations of water and acetonitrile – 0:100; 5:95; 10:90; 15:85; 20:80; 25:75; 

30:70; 35:65; 40:60; and 45:55 – were tested being chosen the ratio 40:60. It was used an 

isocratic elution with a flow rate of 1.0 ml/min. Comparing with a gradient elution, an isocratic 

elution is less expensive so its preferred for simple samples with few components (177).  

The chromatographic conditions used to determine the encapsulation efficiency of LEM2-

loaded NLC are summarized in Table 8. 

 

Table 8 – Chromatographic conditions used to determine the encapsulation efficiency of LEM2-loaded NLC. 

Chromatographic conditions 

Injection volume 20 µl 

UV detection 242 nm 

Flow rate 1.0 ml/min (isocratic elution) 

Mobile phase composition Water: acetonitrile 40:60 v/v 

Stationary phase C18 column (5 µm, 25 cm x 4.6 mm) 

Temperature 25⁰C 

Run time 6-7 min 

 

 

2.4.2. Preparation of standard solutions 

 

A stock solution containing 50 µg/ml of LEM2 in ethanol was prepared. Six standard 

solutions – 5, 10, 20, 30, 40, and 48 µg/ml – were prepared by diluting the adequate amount of 

stock solution with ethanol in a 10 ml volumetric flask.  
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2.4.3. Validation of the HPLC method 

 

The validation of an analytical method is important to demonstrate that the method 

developed is suitable for its intended purpose and it works in a reproducible manner when used 

by different operators, employing the same equipment in the same/different laboratories (178). 

For pharmaceutical HPLC methods validation, guidelines from the US Food and Drug 

Administration (FDA), US Pharmacopeia (USP), and International Conference on 

Harmonization (ICH) provides a framework for performing such validation (179). The HPLC 

method developed in this work was validated in accordance with ICH guideline Q2 (R1): 

“Validation of analytical procedures: text and methodology” (180). For identification tests and 

assay procedures, typical parameters recommended by this entity are accuracy, precision, 

specificity, linearity, and range (Figure 15) (181,182). System suitability test parameters are 

also essential during method validation (179,180).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 – Parameters of interest during HPLC method validation, considering the goal of 

the analytical procedure (180). 
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System suitability  

 

Before performing any validation experiments, it is important to ensure that the HPLC 

system can provide data of acceptable quality (179). System suitability tests are based on the 

concept that the equipment, analytical operations, electronics, and samples form an integral 

system that can be evaluated as a whole. Therefore, system suitability is the checking of a 

system to ensure system performance before or during the analysis of the analytes (179). 

Parameters such as theorical plate number (is a measure of column efficiency, N), tailing factor 

(is a measure of peak tailing, T), capacity factor (is an indication of how long the analyte is 

retained on the chromatographic column, k’), and injection repeatability (coefficient of variation 

(CV) of retention time and peak area for a minimum of five repetitions) need to be determined 

and compared with the specifications set (183). The CV was calculated by the ratio to the 

standard deviation with mean values and the k’ was calculated as follows: 

 

𝑘′ =
𝑡𝑅 −  𝑡0

𝑡0
 

 

where tR is the retention time of LEM2 and t0 represents the unretained peak time. The other 

parameters were calculated and provided directly by the software. 

The system suitability of the method was studied by injecting six replicates of the LEM2 

standard solution 30 µg/ml and calculating the parameters mentioned before.   

  

Specificity  

 

In HPLC method, developing a separation involves demonstrating specificity, which is the 

ability of an analytical method to differentiate and quantify the analyte in the presence of all 

potential sample components. The response of the analyte in test mixtures containing the 

analyte and all potential components (excipients, placebo formulation, impurities, among 

others) should be compared with the response of a solution containing only the analyte 

(179,180).  

This parameter was determined by comparing the chromatograms of LEM2 standard 

solution 30 µg/ml and the supernatant of a blank NLC formulation (obtained as described in 

section 2.3.5.4.).  
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Linearity and range 

 

The linearity of the method is its ability to obtain test results that are directly proportional to 

the concentration of analyte in a sample over the working range (178,179). Range is the interval 

between the higher and lower levels of analyte that have been demonstrated to be determined 

with precision, accuracy, and linearity using the method as written (179). The ICH guidelines 

recommend a minimum of five concentration levels, along with certain minimum specified 

ranges (180). For assay procedures, the minimum specified range is from 80-120% of the target 

concentration (180). Acceptability of linearity data is usually judge by examining the correlation 

coefficient (R2) and residual sum of squares (RSS) of the linear regression line for the response 

versus concentration plot (180). 

This parameter was determined by the calculation of a regression line from the peak areas 

plot versus LEM2 concentration of the standard solutions (5 - 48 µg/ml, 12.5 - 120% of target 

concentration) using the minimum squares method. The resulting plot slope, intercept, R2 and 

RSS were used to estimate the quality of the curve. It was also done an analysis of the deviation 

of the real data points from the regression line (residual plot), since it is also useful for the 

evaluation of linearity.  The standard solutions were injected in triplicate in increasing order of 

concentration. 

 

Precision  

 

Precision expresses the nearness of agreement between a group of measurements got from 

multiple sampling of the same homogenous sample under the similar analytical conditions 

(179). According to ICH guidelines, precision may be performed at three levels, namely 

repeatability, intermediate precision, and reproducibility (180). In this work, only repeatability 

was studied. Repeatability is the result of the method operating over a short period of time in 

the same circumstances (intra-assay precision) (179). It should be determined from a minimum 

of nine determinations covering the specified range of the procedure (three concentration levels 

in triplicate), or from a minimum of six determinations at 100% of the target concentration (180). 

The precision is expressed and evaluated through CV (180).  

The precision of the method was studied by assaying three concentration levels in triplicate 

– 30, 40, and 48 µg/ml – during the same day and under the same experimental conditions and 

the CV values of peak areas were calculated.  
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Accuracy  

 

The accuracy of a measurement is defined as the closeness of the measured value by the 

analytical method to the value accepted as true (179). Accuracy can be determined by spiking 

analyte in blank matrices (179). The added amount corresponds to the true value. For assay 

methods, the ICH guidelines recommend preparing spiked samples in triplicate at three 

concentration levels over the specified range (180). Accuracy is represented as percent 

recovery by the assay of know added amount of analyte in the sample (180). 

To study the accuracy of the method, the procedure recommended by ICH guidelines was 

not followed due to the low amount of drug available. Instead, it was added standard solution 

40 µg/ml to a blank NLC dispersion as described in 2.3.5.4., swapping ethanol for standard 

solution. The process was repeated for three formulations and the recovery percentage was 

calculated as follows considering the dilution factor associated to the procedure: 

 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐿𝐸𝑀2 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 (𝜇𝑔/𝑚𝑙)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐿𝐸𝑀2 𝑎𝑑𝑑𝑒𝑑 (𝜇𝑔/𝑚𝑙)
 × 100 

 

 

2.4.4. Encapsulation efficiency (EE)  

 

Separation of the free drug from that incorporated in lipid nanoparticles is a key step in 

determining the encapsulation efficiency (EE). The amount of incorporated drug can be 

determined directly or indirectly by many techniques. In a direct method, the lipid nanoparticle 

dispersion is diluted and filtered so that the unincorporated drug is removed and only lipid 

nanoparticles remain. Thereafter, the drug is released from the lipid nanoparticles by the 

addition of an organic solvent like ethanol, methanol, and others.  

To determine the amount of LEM2 encapsulated in NLC, a procedure described in (186) 

was performed with slightly changes. The freshly prepared LEM2-loaded NLC dispersion (1 ml) 

was diluted with milli-Q water (4 ml). Then, 1 ml of the diluted formulation was added to a 4 ml 

of ethanol and thoroughly mixed to extract the drug from the lipid matrix. The mixture was 

centrifuged (Eppendorf Centrifuge 5810) at 5000 rpm for 10 minutes. The supernatant was 

filtered through a 5 µm cellulose nitrate syringe filter (Biotech GmbH, Germany) to remove 

unencapsulated drug crystals and the amount of the drug in the filtered supernatant was 
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measured by HPLC. EE was calculated as follows considering the dilution factor associated to 

the procedure: 

 

𝐸𝐸(%) =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐿𝐸𝑀2 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝜇𝑔/𝑚𝑙)

𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐿𝐸𝑀2 (𝜇𝑔/𝑚𝑙)
 ×  100 

 

 

 

 

2.5. Cell culture 

 

2.5.1. Tumor cell line and growth conditions 

 

The human melanoma A375 cell line was obtained from American Type Culture Collection 

(ATCC, Rockville, MD, USA). The cells were maintained in Roswell Park Memorial (RPMI) 

1640 medium supplemented with 10% fetal bovine serum (FBS), at 37⁰C with 5% CO2. Cells 

were subcultured every 2-3 days.  

 

2.5.2. Routine laboratory procedures  

 

Cell subculture  

 

In adherent cultures, when the cells occupy all the disposable substrate and have no room 

left for expansion (i.e., reach confluence), cell proliferation is extremely reduced. In order to 

keep them at an optimal density for continuous growth and to stimulate further proliferation, the 

culture must be divided, and fresh medium supplied. Subculturing (or passaging) consists of 

removing the medium and transferring the cells from a previous culture into fresh growth 

medium, a procedure that allows the further propagation of the cell line.  

The cultures were observed using an inverted microscope (Motic AE2000 Inverted 

Microscope, China) to assess the degree of cell confluency and to confirm the absence of 

microbial contamination. When cells reached around 80% confluence, they were subcultured. 

Initially, the medium was aspirated, and the cells washed with phosphate buffered saline (PBS). 

Then, trypsin was added to detach the adherent cells from the flask and the flask was left in 

the incubator at 37⁰C for 3 minutes. After cell detaching, it was added medium to neutralize the 

trypsin. The culture suspension was transferred to a sterile tube and was centrifuged at 1500 
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rpm for 5 minutes (Thermo Fisher Scientific Heraeus Multifuge X1R Centrifuge, USA). The 

supernatant was removed, and the pellet was resuspended in fresh medium. It was removed a 

sample to determine the total number of cells using a hemacytometer (Neubauer chamber) and 

the desired number of cells was used to start a new cell culture flask or used for cellular assays 

in culture plates. The flasks/plates were incubated at 37⁰C, 5% CO2 in air atmosphere. This 

protocol is schematically represented in Figure 16 (184). 
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Remove medium, rinse with 
PBS, and add trypsin  

(incubate at 37⁰C, 10 minutes) 

 

Add medium and transfer 
content to conical tubes 

 

Centrifuge 
at 1500 

rpm for 5 
minutes  

Remove 
supernatant 

Add fresh 
medium 

 

Cell 
counting 

Transfer
content 

For growth For assay 

Incubate at 37⁰C, 5% CO2 

Figure 16 – Schematic representation of cell subculture protocol. Adapted from (182). 
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Cell counting  

 

To count the cells a hemocytometer was used, namely a Neubauer chamber. It is composed 

of 2 chambers, each one divided into nine squares with the dimension of 1 x 1 mm. A cover 

glass was supported 0.1 mm over these squares so that the total volume over each one was 

1.0 mm2 x 0.1 mm or 0.1 mm3 or 10-4 cm3. Thus, the cell concentration per milliliter will be the 

average count per square x 104. 

First, 10 µl of cell suspension was added to 90 µl of trypan blue and then placed in a 

Neubauer chamber. The Neubauer chamber was placed in the microscope under a 10X 

objective. Non-viable cells stain blue while viable cells remain opaque. The viable cells found 

in the four large corners squares were counted (Figure 17). To calculate the cell concentration, 

the average number of viable cells in the four squares was multiplied by 104 to get the number 

of cells per milliliter. Therefore, this number was multiplied by the dilution factor from the trypan 

blue addition. This final value corresponds to the number of viable cells per milliliter in the 

original cell suspension. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 17 – Neubauer chamber. 
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2.5.3. In vitro assays 

 

To study the effect of lipid nanoparticles on cell growth, both formulations of LEM2-loaded 

NLCs were used. For the subsequent studies only the formulation without Cetrimide® was used. 

All the procedures in this section were performed as described in (185). 

 

2.5.3.1 Effect of lipid nanoparticles on cell growth  

 

Cells were seeded in 96-well plates at a final density of 4.5 x 103 cells/well. Two types of 

plates were prepared, one to determine cell growth fixed at the time of the addition of the lipid 

nanoparticles to cells (T0) and the other to determine the cell growth at 48 hours after treating 

the cells with the lipid nanoparticles (T48).  Cells were incubated for 24 hours to allow them to 

adhere. Then, cells were treated with serial dilutions of LEM2-loaded and blank lipid 

nanoparticles, ranging from 5 to 0.010 µM LEM2, for 48 hours. The solvent of lipid nanoparticles 

(water) was included as control. The effect of the lipid nanoparticles was analyzed using the 

sulforhodamine B (SRB) assay. The SRB dye is used as a quantitative indicator of the protein 

content of the cell culture and this content is proportional to the cell density. After the incubation, 

cells were fixed by adding 25% trichloroacetic acid (Sigma-Aldrich, Sintra, Portugal) for 1 hour 

at 4°C, stained with 0.4% SRB (Sigma-Aldrich, Sintra, Portugal) for 30 minutes, and washed 

with 1% acetic acid solution. Then, the bound dye was solubilized with 10 mM Tris Base and 

the absorbance was measured at 510 nm using a microplate reader (Biotek Instruments Inc., 

Synergy MX, USA). The concentration that caused 50% inhibition of the cell growth (GI50) was 

determined for all tested lipid nanoparticles. The plate design is shown in Figure 18.  

 

 

 

 

 

 

 

 

 

 

 



40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5.3.2. Analysis of cell cycle and apoptosis in tumor cell lines 

 

Cells were seeded in a 6-well plate at a final density of 1.5 x 105 cells/well and incubated at 

37⁰C and 5% CO2 for 24 hours to adhere. Then, the cells were treated with LEM2-loaded NLC 

(formulation without Cetrimide®) at 1.0 µM (GI50 concentration) and 2.0 µM (two-fold GI50 

concentration), or water only (control) for 24 or 48 hours for cell cycle or apoptosis analyses, 

respectively.  

For cell cycle analyses, after trypsinization and centrifugation, cells were fixed with ice-cold 

70% ethanol for 15 minutes. Later, cells were incubated with RNase A (200 µg/mL; Sigma–

Aldrich, Sintra, Portugal) at 37⁰C for 15 minutes, and further incubated with propidium iodide 

(PI) (0.5 mg/mL; Sigma-Aldrich, Sintra, Portugal) for 30 minutes. DNA content of the cells was 

analyzed using flow cytometry (BD Accuri™ C6 Flow cytometry, USA) by analyzing at least 

30 000 events per sample. The percentage of cells in the different phases of cell cycle were 

determined using the FlowJoX 10.0.7 (Treestar, USA) software. 

Apoptosis analyses were performed using the trypan blue assay. After trypsinization and 

centrifugation, 10 µl of cell suspension was added to 12 µl of trypan blue and then placed in a 

Figure 18 – Plate design used to study the effect of lipid nanoparticles on A375 melanoma cells growth. 
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Control GI50 2 x GI50  

Apoptosis analyses – 48h  

Cell cycle analyses – 24h  

Figure 19 – Plate design used to study the effect of lipid nanoparticles on cell cycle and 

apoptosis in A375 melanoma cells. 

Neubauer chamber. Non-viable cells (in blue) and viable cells (opaque) were counted in the 

four large squares of the chamber using a microscope (10X objective). To obtain the 

percentage of cell death induced by LEM2-loaded NLC, the average number of dead cells was 

divided by the average number of total cells and multiplied by 100.  

The plate design used is shown in Figure 19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5.3.3. Analyses of protein expression (western blot)  

 

The western blot is used to detect specific proteins from a complex mixture of proteins 

extracted from cells (186,187). The first step is to separate the proteins in a sample using gel 

electrophoresis. Then, the separated proteins are transferred to a membrane, usually of 

nitrocellulose or polyvinylidene difluoride (PVDF). This membrane has to be blocked to prevent 

any nonspecific binding of antibodies to the surface of the membrane. Usually, the transferred 

protein is then probed with a combination of antibodies (188). One antibody specific to the 

protein of interest (primary antibody) and another one specific to the host species of the primary 

antibody (secondary antibody). The secondary antibody is conjugated with labelled 

chemiluminescent or fluorescent molecule, which will produce a detectable signal. Finally, the 

intensity of this signal reflects antigen/antibody binding (189,190). A schematic representation 

of the procedure is shown in Figure 20. 
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To analyze the protein expression in cell lines, cells were seeded in 6-well plates at a final 

density of 1.5 x 105 cell/well and incubated for 24h, at 37⁰C, 5% CO2. Cells were then treated 

with LEM2-loaded NLC (formulation without Cetrimide®) at 1.0 and 2.0 µM, or water only for 24 

hours. After treatment, the proteins were extracted by lysing the cells with radio-

immunoprecipitation assay (RIPA) buffer (Sigma-Aldrich, Sintra, Portugal) in the presence of 

an ethylene diamine tetra acetic acid (EDTA) -free protease inhibitor cocktail (Sigma-Aldrich, 

Sintra, Portugal) for 1 hour at 4⁰C (to prevent proteolysis, dephosphorylation, and denaturation 

of the proteins) with agitation. The supernatants, corresponding to cellular proteins, were 

obtained after centrifugation at 13000 rpm, at 4⁰C, for 10 minutes. The total cellular protein was 

quantified using a bicinchoninic acid (BCA) assay and bovine serum albumin (BSA) as protein 

standard. After protein quantification, proteins (40 µg) were separated according to their 

molecular weight on 10% sodium dodecyl sulphate-polyacrylamide gel (SDS-PAGE) at 120 

volts for 1 hour and 30 minutes and transferred to a nitrocellulose membrane (Protan, VWR, 

Carnaxide, Portugal) at 100 volts for 1 hour and 30 minutes. The membrane was blocked with 

tris-buffered saline solution with 0.1% Tween® 20 (TBS-T) containing 5% milk (w/v), for 1 hour 

Figure 20 – Schematic representation of western blot technique (185). 



43 
 

with agitation at room temperature. The membrane was then incubated overnight at 4⁰C with 

the following primary antibodies: rabbit anti-p21 (1:100), mouse anti-MDM2 (1:150), mouse 

anti-PUMA (1:50), mouse anti-TAp73 (1:100), mouse anti-BAX (1:100), and mouse anti-BCL-

2 (1:200), all from Santa Cruz Biotechnology (Frilabo, Porto, Portugal). The membrane was 

washed with TBS-T and was incubated for 2 hours at room temperature with the corresponding 

secondary antibodies: anti-rabbit horseradish peroxidase (HRP)-conjugated secondary 

antibody from Santa Cruz Biotechnology (Frilabo, Porto, Portugal) for p21 detection and anti-

mouse horseradish-peroxidase (HRP)-conjugated secondary antibody from Abcam 

(Cambridge, United Kingdom). For loading control, a mouse anti- glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) antibody from Santa Cruz Biotechnology (Frilabo, Porto, Portugal) 

was used. The signal was detected with the enhanced chemiluminescence (ECL) Amersham 

kit t from GE Healthcare (VWR, Carnaxide, Portugal) and the Kodak GBX developer and fixer 

(Sigma-Aldrich, Sintra, Portugal). The intensity of the bands was quantified using the Bio-Profil 

Bio-1D++ software (Vilber-Lourmat, Marne La Vallée, France). 

 

 

2.6. Statistical analyses 

 

The results were statistically analyzed using independent Student’s t-test and one-way 

analysis of variance (ANOVA) to compare two or multiple groups, respectively, after 

confirmation of normality and homogeneity of the variance through Shapiro-Wilk and Levene 

tests. Differences between more than two groups were compared using post hoc test (Tukey 

HSD). Samples were analyzed using a significance level of 95% (α = 0.05). All statistical 

analyses were performed with the SPSS software (v 21.0; IBM, Armonk). 
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Chapter III – Results and Discussion  

 

 

 

3.1. Unloaded lipid nanoparticles 
 

3.1.1. Formulation optimization  

 

Lipid nanoparticles are mainly composed of lipids (solid in the case of SLN, and a mixture 

of solid and liquid in the case of NLC), emulsifier(s), and water. SLN formulations are normally 

composed of 0.1% to 30% (w/w) of solid lipids dispersed in an aqueous medium, stabilized with 

0.5% to 5% (w/w) of surfactant (28). To obtain the lipidic blend of NLC, the solid lipid must be 

mixed with the liquid lipid preferably in a ratio of 70:30 up to a ratio of 99.9:0.1 (28,147). It is 

important to ensure that both lipids are miscible at the desired concentration, meaning that 

macroscopic phase separation cannot occur at a temperature below the melting point of the 

lipid (147). 

The composition of lipid nanoparticles has been adopted from the previously reported 

studies performed at Faculty of Pharmacy, University of Porto (146,147). Unloaded lipid 

nanoparticles (SLN and NLC) were first developed to assess the suitability of these particles 

for the encapsulation of the drug, using the following excipients: Precirol® ATO 5 (solid lipid), 

oleic acid (liquid lipid), Tween® 80 (surfactant), Cetrimide® (preservative), and water. Precirol® 

ATO 5 and oleic acid are lipids commonly used to prepare lipid nanoparticles, besides they are 

recognized as GRAS substances which means that they are approved in Europe and in the 

USA for clinical use, as well as Tween® 80 (191). The use of oleic acid in NLC formulations is 

also advantageous because this component can function as a skin penetration enhancer, 

increasing the flux of drugs through the skin (192–194). Cetrimide® was included in the 

formulations to prevent any contamination during the storage.  

Before lipid nanoparticles preparation, namely NLC, the compatibility of Precirol® ATO 5 and 

oleic acid was assessed by visual examination of cooled samples of the lipidic mixture onto 

filter paper. The results showed that both lipids are miscible in all proportions tested, with no 

oil droplets in the filter paper (Appendix I). The consistency of the cooled samples was also 

analyzed. The cooled samples corresponding to the proportions 50:50 and 60:40 (solid lipid: 

liquid lipid) showed a semisolid consistency, whereas the others showed solid consistency. The 
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ratio 70:30 was the chosen one to prepare NLC, since it is the proportion with higher amount 

of liquid lipid in which the different mixtures remain with a solid consistency (note that the lipid 

matrix should remain solid at body temperature). The final formulations of unloaded lipid 

nanoparticles prepared are shown in Table 7 previously presented in 2.2.  

 The unloaded lipid nanoparticles were prepared by two different methods, ultrasonication 

and hot HPH, in order to select the most advantageous to continue the studies with LEM2-

loaded lipid nanoparticles. The conditions used in each method has been also adopted from 

the previously studies reported in literature (41,146). It was verified that the ultrasonication 

method is easier and faster when compared with hot HPH.  

After the preparation of unloaded lipid nanoparticles, these were characterized and stability 

tests were performed (days 0, 30, and 60) in order to choose the most suitable/stable type of 

lipid nanoparticles to encapsulate LEM2. 

 

3.1.2. Characterization and stability studies  

 

To characterize and study the stability of the unloaded lipid nanoparticles, some parameters, 

including organoleptic characteristics, particle size and PDI, ZP, and pH were evaluated after 

their production, and after 30 and 60 days of storage at 4 ⁰C. 

 

Organoleptic characteristics 

 

The analyses of the organoleptic characteristics after the production of the lipid 

nanoparticles dispersions give a first impression of the quality of the preparation. Despite the 

simplicity of this assessment, problems in the appearance and/or homogeneity of the 

preparations are indicative of poor raw materials quality or problems during production and 

storage. After their preparation, all the unloaded lipid nanoparticles dispersions were liquid, 

with milky white aspect, homogeneous, and without any phase separation (Appendix II). During 

30 and 60 days of storage, there were no changes in the aspect of the dispersions developed, 

suggesting that all have good quality (Appendix II) 

 

Particle size and polydispersity index (PDI) 

 

The particle size of lipid vesicles has been shown to have a significant influence on drug 

delivery into the skin (195,196). Since the purpose of the lipid nanoparticles are for topical 
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administration of LEM2, their size must allow them to remain on the skin with a minimal or no 

amount of LEM2 reaching the systemic circulation. However, it is necessary that the drug cross 

the outermost layer of the skin (stratum corneum), in order to be effective. As indicators of 

stability, the particle size and its distribution should maintain a narrow range during storage. An 

increase in particle size indicates agglomeration and hence physical instability. 

After the production of unloaded lipid nanoparticles, the particle size and their distribution 

were evaluated by DLS and the results are presented in Table 9. Unloaded NLC prepared by 

HPH had sizes varying from 133.2 ± 0.8 nm to 145.4 ± 0.8 nm and PDI values varying from 

0.227 ± 0.004 to 0.276 ± 0.005; the other ones prepared by ultrasonication had sizes ranging 

from 133.2 ± 0.7 nm to 150.4 ± 0.8 nm and PDI values ranging from 0.269 ± 0.004 to 0.293 ± 

0.006. Unloaded SLN prepared by HPH showed sizes varying from 129.1 ± 1.5 nm to 137.4 ± 

1.2 nm and PDI values varying from 0.241 ± 0.005 to 0.323 ± 0.006; the SLN produced by 

ultrasonication had sizes ranging from 140.4 ± 0.6 nm to 155.8 ± 1.6 nm and PDI values 

between 0.229 ± 0.006 and 0.362 ± 0.007.  

 

Table 9 – Results of particle size, polydispersity index (PDI), and zeta potential (ZP) for all unloaded lipid 

nanoparticles formulations after production either by hot pressure homogenization (HPH) or by ultrasonication. 

Preparation 

method 

Batch Particle 

size (nm) (a) 

PDI (a) ZP (mV) (b) 

H
P

H
 

NLC_1 133.2 ± 0.8 0.276 ± 0.005 32.76 ± 1.47 

NLC_2 145.4 ± 0.8 0.246 ± 0.006 34.62 ± 2.04 

NLC_3 142.5 ± 1.2 0.227 ± 0.004 25.65 ± 0.89 

SLN_1 129.1 ± 1.5 0.323 ± 0.006 32.81 ± 0.85 

SLN_2 134.3 ± 1.1 0.241 ± 0.005 27.13 ± 1.26 

SLN_3 137.4 ± 1.2 0.284 ± 0.006 26.47 ± 0.94 

U
lt
ra

s
o
n

ic
a

ti
o
n
 NLC_1 133.2 ± 0.7 0.289 ± 0.005 31.85 ± 1.97 

NLC_2 142.7 ± 0.5 0.269 ± 0.004 26.32 ± 0.43 

NLC_3 150.4 ± 0.8 0.293 ± 0.006 34.82 ± 2.04 

SLN_1 149.9 ± 0.6 0.229 ± 0.006 27.93 ± 3.06 

SLN_2 140.4 ± 0.6 0.296 ± 0.002 38.04 ± 0.25 

SLN_3 155.8 ± 1.6 0.362 ± 0.007 46.47 ± 1.18 

            (a) n=3, mean value ± SD 
            (b) n=6, mean value ± SD 
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There are evidences that vesicles and particles with sizes ≤300 nm are able to deliver their 

contents to some extent into the deeper skin layers, and only the ones with sizes ≤70 nm have 

shown maximum deposition of compounds in both viable dermal and epidermal layers 

(195,197). Thus, the mean particle size of the unloaded lipid nanoparticles prepared are 

adequate for topical administration of LEM2. Also, PDI values ≤0.3, in drug delivery applications 

using lipid-based carriers, are considered to be acceptable and indicates a homogenous 

distribution of particles (160,161,198). 

The mean particle size and the PDI values were also measured 30 and 60 days after the 

production of the unloaded lipid nanoparticles. For NLC produced by HPH and ultrasonication, 

it was noted a small increase in particle size, however, no statistically significant differences 

were found (Figures 21 and 22). By contrast, the mean particle size of SLN produced by either 

HPH or ultrasonication significantly increased after their storage (Figures 23 and 24). This 

indicates physical instability of SLN produced by both methods. For all unloaded lipid 

nanoparticles, the PDI values also increased, however, they were similar to those measured 

after their production (Figures 25, 26, 27, 28). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21 – Results of mean size, in nm, of the unloaded NLC prepared by 

HPH after preparation, and after 30 and 60 days of storage. Each box 

represents 3 different batches. Statistical significance: p=0.059 
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Figure 22 – Results of mean size, in nm, of the unloaded NLC prepared by 

ultrasonication after preparation, and after 30 and 60 days of storage. Each box 

represents 3 different batches. Statistical significance: p=0.160 

Figure 23 – Results of mean size, in nm, of the unloaded SLN prepared by HPH 

after preparation, and after 30 and 60 days of storage. Each box represents 3 

different batches. Statistical significance: *p=0.009, **p<0.001, ***p=0.025 
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Figure 24 – Results of mean size, in nm, of the unloaded SLN prepared by 

ultrasonication after preparation, and after 30 and 60 days of storage. Each box 

represents 3 different batches. Statistical significance: *p=0.017, **p=0.003 

Figure 25 – PDI values of the unloaded NLC prepared by HPH after 

preparation, and after 30 and 60 days of storage. Each box represents 3 

different batches. Statistical significance: p=0.763  

* 

** 

* 

** 

M
e
a
n

 p
a
rt

ic
le

 s
iz

e
 (

n
m

) 

Day 

P
o

ly
d

is
p

e
rs

it
y
 i
n

d
e

x
  



50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26 – PDI values of the unloaded NLC prepared by ultrasonication 

after preparation, and after 30 and 60 days of storage. Each box represents 

3 different batches. Statistical significance: p=0.896 

Figure 27 – PDI values of the unloaded SLN prepared by HPH after 

preparation, and after 30 and 60 days of storage. Each box represents 3 

different batches. Statistical significance: p=0.872 
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Zeta potential (ZP) 

 

ZP is another important factor used to characterize and study the stability of lipid 

nanoparticles dispersions. After the production of lipid nanoparticles, the ZP values were 

measured by ELS and the results are presented in Table 9. Unloaded NLC prepared by HPH 

had ZP values varying from 25.65 ± 0.89 mV to 34.62 ± 2.04 mV; the other ones prepared by 

ultrasonication had ZP values ranging from 26.32 ± 0.43 mV to 34.82 ± 2.04 mV. Unloaded 

SLN prepared by HPH showed ZP values varying from 26.47 ± 0.94 mV to 32.81 ± 0.85 mV; 

SLN produced by ultrasonication had ZP values ranging from 27.93 ± 3.06 mV to 46.47 ± 1.18 

mV. According to literature, dispersions with ZP values of ±20–30 mV are moderately stable, 

and ˃ ± 30 mV are highly stable, so it is possible that the unloaded lipid nanoparticles 

dispersions prepared in this study remain stable during storage (168). 

The ZP values were also measured 30 and 60 days after the production of the unloaded 

lipid nanoparticles. In all formulations was noted a slightly decrease in the ZP values, however, 

comparing the results on the production day and after 30 and 60 days, it was possible to verify 

Figure 28 – PDI values of the unloaded SLN prepared by ultrasonication 

after preparation, and after 30 and 60 days of storage. Each box represents 

3 different batches. Statistical significance: p=0.935 
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that there are not statistically significant differences in these values (Figures 29, 30, 31, and 

32). Although the ZP has decreased slightly, the values remained between 20 and 30 mV, 

which could indicate that particle aggregation is unlikely to occur. Nevertheless, by the analysis 

that has been made to the particle size, it was found that in the case of unloaded SLN 

formulations, the particle size significantly increased during storage, suggesting a possible 

aggregation of particles over time.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29 – Results of zeta potential (ZP), in mV, of the unloaded NLC 

prepared by HPH after preparation, and after 30 and 60 days of storage. 

Each box represents 3 different batches. Statistical significance: p=0.415 
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Figure 30 – Results of zeta potential (ZP), in mV, of the unloaded NLC prepared 

by ultrasonication after preparation, and after 30 and 60 days of storage. Each 

box represents 3 different batches. Statistical significance: p=0.189 

Figure 31 – Results of zeta potential (ZP), in mV, of the unloaded NLC prepared 

by ultrasonication after preparation, and after 30 and 60 days of storage. Each 

box represents 3 different batches. Statistical significance: p=0.352 

Z
e
ta

 p
o

te
n

ti
a
l 
(m

V
) 

Z
e
ta

 p
o

te
n

ti
a
l 
(m

V
) 



54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pH 

 

The pH was also used to characterize and predict the stability of the lipid nanoparticles 

dispersions. After the production of lipid nanoparticles, the pH values were measured with 

Universal indicator paper. It was not possible use a potentiometer since the sample volume 

was too small to dip the electrode. The results showed that all unloaded lipid nanoparticles 

produced by both methods had pH values varying from 5.50 to 5.83 (Table 10).  

The values were also measured 30 and 60 days after the production of the unloaded lipid 

nanoparticles. The results presented in Table 10 showed that pH values had some variations 

during storage time, however, there are no statistically significant differences between them 

when compared with t measured after the production (Table 11). 

 

 

 

 

 

Figure 32 – Results of zeta potential (ZP), in mV, of the unloaded SLN prepared 

by ultrasonication after preparation, and after 30 and 60 days of storage. Each 

box represents 3 different batches. Statistical significance: p=0.142 
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Table 10 – pH values of unloaded lipid nanoparticles after their production and after 30 and 60 days. The values 

were obtained from 3 different batches of each formulation. 

Day 
NLC (a) SLN (a) 

HPH Ultrasonication HPH Ultrasonication 

0 5.83 ± 0.29 5.50 ± 0.50 5.67 ± 0.29 5.67 ± 0.29 

30 5.50 ± 0.50 5.67 ± 0.29 5.67 ± 0.29 5.67 ± 0.29 

60 5.50 ± 0.00 5.83 ± 0.29 5.67 ± 0.29 5.50 ± 0.00 

(a) n=3, mean value ± SD 

 

 

 

Table 11 – Significance levels obtained from the statistical analysis of the pH of lipid nanoparticles during the 60 

days of storage. 

Type of lipid nanoparticle Method of preparation Significance level 

NLC 
HPH 0.179 

Ultrasonication 0.670 

SLN 
HPH 0.846 

Ultrasonication 0.304 

 

 

 

 

3.2. Loaded lipid nanoparticles 

 

Since NLC proved to be stable during 60 days of storage at 4 ⁰C and ultrasonication showed 

to be an easier and faster method to prepare lipid nanoparticles when compared with hot HPH, 

it was decided to encapsulate LEM2 in NLC produced by ultrasonication. 

During the development of the LEM2-loaded NLC, it was noted that the drug has relatively 

poor solubility in the lipid mixture, which will influence the EE and subsequent effectiveness of 

these particles. To overcome this problem, it is important to do some drug-in-lipid solubility tests 

before the development of lipid nanoparticles, however, in this work it was not possible to do 

this test due to the low amount of LEM2 available.  

Two different LEM2-loaded NLC formulations were prepared, with and without the 

preservative Cetrimide® (Table 8). Initially, it was prepared the formulation containing this 
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preservative, however, this formulation showed high toxicity during in vitro tests (see results 

section 3.4.1.). So, to continue the work, it was necessary to remove this component from the 

formulation.   

 

3.2.1. Characterization and stability studies 

 

The parameters used to characterize the empty nanoparticles (organoleptic characteristics, 

particle size and PDI, ZP, and pH) were also used to characterize LEM2-loaded NLC 

dispersions. The stability studies were also carried out likewise unloaded lipid nanoparticles. 

 

3.2.1.1. LEM2-loaded NLC – formulation containing Cetrimide® 

 

Organoleptic characteristics  

 

The organoleptic characteristics of LEM2-loaded NLC dispersions were assessed after their 

preparation and, as well as unloaded lipid nanoparticles dispersions, they were liquid, with milky 

white aspect, homogeneous, and without any phase separation. After 30 and 60 days, there 

were no changes in their appearance, suggesting that the dispersions have good quality. 

 

Particle size and PDI 

 

After the production of LEM2-loaded NLC, the mean particle size and the PDI values were 

obtained by DLS and the results are presented in Table 12. Their sizes ranged from 171.7 ± 

1.3 nm to 176.3 ± 1.3 nm. 

Comparing with the results obtained for unloaded NLC, the encapsulation of LEM2 

significantly increased the mean particle size (Figure 33). This increase is not considered 

important because the developed particles continued to be adequate for topical application of 

LEM2. However, the mean particle size significantly increased after 30 and 60 days of storage, 

probably due to the formation of lipid aggregates, which suggests that the LEM2-loaded NLC 

formulation with Cetrimide® is physically unstable (Figure 34).  
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Table 12 – Results of particle size, polydispersity index (PDI), and zeta potential (ZP) for LEM2-loaded NLC 

(formulation containing Cetrimide®) after production by ultrasonication. 

Batch Mean particle 

size (nm) (a) 

PDI (a) ZP (mV) (b) 

1 171.7 ± 1.3 0.254 ± 0.004 26.34 ± 1.41 

2 176.3 ± 1.3 0.237 ± 0.006 27.71 ± 1.03 

3 173.6 ± 0.9 0.301 ± 0.004 26.52 ± 0.98 

(a) n=3, mean value ± SD 
(b) n=6, mean value ± SD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33 – Particle sizes of unloaded NLC and LEM2-loaded NLC (formulation 

with Cetrimide®) after their production by ultrasonication method. Each box 

represents 3 different batches. Statistical significance: p=0.004 
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The PDI values measured after the production of LEM2-loaded NLC vary between 0.237 ± 

0.006 and 0.301 ± 0.004, indicating a homogenous distribution of lipid nanoparticles (Table 10). 

These values were similar to those obtained for unloaded NLC (Figure 35). On days 30 and 

60, it was noted a small increase in the PDI values, however, comparing these results and 

those obtained on the production day, it was possible to verify that there are not statistically 

significant differences (Figure 36). These results showed that the distribution of lipid 

nanoparticles remained homogeneous, even though there was an increase in their size over 

time. 

 

 

 

 

 

 

Figure 34 – Results of mean size, in nm, of LEM2-loaded NLC (formulation 

with Cetrimide®) prepared by ultrasonication after preparation, and after 30 

and 60 days of storage. Each box represents 3 different batches. Statistical 

significance: *p=0.037, **p=0.005 
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Figure 35 – PDI values of unloaded NLC and LEM2-loaded NLC (formulation 

with Cetrimide®) after their production by ultrasonication method. Each box 

represents 3 different batches. Statistical significance: p=0.392 

Figure 36 – PDI values of LEM2-loaded NLC (formulation with Cetrimide®) 

prepared by ultrasonication after preparation, and after 30 and 60 days of 

storage. Each box represents 3 different batches. Statistical significance: p=0.246 
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ZP   

 

After the production of LEM2-loaded NLC, the values of ZP obtained by ELS range from 

26.34 ± 1.41 mV to 27.71 ± 1.03 mV (Table 12). Comparing with the results obtained for 

unloaded NLC, the encapsulation of LEM2 slightly decrease the ZP values, however, it was 

possible to verify that there are not statistically significant differences (Figure 37).  

On days 30 and 60, it was noted a small decrease in ZP, however, there are not statistically 

differences between these values and those measured after the production, which could mean 

that particle aggregation is unlikely to occur (Figure 38). However, by the analysis that has 

been made to the particle size, it was found that the particle size of LEM2-loaded NLC 

significantly increased during storage, suggesting a possible aggregation of particles over time.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 37 – ZP values of unloaded NLC and LEM2-loaded NLC (formulation with 

Cetrimide®) after their production by ultrasonication method. Each box 

represents 3 different batches. Statistical significance: p=0.339 
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pH 

 

After the production of LEM2-loaded NLC, the values of pH measured with Universal 

indicator paper ranged from 5.17 to 5.67 (Table 13), likewise unloaded NLC. 

 

Table 13 – pH values of LEM2-loaded NLC (formulation with Cetrimide®) after their production and after 30 and 

60 days. 

Day pH (a) 

0 5.67 ± 0.29 

30 5.17 ± 0.29 

60 5.17 ± 0.29 

                                                (a) n = 3, mean value ± SD 

 

 

Figure 38 – ZP values of LEM2-loaded NLC (formulation with Cetrimide®) 

prepared by ultrasonication after preparation, and after 30 and 60 days of 

storage. Each box represents 3 different batches. Statistical significance: 

p=0.189 
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On days 30 and 60, it was noted a small decrease in pH (Table 13), however, comparing 

these results with those obtained on the production day, it was possible to verify that there are 

no statistically significant differences (significance level equal to 0.141). 

 

 

 

 

3.2.1.2. LEM2-loaded NLC – formulation without Cetrimide® 

 

Organoleptic features  

 

After preparation, the LEM2-loaded NLC dispersions without Cetrimide® were liquid, 

milky white, homogeneous, and without any phase separation, as well as unloaded NLC 

and LEM2-loaded NLC formulations with Cetrimide®. At days 30 and 60, there was no 

alterations in their appearance, suggesting that the dispersions have good quality.  

 

Particle size and PDI 

 

After the production of LEM2-loaded NLC, the mean particle size and the PDI values were 

obtained by DLS and the results are showed in Table 14. Their sizes range from 197.6 ± 1.4 

nm to 207.2 ± 2.2 nm. Comparing with both unloaded NLC and LEM2-loaded NLC formulation 

containing Cetrimide®, the sizes of LEM2-loaded NLC without this preservative are significantly 

larger (Figure 39), but still suitable for topical administration of LEM2. The particle size 

increased during storage time; however, statistically significant differences were found only at 

day 60, suggesting a possible aggregation of particles (Figure 40).  
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Table 14 – Results of particle size, polydispersity index (PDI), and zeta potential (ZP) for LEM2-loaded NLC 

(formulation without Cetrimide®) after production by ultrasonication. 

Batch Mean particle 

size (nm) (a) 

PDI (a) ZP (mV) (b) 

1 214.6 ± 1.6 0.261 ± 0.004 25.21 ± 1.39 

2 225.1 ± 2.2 0.307 ± 0.004 22.96 ± 2.01 

3 219.3 ± 1.4 0.278 ± 0.005 26.47 ± 1.28 

(a) n = 3, mean value ± SD 
(b) n = 6, mean value ± SD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39 – Particle sizes of unloaded NLC and LEM2-loaded NLC with 

(LEM2+NLC (1)) and without (LEM2+NLC (2)) Cetrimide®, after their 

production by ultrasonication method. Each box represents 3 different 

batches. Statistical significance: *p=0.004, **p<0.001, ***p<0.001 
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The PDI values measured after the production of LEM2-loaded NLC vary between 0.261 ± 

0.004 and 0.307 ± 0.004, indicating a homogenous distribution of lipid nanoparticles (Table 14). 

The obtained values were similar to those measured in unloaded NLC and LEM2-loaded NLC 

formulation containing Cetrimide® (Figure 41).  On days 30 and 60, it was noted a small 

increase in the PDI values, however, comparing these results with those obtained on the 

production day, it was possible to verify that there are not statistically significant differences 

(Figure 42). The results showed that the populations of lipid nanoparticles remained 

homogeneous, even though there was an increase in their size over time. 

 

 

 

 

 

 

Figure 40 – Results of mean size, in nm, of LEM2-loaded NLC (formulation 

without Cetrimide®) prepared by ultrasonication after preparation, and after 

30 and 60 days of storage. Each box represents 3 different batches. 

Statistical significance: *p=0.001, **p=0.003 
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Figure 41 – PDI values of unloaded NLC and LEM2-loaded NLC with 

(LEM2+NLC (1)) and without (LEM2+NLC (2)) Cetrimide®, after their 

production by ultrasonication method. Each box represents 3 different 

batches. Statistical significance: p=0.582 

Figure 42 – PDI values of LEM2-loaded NLC (formulation without 

Cetrimide®) prepared by ultrasonication after preparation, and after 30 and 

60 days of storage. Each box represents 3 different batches. Statistical 

significance: p=0.481 
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ZP 

 

After the production of LEM2-loaded NLC, the values of ZP obtained by ELS range from 

22.96 ± 2.01 mV to 26.47 ± 1.28 mV (Table 14). Comparing with both unloaded NLC and LEM2-

loaded NLC formulation containing Cetrimide®, the ZP values of LEM2-loaded NLC without 

Cetrimide® are lower, however, there is not statistically significant differences between them 

(Figure 43). During the storage there was a decrease in the ZP, but only at day 60 were verified 

significant differences (Figure 44). These lower values of ZP at day 60 indicate that particle 

aggregation is more likely to occur, which are in accordance with the results obtained in particle 

size at the same day. This could mean that the formulation remained stable for at least 30 days. 

These results confirm that Cetrimide®, being a cationic compound, is important for adjusting ZP 

and for preventing particle agglomeration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43 – ZP values of unloaded NLC and LEM2-loaded NLC with 

(LEM2+NLC (1)) and without (LEM2+NLC (2)) Cetrimide®, after their 

production by ultrasonication method. Each box represents 3 different 

batches. Statistical significance: p=0.283 
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pH 

 

After the production of LEM2-loaded NLC without Cetrimide®, the pH values obtained with 

Universal indicator paper ranged from 5.25 to 5.50 (Table 15), similarly, to unloaded NLC and 

LEM2-loaded NLC with Cetrimide®. 

 

 

Table 15 – pH values of LEM2-loaded NLC (formulation without Cetrimide®) after their production and after 30 

and 60 days. 

Day pH (a) 

0 5.33 ± 0.58 

30 5.50 ± 0.50 

60 5.25 ± 0.29 

                                                (a) n = 3, mean value ± SD 

 

Figure 44 – ZP values of LEM2-loaded NLC (formulation without cetrimide) 

prepared by ultrasonication after its preparation, and after 30 and 60 days. Each 

box represents 3 different batches. Statistical significance: *p=0.002, **p=0.014 
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Comparing the pH values measured on days 30 and 60 with those obtained on the 

production day, it was possible to verify that there are no statistically significant differences 

(significance level equal to 0.656). 

 

 

 

 

3.3. Encapsulation efficiency (EE) 

 

After the preparation of LEM2-loaded NLC (both formulations), the amount of LEM2 

incorporated into nanoparticles was determined by HPLC, but first it was necessary to optimize 

and validate the method. 

 

3.3.1. HPLC method development and optimization  

 

To identify and measure an analyte in a given sample by HPLC, certain conditions (e.g. 

injection volume, detection wavelength, mobile phase composition and flow rate, column type, 

among others) need to be first defined. In a first approach, some of the analytical conditions 

adopted were chosen considering methodology already developed and described in (178). The 

type of column (C18), temperature (25⁰C), and flow rate (1.0 ml/min) were selected based on 

the work mentioned before, whereas the detection wavelength and the composition of mobile 

phase were studied in order to achieve the best conditions for the identification and 

quantification of LEM2.  

To detect LEM2 by the HPLC method is important to choose the right wavelength. So, the 

UV spectrum of a LEM2 solution in ethanol (50 µg/ml, stock solution) was performed (Figure 

45). The maximum absorption of LEM2 occurs at the wavelengths 242 nm and 326 nm. The 

wavelength used was 242 nm. 
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To choose the mobile phase composition, many combinations of water and acetonitrile were 

tested – 0:100; 5:95; 10:90; 15:85; 20:80; 25:75; 30:70; 35:65; 40:60; and 45:55 – and the 

selection of the most suitable one was based on the k’ (capacity factor) values calculated. This 

parameter is very important since it is a mean of measuring the retention of an analyte on the 

chromatographic column, and the aim of any HPLC method is to provide a well-resolved peak 

in the shortest amount of time. High k’ value indicates that the analyte is highly retained and 

has spent too much time interacting with the stationary phase and, consequently, the elution 

takes a very long time (199). Ideally, the k’ value for an analyte should be more than 2, which 

indicates a certain level of interaction (202). The most effective and convenient way to change 

the k’ value of a peak is to adjust the solvent strength of the mobile phase. This is usually 

achieved by altering the amount of organic solvent in the mobile phase mixture. The HPLC 

system used has a non-polar stationary phase, so enhancing the polarity of the mobile phase 

will progressively repel the hydrophobic parts of the analyte molecules into the stationary phase 

and the analyte will be retained for longer on the column (higher k’ values). The converse is 

also true, which means that at high mobile phase organic solvent composition, the retention 

time and k’ values are lower. The obtained results (Figure 46) are in agreement with the 

literature since at lower percentages of acetonitrile in the mobile phase the k’ values and the 

retention time obtained are higher than those obtained at highest percentages of acetonitrile. 

Values of k’ higher than 2 were obtained for the percentages of 60% and 55% of acetonitrile 

(Table 16). The percentage of acetonitrile selected was 60%, being possible to reduce the run 

times and consequently the eluent expense.   

Figure 45 – UV spectrum of LEM2 in ethanol. 
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Table 16 – Results obtained for capacity factor (k'). ACN – acetonitrile; TR – retention time. 

ACN (%) RT 1 

(minutes) 

RT 2 

(minutes) 

Mean RT 

(minutes) 

k' 

100 1.41 1.41 1.41 0.41 

95 1.49 1.49 1.49 0.49 

90 1.60 1.60 1.60 0.60 

85 1.73 1.73 1.73 0.73 

80 1.91 1.92 1.92 0.92 

75 2.16 2.17 2.17 1.17 

70 2.47 2.50 2.49 1.49 

65 2.94 2.96 2.95 1.95 

60 3.59 3.60 3.60 2.60 

55 4.55 4.56 4.56 3.56 

 

 

After the chromatographic conditions were defined, it was obtained the chromatogram in 

Figure 47. The chromatogram shows some peaks: the first and the last peaks probably 
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Figure 46 – Graphic representation of retention time (RT) of LEM2, in minutes, 

versus amount of acetonitrile (ACN) in the mobile phase, in percentage. 
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correspond to impurities (the purity degree of LEM2 is unknown); and the second and major 

peak corresponds to LEM2. The retention time of LEM2 was about 3.6 minutes. 

 

 

 

3.3.2. Method validation 

 

System suitability  

 

To assess the system suitability, the LEM2 standard solution (30 µg/mL) was injected 10 

times and some parameters such as k’, T, and N were calculated. The results (Table 17) 

showed that the values of all parameters are in accordance with the recommendation limits 

proposed by US-FDA guidance Validation of Chromatographic Methods, except the injection 

repeatability. In this parameter, the tighter the value, the more precise or sensitive to variation 

will be the results. The obtained value was higher than 1%, which means that the method does 

not meet this requirement. 

 

 

 

 

 

Figure 47 – Chromatogram of a standard LEM2 solution (30 μg/mL). 
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Table 17 – System suitability parameters obtained for the HPLC system. k’ – capacity factor; T – tailing factor; N – 

theorical plate number; CV – coefficient of variation. (183) 

Parameters Obtained values (a) Recommendation 

k’ 2.595 ± 0.008 Generally, >2.0 

T 1.020 ± 0.062 It should be ≤2 

N 7586 ± 133.2 In general, should be >2000 

Injection repeatability 32.718 ± 1.302, CV – 2.08% CV≤1% for N≥5 is desirable 

(a) n=10, mean value ± SD 
 

 

Specificity  

 

Method specificity was assessed regarding the possibility of occurring interferences of the 

components of the lipid nanoparticles on the LEM2 retention time. The existence/absence of 

any interference was confirmed by comparing the chromatograms of LEM2 standard solution 

(30 µg/mL) with the supernatant of an unloaded NLC formulation (Figures 47 and 48, 

respectively). As shown in Figure 48, the supernatant of the unloaded NLC formulation did not 

exhibit any peak at LEM2 retention time (3.6 minutes). Therefore, no interferences from NLC 

components were observed, meaning that the method is specific for the purposed application.    

 

 

 

Figure 48  – Chromatogram of the supernatant of a blank NLC formulation. 
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Linearity 

 

Quantitative analytical methods are highly influenced by the quality of the calibration curve, 

so it is important to ensure a linear relationship between the peak area and the LEM2 

concentration in the standard solutions used – 5, 10, 20, 30, 40, and 48 µg/mL. The standard 

solutions were injected in triplicate. The calibration curve was obtained by simple linear 

regression using the minimum squares method. The results (Figure 49) showed a linear 

relationship between the peak area and LEM2 concentration from 5 to 48 µg/mL and the 

following general linear equation was obtained: y = 1.0586x + 0.0042, where y is the peak area 

and x is LEM2 concentration at µg/ml. The high R2 value, 0.9991, indicates a good linear 

relationship between the 2 variables and the low RSS value, 0.0015, indicates that the 

regression model fits the data well (200). Figure 50 shows that the residuals of the 

concentration values of LEM2 standard solutions are randomly dispersed, reinforcing the 

linearity of the method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

y = 1,0586x + 0,0042
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Figure 49 – Calibration curve of peak areas versus LEM2 concentration 

of standard solutions (5 - 48 μg/mL). 
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Precision  

 

To study the precision of the method, only reproducibility was assessed. The standard 

solutions of LEM2 30, 40, and 48 µg/mL were injected in triplicate during the same day and 

under the same experimental conditions. The CV values obtained (Table 18) are acceptable 

since the limit is 2%, however, some values slightly exceed the limit which means that HPLC 

can provide less precise data. 
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Figure 50 – Graphic representation of the residuals of concentration 

values of LEM2 standard solutions. 
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Table 18 – Results obtained for intra-assay precision of the method. SD – standard deviation; CV – coefficient of 

variation. 

Validation  

parameter 

Concentration 

(ug/ml) 

Peak area 

(mAU*min) 

Mean 

(mAU*min) 
SD CV (%) 

R
e

p
e

a
ta

b
ili

ty
 

30 

32.239 

32.385 0.745 2.300 33.192 

31.724 

40 

41.329 

41.516 0.850 2.046 42.443 

40.775 

48 

51.037 

50.833 0.953 1.876 49.794 

51.668 

 

 

Accuracy  

 

The accuracy of the method was studied by adding a certain amount of LEM2 standard 

solution (40 µg/mL) to an unloaded NLC dispersion as described in section 2.3.5.4. The peak 

area of the resulting supernatant was measured in HPLC and the amount of LEM2 recovered 

at the end of the procedure was calculated with the linear equation y = 1.0586x + 0.0042, where 

y is the peak area and x is LEM2 concentration (Table 19). The obtained values are close to 

100%, ranging from 94-96% approximately, which means that the recovery is satisfactory and, 

consequently, the method can be expected to be accurate. 
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Table 19 – Obtained values for recovery studies. 

Formulation 
Peak area 

(mAU*min) 

Mean 

(mAU*min) 

LEM2 

recovered 

(ug/mL) 

Recovery 

(%) 

1 (a) 33.925 31.743 31.809 32.492 30.690 96 

2 (a) 32.964 31.352 30.948 31.755 29.993 94 

3 (a) 30.625 32.571 32.164 31.787 30.024 94 

4 (b) 32.976 31.395 33.182 32.518 30.714 96 

           (a) formulation with Cetrimide® 

           (b) formulation without Cetrimide® 

 

 

3.3.3. Encapsulation Efficacy determination  

 

The EE of LEM2 in NLC was determined by a direct measurement of the drug that was 

encapsulated in the formulation, as described in section 2.3.5.4. The quantification of LEM2 

was performed by HPLC. The peak area of the resulting supernatant was measured by HPLC 

and the amount of LEM2 in the supernatant was calculated with the following linear equation y 

= 1.0586x + 0.0042, where y is the peak area and x represents LEM2 concentration. The 

dilution factor associated to the procedure was 25. The values obtained for EE in formulations 

containing Cetrimide® are around 43 - 51% (Table 20 – Formulations 1, 2, and 3), whereas the 

EE obtained for the formulation without Cetrimide® was about 72% (Table 20 – Formulation 4). 

These low values were already expected and can be justified not only by the non-complete 

dissolution of the drug in the lipid mixture during the preparation of NLC, but also by the losses 

caused by the method used to determine the EE of LEM2. This increase in EE in LEM2-loaded 

NLC without Cetrimide® could be the reason why particle size has also increased significantly 

comparing with the sizes of LEM2-loaded containing Cetrimide®. 
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Table 20 – Results achieved for encapsulation efficiency (EE) of LEM2 in NLC. 

Formulation 
Peak area 

(mAU*min) 

Mean 

(mAU*min) 

LEM2 

concentration 

(ug/ml) 

EE 

(%) 

1 (a) 17.964 20.591 20.167 19.574 18.487 46 

2 (a) 22.569 21.075 21.239 21.628 20.427 51 

3 (a) 19.198 17.852 17.977 18.342 17.323 43 

4 (b) 33.910 27.879 29.625 30.472 28.780 72 

    (a) formulation with Cetrimide® 

    (b) formulation without Cetrimide®  

 

 

 

 

3.4. In vitro assays 

 

3.4.1. Effect of lipid nanoparticles on cell growth 

 

Before applying NLC as a drug delivery system its potential cytotoxicity was determined. 

The cytotoxicity of both unloaded NLC and LEM2-loaded NLC against A375 melanoma cells 

was investigated using the SRB assay, and the GI50 was calculated.  

The results obtained with LEM2-loaded NLC and unloaded NLC, using a formulation with 

Cetrimide® (Figure 51), showed that these nanoparticles were toxic to the cells. The same 

corresponding amount of unloaded NLC had a similar growth inhibitory effect on cells to LEM2-

loaded NLC. It was not expected such toxicity due to NLC components, however Cetrimide® 

used in the formulation to improve stability and adjust zeta potential is a component that can 

cause cell damage by emulsification of the cell wall lipids (201–203). In fact, it has been 

demonstrated that Cetrimide® and other quaternary ammonium surfactants can be toxic to 

some types of cells (201,204–207). Therefore, the same experiment was performed with a 

Cetrimide® solution with the same concentration used in the formulation (3 mM). The results 

showed that a concentration of Cetrimide® above 0.157 µM also causes cell death (Figure 52), 

which indicated that the toxicity of the nanoparticles prepared was probably due to this 

component. Because of that, the followed in vitro studies were performed using formulations 

without Cetrimide®. 
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Figure 51 – Dose-response curves for the growth inhibitory activity of 0.010 - 5 

µM of LEM2 in NLC (formulation with Cetrimide®) and unloaded NLC in A375 

melanoma cells, determined by SRB assay, after 48 hours of treatment (n=4). 

 

Figure 52 – Dose-response curves for the growth inhibitory activity of 0.010 - 5 

µM of LEM2 in NLC (formulation with Cetrimide®) and unloaded NLC in A375 

melanoma cells, determined by SRB assay, after 48 hours treatment; data are 

mean ± SEM (n=4). 

 

Figure 53 – Dose-response curve for the growth inhibitory effect activity of 

0.313 - 5 µM of Cetrimide® in A375 melanoma cells, determined by SRB assay, 

after 48 hours treatment, data are mean ± SEM (n=4).Figure 54 – Dose-

response curves for the growth inhibitory activity of 0.010 - 5 µM of LEM2 in 

NLC (formulation with Cetrimide®) and unloaded NLC in A375 melanoma cells, 

determined by SRB assay, after 48 hours treatment; data are mean ± SEM 

(n=4). 

 

Figure 55 – Dose-response curves for the growth inhibitory activity of 0.010 - 5 

µM of LEM2 in NLC (formulation with Cetrimide®) and unloaded NLC in A375 

melanoma cells, determined by SRB assay, after 48 hours treatment; data are 

mean ± SEM (n=4). 
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Figure 52 – Dose-response curve for the growth inhibitory effect activity of 

0.313 - 5 µM of a Cetrimide® solution in A375 melanoma cells, determined by 

SRB assay, after 48 hours of treatment (n=4). 
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Without Cetrimide®, the developed nanoparticles were less toxic to the cells (Figure 53). For 

LEM2 concentrations between 0.313 and 1.250 µM, loaded NLC inhibited cell growth, causing 

cell death for concentrations above 1.250 µM, with a higher potency than unloaded NLC. The 

inhibited cell growth and induction of cell death by unloaded NLC were not expected since 

NLCs are composed of safe and well-tolerated FDA GRAS substances. Despite this, loaded 

nanoparticles showed to be more cytotoxic than unloaded NLC, possibly due to LEM2 antitumor 

activity, which means that NLCs could be used as a vehicle to this drug, improving its 

bioavailability problems. The GI50 value of LEM2-loaded NLC was equal to 1.0 µM. 

Despite this, we wanted to know if the encapsulation would interfere with the molecular 

mechanism of action previously described for LEM2 (135). With this aim the following analysis 

were carried out.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2. Effects of LEM2-loaded NLC on apoptosis and cell cycle arrest 
 

The effects of LEM2-loaded NLC on apoptosis in A375 cells was determined for 48 hours 

treatment with trypan-blue assay. The results showed that LEM2-loaded NLC induced 

apoptosis on A375 cells in both tested concentrations after 48h treatment (Figure 54). Only 
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Figure 53 –  Dose-response curves for the growth inhibitory activity of 0.313 - 5 

µM of LEM2 in NLC (formulation without Cetrimide®) and unloaded NLC in A375 

melanoma cells, determined by SRB assay, after 48 hours of treatment (n=4). 
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10.9 ± 0.5 % of dead cells were observed in control group whereas the percentage of dead 

cells increased up to 23.6 ± 0.9 % and 35.3 ±1.9 % in cells treated with GI50 (1 µM) and 2GI50 

(2 µM) concentration, respectively. These results indicate that the LEM2-loaded NLC has a 

marked and dose-dependent effect on cellular apoptosis in A375 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The effect of LEM2-loaded NLC on the cell cycle of A375 melanoma cells was also 

evaluated. Thereby, the nuclear DNA content of the cells was analyzed by flow cytometry 

following 24 hours treatment with LEM2-loaded NLC. The results showed that in cells treated 

with the GI50 concentration of LEM2-loaded NLC (1 µM) there were no major alterations in the 

percentage of cells in different phases of the cell cycle (Figure 55). However, in cells treated 

with 2xGI50 concentration (2 µM) there was a statistically significant increase in the percentage 

of cells in the G2/M phase of the cell cycle (Figure 55). The results therefore suggested that 

LEM2-loaded NLC induced cell cycle arrest in G2/M phase. 

Consistently, in our previous work, it was shown that LEM2 induced G2/M phase cell cycle 

arrest and apoptosis in colon adenocarcinoma HCT116 cells (2 µM) and in breast 

adenocarcinoma MDA-MB-468 cells (1.5 µM) (136).  
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Figure 54 – Percentage of cell death induced by LEM2-loaded NLC was 

determined for 48 hours treatment by trypan-blue assay in A375 cells; data are 

mean ± SEM of three independent experiments. Values significantly different 

from control (**p < 0.01, ***p<0.001), unpaired Student’s t-test. 
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3.4.3. Western blot analyses 

 

In the study developed by Gomes et al., the LEM2-induced growth inhibition was also 

associated with regulation of many p53-family transcriptional targets, in different cell lines 

(135). In particular, in colon adenocarcinoma HCT116 cells (1 µM), the treatment with LEM2 

increased the protein levels of TAp73α, MDM2, p21, and BAX, while reduced Bcl-2; in breast 

adenocarcinoma MDA-MB-468 cells (1.5 µM), LEM2 increased the protein levels of TAp73α, 

p21, and PUMA, and decreased Bcl-2; and in neuroblastoma SH-SY5Y cells, it increased 

TAp73α, p21, MDM2, and BAX (1.4 µM) (135). 

In order to confirm that the mechanism of LEM2 anticancer effects was conserved in LEM2-

loaded NLC, the protein expression levels of numerous key targets of TAp73α, involved in the 

cell cycle and apoptosis, were assessed by western blot analysis after 24 hours of treatment.   

The results showed that the treatment with LEM2-loaded NLC increased the expression 

levels of p73, p21, PUMA, BAX, and MDM2, while reducing BCL-2 (Figure 56).  

These results were already expected since LEM2 can activate TAp73 by disrupting its 

interaction with mutant p53 and/or MDM2. Activated TAp73 is able to regulate the transcription 

of  p53 target genes, like CDKN1A (p21; cell cycle arrest), PUMA, BAX, and BCL-2 (apoptosis) 

(208).  
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Figure 55 – Cell cycle arrest was determined for 24 hours treatment with LEM2-loaded 

NLC in A375 cells; data are mean ± SEM of three independent experiments. Values 

significantly different from control (**p < 0.01), unpaired Student’s t-test. 



82 
 

These results showed that the used nanoparticles did not interfere with LEM2 molecular 

mechanism of action. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56 – Analysis of protein levels of p73 target genes. Western blot analysis was performed after 

24 hours treatments with LEM2-loaded NLC in A375 cells. Immunoblots are representative of three 

independent experiments. 
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Chapter IV – Conclusions  

 

 

 

Skin cancer affects many people worldwide, especially Caucasians, and its incidence 

continues to increase year after year. Of all types of skin cancer, the most worrying is 

melanoma because it is the most aggressive form of cancer and can even cause death. 

Therefore, it is important to improve skin cancer treatment efficacy. In this perspective, topical 

treatment of skin diseases is very appealing, comparing with oral or parenteral drug 

administration, mainly because systemic load of drug and thus also systemic side effects are 

reduced (these formulations should let the drug reach the epidermis and the dermis only). 

Besides, the topical administration of drugs may increase patient acceptability, since it is 

noninvasive.  

LEM2 is a synthetic xanthone with tested antitumor effect in melanoma A375 cell line 

(unpublished work). However, this compound presents poor aqueous solubility, which is often 

related with poor bioavailability, limiting its therapeutic use.  The use of nanoparticles to 

encapsulate drugs can improve their bioavailability and particularly the use of lipid 

nanoparticles seems to be very interesting for topical delivery of drugs due to their adhesion 

and occlusive properties.  

In this work, both types of lipid nanoparticles produced by either ultrasonication or hot HPH 

showed good and similar physical characteristics after their production, mainly particle size. 

However, by the analyses of the stability studies (60 days), it was found that SLNs produced 

by the two methods can be physically instable, because there was an increase of the particle 

size, suggesting that particle aggregation occurred. On the other hand, the NLCs produced by 

both methods appear to be stable. During the production of lipid nanoparticles, it was noted 

that the ultrasonication method is easier and faster when compared with hot HPH. Given these 

results, LEM2 was encapsulated in NLCs using the ultrasonication method. It was noted that 

LEM2 has relatively poor solubility in the lipid mixture, which affected the encapsulation 

efficiency (EE), 50% approximately.  

The new loaded lipid nanoparticles prepared without Cetrimide® had a higher EE, 72% 

approximately, and a larger mean particle size (also suitable for topical application). The 

stability tests revealed that particle size and ZP increased over the time. This highlights the 

importance of the cationic compound (Cetrimide®) for adjusting ZP and for preventing particle 
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agglomeration. Unloaded NLCs without Cetrimide® showed some unexpected cytotoxicity to 

melanoma A375 cell line. Loaded NLCs seemed to be more cytotoxic against melanoma A375 

cell line than unloaded NLC, possibly due to LEM2 antitumor activity, which means that NLCs 

could be used as a vehicle to this drug, improving its bioavailability problems. Besides, the used 

nanoparticles did not interfere with LEM2 molecular mechanism of action. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 
 

Chapter V – Future work 

 

 

 

In a future work, before doing further in vitro tests, it is important reconsider and improve the 

lipid nanoparticle formulations. First, as the drug has poor solubility in the lipids mixture, more 

drug-in-lipid solubility tests should be done before the development of new lipid nanoparticles, 

because this problem will influence the EE and subsequent effectiveness of these 

nanoparticles. More parameters should be used to characterize the lipid nanoparticles, for more 

reliable information, such as degree of crystallinity and lipid modification by differential scanning 

calorimetry, and surface morphology by scanning electron microscopy. In addition, the stability 

tests should be done for a long period of time. The cytotoxicity of the new lipid nanoparticles 

should also be evaluated. Then, since dispersions of lipid nanoparticles have low viscosity, 

they need to be incorporated into dermatological bases, such as creams or gels, in order to 

have a suitable semisolid consistency for topical application. The semisolid formulation should 

be characterized through rheological measurements, texture and color analyses, and stability 

tests should be performed for a significant period of time. 
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Appendix  

 

Appendix I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57 – Cooled samples of the lipid mixture between 

Precirol® ATO 5 and oleic acid. The numbers on the filter 

paper represents the proportions used, beginning in 50:50 

until 60:40 (solid lipid: liquid lipid). 
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Appendix II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58 – Aspect of unloaded NLC dispersions prepared by hot HPH (A) after their preparation and after 

(B) 30 and (C) 60 days of storage at 4 ⁰C. 

A B 
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Figure 59 – Aspect of unloaded NLC dispersions prepared by ultrasonication (A) after their preparation and after 

(B) 30 and (C) 60 days of storage at 4 ⁰C. 

A B 

C 



89 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60 – Aspect of unloaded SLN dispersions prepared by hot HPH (A) after their preparation and after 

(B) 30 and (C) 60 days of storage at 4 ⁰C. 
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Figure 61 – Aspect of unloaded SLN dispersions prepared by ultrasonication (A) after their preparation and 

after (B) 30 and (C) 60 days of storage at 4 ⁰C. 
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