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Abstract. 

Anthocyanins are responsible for the red, violet and blue colorations of fruits and 

vegetables, and different health benefits are associated to these pigments, including 

antioxidant, anti-mutagenic and anti-carcinogenic activities. However, anthocyanins are 

unstable at some pH values and present a low bioavailability, which impacts on their 

efficacy and application into some matrices. Pyranoanthocyanins (anthocyanin-derived 

pigments) display colours ranging from orange to blue and present a higher chromatic 

stability towards pH changes. Although the higher chromatic stability presented by these 

pigments, some of them present a low solubility in aqueous systems and a low 

bioavailability. Nanotechnology has emerged as alternative to overcome these 

limitations, and the use of lipidic encapsulation systems is a promising technique to 

achieve an efficient drug delivery, protecting molecules from external factors and 

improving their bioavailability. Thus, the aim of this study was to encapsulate 

anthocyanin-derivatives into lipid nanoparticles (LN) and to develop LN-based 

formulations for skin applications. For that, the conditions for the preparation of 

anthocyanins derivatives (AD)-solid lipid nanoparticles (SLN) and nanostructured lipid 

carriers (NLC) were optimized, including the use of the hot melted lipid or the double 

emulsion as preparation method and the type of surfactant (Tween 80 or PVA). The 

obtained size values varied from 50 to 8000 nm according to the type of lipid, method, 

and surfactant and PdI values varied from 0.1 to 1.0. SLN/NLC with AD presented more 

negative values of zeta potential comparing to empty nanoparticles. pH stability assays 

were performed, and no significant changes were observed on SLN/NLC characteristics 

for 14 days. The encapsulation efficiency and the drug release studies were also 

assessed and the cytotoxicity of nanoparticles against human keratinocytes cell line 

(HaCat) was evaluated.  

 

Key words:   Solid lipid nanoparticles; nanostructured lipid carriers; anthocyanins; 

bioactivity; chemical stabilization
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• P: Portisin 

• PAA: Pyruvic acid adduct 

• Pg: Pelargonidin 

• PIT: Phase inversion temperature technique 

• PMS: Polyethylene glycol monostereate 

• PVA: Poly(vinyl) alcohol 

• ROS: Reactive oxygen species 

• SEM: Scanning electron microscopy 

• SLN: Solid lipid nanoparticles 

• SQV: Saquinavir mesylate 

• TEM: Transmission electron miscroscopy 

• UV: Ultraviolet  

• W/O: Water-in-oil 

• W/O/W: Water-in-oil-in-water 
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I. Introduction.   

1. Polyphenols  

Polyphenols are natural compounds synthesized by plants and are present in many 

vegetal foodstuffs and beverages, playing an important role on cellular growth, coloration 

and regulation of fruit’s maturation  [1, 2]. These molecules are one of the most 

widespread groups of natural compounds in the plant kingdom with more than 800 

phenolic structures being described up to date. This compounds have the ability of 

defending plants against ultraviolet radiation or aggression by pathogens [3].  

Polyphenols have been identified as antioxidants, antimutagens, chelators of 

catalytic metals and free radical scavengers [4]. Due to these properties, several 

beneficial biological effects are associated with polyphenols consumption such as the 

capacity to induce the NO dependent endothelial vasorelaxation and inhibit human’s LDL 

oxidation and platelets aggregation [5-8]. The great abundance of polyphenols in our diet 

combined with their notorious role in the prevention of various diseases, turned these 

compounds into a substantial target for nutritionists, food scientists and even drug and 

cosmetic developers.  

These molecules are bioactive compounds, which means that although they are not 

necessarily essential for our body’s sustainability, they have considerable influence in 

our health when present in significant amounts in foods and beverages [3]. A relevant 

example that corroborates these statements is red wine, which contains more than 500 

compounds with the majority of them being polyphenols. Their presence is due to their 

extraction from grapes’ skins and seeds during the winemaking process and they are 

responsible for the wine’s bitterness, colour and astringency. The phenol group, part of 

these molecules structure, is a strong electron donor and easily oxidized which is the 

main reason why red wine is known for its strong antioxidant effects [4].   

Due to their extensive distribution, dietary polyphenols can be categorized in 

different ways according to their chemical structure, namely the number of phenol rings 

that they contain and the structural elements that bind those rings to one another. 

Therefore, polyphenols can be classified as non-flavonoids, which include phenolic 

acids, stilbenes and lignans, or flavonoids as exemplified in Table 1.  
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Table 1: Examples of examples of phenolic compounds food sources, applications, and beneficial effects. 

 

Main class Subclass 
Phenolic 

compound 

Food 

sources 
Beneficial effects 

Possible 

applications 

Flavonoids 

Flavan-3-ol 
Epigallocatechin 

gallate 
Green tea 

Anti-oxidant effects 

[9] 

Protection against 

chemical 

carcinogens [10] 

Flavones Apigenin Oranges 

Inhibition of 

rat-brain monoamine 

oxidases (MAOs) 

[11] 

Development of 

antidepressant 

and antianxiety 

agents [12] 

Flavonols Quercetin Onions 

Anti-oxidant effects 

And anti-

inflammatory effects 

[13] 

Neuropathology 

prevention [14] 

Anthocyanins 
Delphinidin-3-

glucoside 
Grapes 

Anti-oxidant and 

anti-carcinogenic 

effects [15] 

Inhibition of 

breast cancer cell 

proliferation [16] 

Flavanones Hesperetin Citrus fruits 

Activity against 

apoptotic 

neurodegeneration 

[17] 

Development of 

therapeutic 

agents for 

Alzheimer’s 

disease [17] 

Isoflavones Glycitein Soybean 
Estrogenic effects 

[18] 

Several health 

effects and 

disease 

prevention [18] 

Phenolic 

Acids 

Hydroxybenzoic 

acids 
Gallic acid Pomegranate 

Anti-inflammatory 

activity [19] 

Development of 

novel and organic 

anti-inflammatory 

agents [19] 

Hydroxycinnamic 

acids 
Caffeic acid 

Wheat, rice, 

and oats 

Anti-bacterial activity 

[20] 

Development of 

alternatives to 

overcome 

antibiotic 

resistance [20] 

Stilbenes  Resveratrol Grapes 
Anti-oxidant effects 

[21] 

Skin anti-aging 

products  

Lignins  Lignin 

Plants 

(secondary cell 

walls) 

Development of 

nanoparticles for 

drug delivery [22] 

Cancer therapy 
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1.1. Flavonoids 

Flavonoids are formed from phenylalanine derived from the shikimate pathway and 

malonyl-CoA obtained from citrate that is produced by the tricarboxylic acid cycle [23]. 

Ring B and chromane ring are the ones derived from the amino acid phenylalanine while 

ring A is originated from 3 units of malonyl-CoA that are added through various 

decarboxylation condensation reactions that initiate molecule’s synthesis [24, 25]. 

Flavonoids share a common structure, the flavan nucleus, which consists of 15 carbon 

atoms arranged in three rings, A, B and C (Figure 1). The rings A and B are aromatic 

and are bound together by a heterocyclic pyranic ring, ring C. The different levels of 

oxidation and substitution pattern of ring C allows the categorization of flavonoids into 

various classes such as flavones, flavanones, isoflavones, flavonols, flavanonols, flavan-

3-ols and anthocyanins. The individual compounds within a class differ in the substitution 

pattern of rings A and B.  

 

Figure 1: Structure of the flavanic core. 

 

1.2. Anthocyanins 

One of the most well-known classes of polyphenols are anthocyanins, which 

contribute to the, red, purple and blue colours found in plants, especially flowers, fruits, 

and tubers [26]. These molecules are of particular interest to food industry due to their 

ability to impart vibrant colours and they have been incorporated into food products, 

owed to specialized fractionation technologies that have been developed to isolate 

functional and bioactive components from agricultural supplies. This is especially 

important since functional foods and nutraceuticals are rapidly being integrated into the 

industrial mainstream and increasingly being accepted by the consumers due to a steady 

demand for healthier products [27]. The use of anthocyanins as colorants is not only 

valuable for improving overall food or cosmetics appearance but is also greatly beneficial 

to human’s health due to their improved biologic properties. Anthocyanins are 

responsible for the red, violet and blue colours displayed by several vegetables, fruits, 

and fruit-derived products, such as young red wines and can occur in different forms with 

diverse colours depending on the pH of the medium [28]. The aglycone forms (non-
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glycosylated), which are denominated by anthocyanidins, differ on the 

hydroxylation/methoxylation pattern of rings A and B and these differences confer a 

variability of colours hues to these molecules (Figure 2). Usually, hydroxylation induces 

a bathochromic shift on the maximum absorption wavelength, while methoxylation 

reverse this tendency. For instance, ring B having more hydroxyl groups confers a bluish 

colour to pigments [29]. The glycosylation, which occurs generally with a glucose at 

position 3, and esterification with various organic acids and phenolic acids prevent these 

molecules from degradation making them more stable [30]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Basic structure of 3-O-glucoside-anthocyanins and respective acylated forms. 

 

Anthocyanins can also be distinguished by the nature, number and position of 

sugars bonded to the molecule, as well as by the presence and nature of the esterified 

acid on the sugar. Sugars (in the form of mono, di or trisaccharide) are usually bounded 

to the hydroxyl group present at C3 position (Figure 2), but they can also be linked to 

hydroxyl groups present at C5 and C7. The stability provided by glycosylation is due to 

 R1 R2 

Delphinidin OH OH 

Cyanidin OH H 

Petunidin OCH3 OH 

Peonidin OCH3 H 

Malvidin OCH3 OCH3 

R3 (Acylated forms) 

H Anthocyanin-3-glucoside 

 
Anthocyanin-3-acetylglucoside 

 

Anthocyanin-3-coumaroylglucoside 

 

Anthocyanin-3-caffeoylglucoside 
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the formation of an intramolecular H-bonding network within the anthocyanin molecule. 

Sugars can be acylated with acids, such as p-cumaric acid, caffeic acid, ferulic acid 

among others. The glycosylation and acylation of the anthocyanidins is truly relevant 

since it modifies the molecular size and polarity of molecules [31]. 

The colour displayed by these pigments is structurally dependent on the conditions 

(especially pH) and composition of the media where they are dissolved. At pH lower than 

2, the red flavylium cation (AH+) is the predominant species, but as pH increases up to 

pH 3–4, the flavylium cation is involved in two parallel reactions: deprotonation to form 

the blue-purple quinoidal bases and hydration in position C-2 or C-4 followed by proton 

loss to give the colourless hemiketal, which is in fast equilibrium with the yellow cis-

chalcone. Finally, the cis-trans isomerization leads to a small mole fraction of trans-

chalcone (Figure 3) [32]. Thus, despite the thermodynamic tendency of anthocyanins to 

form colourless hemiketals, in their natural media these pigments can express intense 

and stable colours. This evidences the existence of naturally occurring stabilization 

mechanisms, improving chemical and colorimetric stability of anthocyanins, a 

fundamental aspect to be considered in the technological application of these pigments 

[33].  

 

 

 

Figure 3: Equilibrium forms of anthocyanins in aqueous solutions at different pH values (R1 and R2=H, OH or 

OMe) (Adapted from [34]). 

The coloured forms of anthocyanins can be stabilized through self-association or by 

their interactions with other compounds that influence their chemical equilibria and 

modify their colour [35]. Moreover, anthocyanins are also very reactive and are readily 

involved in chemical reactions with other matrices components. For example, red wine 
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is a very complex matrices due to the ability of anthocyanins to react with other molecules 

present in red wines such as aldehydes, hydroxycinnamic acids and flavan-3-ols, 

yielding to new and more stabilized anthocyanin derivatives [36]. 

 

During red wine aging, it is perceptible a colour change from red/violet to a more 

brick blue due to the occurrence of reactions between pigments and other components. 

This anthocyanins reactivity depends on many factors, for instance, concentration, 

temperature, presence of oxygen and pH [36]. 

 

During wine fermentation, yeasts produce small molecules, such as pyruvic acid, 

acetaldehyde, acetoacetic acid, diacetyl, among other compounds that can react with 

anthocyanins yielding to the formation of pyranoanthocyanins. Such molecules have a 

fourth ring in their structure that is thought to be responsible for the higher stability 

towards pH changes of these compounds in comparison with anthocyanins [37, 38]. 

These pigments feature a hypsochromic shift in the λmax in the UV/vis spectra compared 

to anthocyanins that is thought to be at the origin of their orange colour [39]. Over the 

years, many structurally different pyranoanthocyanins have been identified in red wines 

[40].  

 

 

Figure 4: Colour changes observed in red wine during maturation due to pyranoanthocyanins formation. 

 

Among the most important groups of pyranoanthocyanins are anthocyanins-pyruvic 

acid adducts (also known as carboxypyranoanthocyanins), derived from the cyclic 

addition of pyruvic acid onto carbon 4 and a hydroxyl group at the carbon 5 of the 

anthocyanin [41]. Another important group are methylpyranoanthocyanins that are the 

result from the reaction between anthocyanins acetoacetic acid or acetone as showed in 

Figure 5 [42].  

Wine aging 



FCUP 
Lipid nanoparticles as carriers of anthocyanins derivatives for topical applications 

7 

 

 

 

Figure 5: General scheme of pyranoanthocyanins formation (adapted from [36]). 

 

More recently, anthocyanin-derivatives presenting bluish colours at acidic pH were 

found to occur in aged port wines (Figure 6). This comprises portisins that result from 

the reaction between carboxypyranoanthocyanins and flavanols in the presence of 

acetaldehyde [43] and pyranoanthocyanins dimers that were described to occur in wines 

from the reaction of carboxypyranoanthocaynins with methylpyranoanthocyanins [44]. 

These compounds belong to a second generation of anthocyanin-derived pigments as 

their percursors are no longer anthocyanins but anthocyanin-derived compounds such 

as, carboxypyranoanthocyanins. 

 

Moreover, being wine a complex matrix, the understanding of the different chemical 

pathways that can occur during wine ageing from the reactivity of anthocyanins, shows 

that wine chemistry can be an inspiration for the synthesis of novel molecules with 

dissimilar chromatic features. In fact, various bluish pigments have been hemi-

synthesized recently, including the semi-natural blue amino-based pyranoanthocyanins 

[45]. 
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Figure 6: General scheme of anthocyanins chemical transformation: vitisins, pyranoanthocyanin dimers and 

portisins. 

 

Due to the higher stability and appellative colours of anthocyanin-derivatives, these 

pigments are promising molecules to be use in cosmetic and food industries as novel 

colourants. Furthermore, due to their beneficial properties, these pigments could also 

have an interesting application in pharmaceutical industries.   

 

1.3. Anthocyanins and health  

Anthocyanins are present in several fruits namely grapes, strawberries, blackberries 

and blueberries. Anthocyanins can also be found in different agro-food wastes and by-

products, such as grape pomace, a by-product produced during winemaking process 
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since these compounds are not fully extracted from grapes into wine [46]. These 

pigments have been consumed since ever and the Joint FAO/WHO Expert Committee 

on Food Additives claimed that anthocyanin-containing extracts had a very low toxicity 

and no adverse impacts on health after their oral consumption [47]. A great number of in 

vitro studies have demonstrated the potential beneficial health effects of anthocyanins 

over the years. This can be of great interest bearing in mind that there are several 

elements of our diet, namely fruits, that present a high content of anthocyanins, which is 

generally proportional to colour intensity, reaching values from 2-4 g/kg [3]. These values 

vary according to genetic and cultivation factors [48]. Non-methylated anthocyanins, Dp, 

Pg and especially Cy are the most common anthocyanins found in nature and foods. In 

wines, anthocyanins’ content vary from 200 to 350 mg/L [3].  

 

Table 2: Anthocyanins content of different food sources (Adapted from [49]). 

Origin Anthocyanin content (mg litre-1 or mg kg-1) 

Blackberry 1150 

Blueberry 825-4200 

Cranberry 600-2000 

Elderberry 2000-10000 

Red Wine 240-350 

Port Wine 140-1100 

 

Although these quantities may seem significative, the main problem of in vivo 

observable beneficial effects is related to anthocyanins poor absorption which is 

consequence of their low bioavailability [50].  

 

1.3.1. Biological roles of anthocyanins and its derivatives 

The most significative biological role of anthocyanins has to do with their antioxidant 

activity. This characteristic is related with the high conjugation system and hydroxylation 

patterns, typical of these molecules, that allows them to scavenge reactive oxygen 

species (ROS) [51]. A study that used three different methods, showed that 

anthocyanidins, anthocyanidin-3-glucosides and the respective portisins derived from 

malvidin, cyanidin and delphinidin exhibited antioxidant properties [52]. It can be 

concluded that anthocyanins have the capacity to supress the generation of free radicals 

and more commonly act as scavengers of the lipid peroxidation chain reactions. 

Furthermore, some experiments have already been performed in order to understand 

the role of anthocyanins and/or their metabolites in the antioxidant activity observed in 
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vivo: an experiment with elderly woman associated an improved antioxidant capacity of 

the serum with the consumption of strawberries and red wine [53]. Anthocyanins can 

also act as metal chelators being that the chelation of transition metals such as Fe2+ can 

help to reduce the rate of Fenton reaction which avoids oxidation caused by highly 

reactive hydroxyl radicals [54]. There are several in vitro studies that have showed the 

capacity of anthocyanins to exhibit anti-toxic and anti-carcinogenic effects. These kinds 

of studies have used many cell culture systems, for instance, colon [55, 56], endothelial 

[57], breast [58, 59] and keratinocytes [60].   

In addition, different studies have showed that anthocyanins presented anti-cell 

proliferation activities since these molecules have the ability to block various stages of 

the cell cycle. Anthocyanidins seem to be more potent inhibitors than anthocyanins and 

these effects are possible due to the alterations that pigments cause on cell cycle 

regulator proteins such as p53 [61]. Moreover, some studies showed that anthocyanin-

rich extracts from berries and grapes and pure anthocyanins and anthocyanidins show 

pro-apoptotic effects in multiple cells in vitro. Apoptosis is important in cell development 

and growth control being often dysregulated in cancer cells [60, 62, 63].Anti-

inflammatory effects have also been studied and anthocyanins showed that they are 

capable of inhibit the mRNA and/or protein expression levels of COX-2 and NF-kB which 

are inflammatory proteins whose abnormal up-regulation is common in many cancers 

[64].  

Moreover, anthocyanins and their derivatives have demonstrated the possibility of 

inhibiting cancer development. In a APC(Min) mouse model of intestinal cancer, animals 

that were fed with an anthocyanins rich extract had 74% fewer cecal tumor than 

untreated mice [65]. More recently, other study also demonstrated the capacity of 

pyrano-anthocyanins in inhibiting the proliferation of breast cancer cells (MCF-7 cell line) 

[66]. 

 

1.3.2. Anthocyanins and skin’s health 

Skin is the primary defence of body due to its role as barrier, the ability of controlling 

body temperature and having repairing functions. This protective function is related with 

skin’s physical properties, such as the low pH and the existence of metabolic enzymes.  

Skin is composed by three layers: epidermis, dermis, and subcutaneous tissue or 

hypodermis. Epidermis is divided in 4 other layers which are the stratum corneum, 

stratum granulosum, stratum spinosum and stratum basale. The columnar in shape cells 

that are present in both dermis and epidermis are named keratinocytes but in the 
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epidermis there are other cells that can also be found, namely melanocytes, Langerhans 

cells and Merkel cells [67]. Melanocytes are responsible for the production of melanin 

pigments via the tyrosinase enzyme. Melanin play a crucial role in the protection of skin 

from UV-induced damage [68]. When keratinocytes migrate from the basal layer of the 

epidermis to the surface, they suffer apoptosis originating corneocytes. The horny layer 

is composed by about 15 layers of corneocytes, that are dead cells containing high levels 

of keratin filaments and water. During the apoptosis process, many phenomena such as 

ceramide synthesis take place so consequently, corneocytes are embedded into 

extremely hydrophobic epidermal lipids. Thus, it is easy to conclude that the stratum 

corneum is the limiting factor of drugs cutaneous passage [69]. However, the molecular 

weight, the solubility, and the ability to form hydrogen bonds of the drug are also relevant 

aspects to think about [70].  

The dermis is the deeper and thicker layer due to its composition rich in collagen 

and elastin, two fibrous proteins, and it is therefore responsible for the skin’s strength 

and flexibility [71].  It has blood and lymphatic vessels in its constitution as well as hair 

follicles and sweat ducts and the most important cells found in dermis are fibroblasts, 

macrophages, lymphocytes and melanocytes [71, 72]. The hair follicles and sebaceous 

glands are responsible for the production of fatty acids and lysozyme being another 

important way of defence of the skin [73]. 

The hypodermis is composed of fat cells interconnected by collagen and elastin 

fibres and participates in the production and storage of fat which is important for 

protecting the body against mechanical stress and to act as a heat insulator [74].  

There are several problems and conditions associated to skin. Skin cancer is one of 

the most relevant and widely spread diseases in Caucasian populations and some 

factors such as the type or sensibility of skin, the excessive exposure to UV radiation 

and immunosuppression can be at the source of the problem [75]. Therefore, considering 

the origin of the disease, skin cancer is generally classified as non-melanoma skin 

cancer (NMSC), which is linked to long term exposure to UV-B radiation, and melanoma, 

a tumour that has its origin at the melanocytes [76].  
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Figure 7: General scheme of skin structure. 

 

Actinic keratosis (AK) is also a condition resulting from harm caused by the sun, 

namely the DNA damage and mutations induced by the radiation [77]. It manifests itself 

through the appearance of crusty growths in the skin and may progress to cancer, thus 

being a key marker of risk for squamous cell carcinoma, a type of NMSC. Thus, an 

important way of preventing skin cancer development is through the early treatment of 

actinic keratosis and there are already various procedures investing in this idea.  

Similarly to what was mentioned above, skin aging can also be seen as a skin 

condition: it is inevitable, but in some cases, it can be premature and result in more 

complicated situations. In these cases, skin aging transcends its importance in terms of 

looks and appearances and in the cosmetic fields and require more specific treatments 

since it can represent an issue to a person’s health. There are intrinsic and extrinsic 

factors affecting cutaneous aging: as stated before, skin aging is an unavoidable 

physiological process that induces skin dryness and wrinkles but extrinsic elements such 

as air pollution, smoking and long sun exposure can also be at the origin of wrinkles, the 

emergence of a rough-textured skin and a loss of elasticity [78]. It is known that a 

persistent inconsistency between ROS production and antioxidant defence results in 

oxidative stress, which is involved in many chronic diseases and fastens the aging 

process. Therefore, natural exogeneous antioxidants can be of great importance 
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improving antioxidant defence and preventing skin aging and the topical administration 

of these molecules along with their oral consumption through fruits and vegetables has 

already been proposed [79]. Polyphenols are one of the most exploited natural 

antioxidants since these molecules have several more benefits to offer beyond this 

characteristic. Fruits like strawberry are an important source of flavonoids namely 

anthocyanins. A study by Giampieri F. et al. presented evidence that an anthocyanin-

rich strawberry extract could protect human dermal fibroblasts against oxidative stress, 

also providing protection of cell membrane, when these were exposed to an oxidative 

agent [80]. The authors proposed that the lower degree of lipid peroxidation observed is 

because anthocyanins are localized at polar surfaces of phospholipid bilayers which is 

an appropriate region for ROS scavenging [81]. Since anthocyanins are recognized for 

their low bioavailability, the pigments concentration responsible for the results of this 

study can be achieved through topical application especially if it is taken into account 

that the surface acidity of human skin may result on an higher stability of anthocyanins 

which might promote its cellular uptake [80].  

Sobiepanek A. et al. exposed human keratinocytes to UVB radiation and concluded 

that both pre and post treatment of cells with delphinidin eliminated the harmful effects 

of UVB radiation (100 mJ/cm2) on the elastic modulus of HaCat cells [82]. Similar results 

were found by Afaq F. et al., since it suggests that pre-treatment of cells with delphinidin 

inhibit UVB-mediated apoptosis and that this anthocyanin could inhibit lipid peroxidation 

[60]. Such data might indicate that anthocyanin-rich extracts can work as UV-B protector 

or even play a role in an after-sun approach. Furthermore, other relevant experiment 

showed that topical application of anthocyanin- and tannin-rich pomegranate extracts to 

skin generated a significant decrease in 12-O-tetradecanoylphorbol-13-acetate (TPA)-

induced skin tumor incidence and tumor multiplicity [83]. As previously mentioned, skin 

cancer is a current increasing concern and finding ways to prevent the disease or 

develop new less invasive treatments are important topics to be explored.  

 

It is important to note that the beneficial properties of phenolic compounds exhibited 

in in vitro experiments are not verified in the same extent in vivo, since there are some 

drawbacks associated to these metabolites, for instance their bioavailability and their 

instability at some external factors such as light, temperature, and oxygen. Thus, it is 

expectable that the incorporation of phenolic compounds in food or cosmetic matrices 

can be a challenge due to the processing techniques and storage that are likely to 

compromise the molecules integrity. Moreover, phenolic compounds application in food 
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might have secondary effects in flavour and colour, due to interactions between these 

compounds and food matrices, and also in the final nutritional value since phenolic 

compounds can interact with proteins making them inaccessible for absorption [84, 85].  

The low values of bioactivity observed for these compounds in body can be 

attributed either to a lower intrinsic activity, a poorly absorption at the intestine level or a 

high metabolization process [3]. On the other hand, some evidence points that effects 

observed in vivo for some phenolic compounds are not derived from the ingested 

molecules but from their metabolites [86]. It is undoubtedly that the effectiveness of 

phenolic compounds depends on preserving their stability, bioactivity and possibly 

enhance their bioavailability, what can be achieved with encapsulation approaches. 

The use of encapsulated phenolic compounds rather than the free compounds has 

been explored over time to overcome the mentioned issues and to ensure an adequate 

delivery of the molecule into the bloodstream. Encapsulation consists in loading a 

compound into a capsule which can be seen as a sphere [87]. A major advantage of this 

process is that usually the external phase or coating can be changed according to the 

main goal, thereby influencing parameters like the release of the encapsulated 

compound, the size, or the affinity of the capsules for the final material. Over the years, 

there has been a growing interest in nano range materials. Nanoparticles are comprised 

in the size range of few (2-3) nm to 100 nm and there are several advantages in using 

these particles, being one of them the possibility of creating drug/active compounds 

carriers. To achieve this, synthetic and natural polymeric nanoparticles have been 

explored, as well as other kinds of nanocarriers such as fullerenes and carbon 

nanotubes. However, there are some relevant problems related to the mentioned 

particles, such as their cytoxicity and/or the difficulty of scaling up of the production 

process [88]. In 1991, Muller developed a revolutionary way to overcome various 

limitations associated with other encapsulation methods by introducing solid lipid 

nanoparticles (SLN) [89].  
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2. Solid lipid nanoparticles and nanostructured lipid carriers 

Solid lipid nanoparticles have the individuality of being constituted by lipids that 

remain solid at both body and room temperature what can be of great use when the main 

goal is to achieve a controlled drug release, as it will be explored afterwards. 

Furthermore, the particle size of these nanoparticles usually varies in the nano range 

which provides a larger offer of nanoparticles possibilities according to special needs 

[90]. SLN present several advantages over other colloidal carriers including increased 

drug stability, incorporation of both hydrophilic and lipophilic drugs, no toxicity, no 

problems with respect to large scale production and the possibility of lyophilization [88]. 

More recently, a second generation of lipid nanoparticles emerged: the nanostructured 

lipid carriers (NLC).  

The composition of these nanoparticles along with their characteristics, make SLN 

and NLC ideal for the carrying/delivery of sensitive bioactive compounds, protecting them 

against chemical degradation and also facilitating their application in varied 

administration routes. The successful loading of phenolic compounds, such as, 

resveratrol and quercetin into SLN or NLC have been reported in numerous experiments 

and the results appear to be promising [91, 92].  

   

2.1. Why lipid nanoparticles? 

The encapsulation process is something that needs to be carefully studied. When it 

is aimed to encapsulate a compound, it is important to consider the structure of the 

molecule, which is linked to its size and solubility, the characteristics of the carrier, such 

as the materials that they are made of, and finally the application, that is, the 

administration route in case of clinical applications and the material of the matrix in case 

of other industrial applications.   

As previously mentioned, other methods and materials have been explored in order 

to encapsulate bioactive compounds namely other lipidic nanocarriers. Liposomes are 

vesicles composed of natural phospholipids bilayers which allows the incorporation of 

lipophilic drugs in the lipid layers and hydrophilic drugs in the aqueous core [93, 94]. Due 

to the fact that some of the phospholipids used in liposomes preparation are the same 

ones that compose biological membranes, these carriers are commonly used as drug 

delivery systems for dermal applications. However, there are some drawbacks 

associated with liposome and this includes their instability, high production costs and 
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drug degradation during storage, that can compromise the choose of these lipidic 

capsules as bioactive compounds carriers [95].  

Nanoemulsions consist in a system of two non-miscible liquids that form droplets at 

the nanometric size and they have been used with the similar goals of liposomes [96]. 

Usually, these systems can be oil-in-water, water-in-oil, bi-continuous, liquid-in-liquid or 

liquid-in-solid nanoemulsions and the lipid phase is often made of fatty vegetable oils 

[97, 98]. The small size of particles is causally related with a greater absorption and a 

faster release of the encapsulated substances, but the instability of nanoemulsions, that 

results in coalescence or flocculation phenomena, is still a considerable limitation [95]. 

Furthermore, although a fast release might be desirable sometimes, the fact that it 

cannot be controlled in nanoemulsions also limits its application [99]. In this situation, 

since the compounds mobility should be lower in a solid state, the use of solid lipids can 

be the solution to accomplish a controlled molecule release [88].  

SLN are made of lipids that are solid of both room and body temperatures, in a ratio 

of 0.1% (w/w) to 30% (w/w), dispersed in a aqueous medium and usually stabilized by a 

surfactant, that covers the solid core, whose concentration should vary between 0.5% 

(w/w) and 5% (w/w) [90, 100]. The lipids used in the preparation of SLN are usually 

physiological lipids, that include glycerides, sterols, partial glycids, fatty acids and waxes. 

All types of surfactants (neutral, ionic and non-ionic) can be used to enhance the stability 

of the nanoparticles and the combination of more than one emulsifier can help prevent 

particle agglomeration [88]. SLN and NLC have been applied in a wide variety of areas. 

Recent research on SLN/NLC preparation, include some important studies on the 

antiproliferative effect of cationic SLNs loaded with epigallocatechingallate (EGCG) 

against different cell lines (2019) [101], SLNs for the treatment of herpes simplex virus 

(HSV) infection (2019) [102], NLCs for antioxidant delivery (2019) [103], SLN for food 

applications (2019) [104] and the enhancement of the oral bioavailability of curcumin 

through the use of SLNs (2020) [105]. Table 3 presents examples of commercial lipids 

and surfactants used in SLN/NLC preparation, as well as some different applications.    
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Table 3: Examples of applications of SLN and NLC as well as some lipids and surfactants used in its preparation. 

 

Some advantages over other lipidic carriers that characterize SLN are: i) the 

possibility of controlled drug release and drug targeting, ii) their stability under 

sterilization conditions, iii) their biodegradability, iv) the protection of labile compounds 

against chemical degradation, v) the incorporation of both hydrophilic and lipophilic drugs 

and vi) the possibility of the scale up process [88, 117]. However, SLN have some 

associated limitations, such as the relatively high-water content (between 70% and 

99.9%), which can be a problem during incorporation into a final product, and a low 

Lipid 

nanoparticle 

Incorporated 

molecule 
Lipids Surfactants Application 

SLN Vitamin E Precirol® ATO 5 Tween® 80 
Skin applications 

[106] 

SLN Quercetin 
Glyceryl monostearate 

(GMS) 

Tween® 80 and 

PEG 400 

Food applications 

[107] 

SLN Baicalen 
Tripalmitin, Gelucire 48/9 

and Gelucire 62/5 
Poloxamer 188 

Treatment of 

ischemic stroke [108] 

SLN 
Apomorphine 

hydrochloride 

Tripalmitin, Hydrogenated 

soybean 

phosphatidylcholine 

(HSPC), Glyceryl 

monostearate (GMS) and 

polyethylene glycol 

monostearate (PMS) 

Pluronic® F68 

L-ascorbic acid 

Treatment of 

Parkinson’s disease 

[109] 

SLN Tetandrine Compritol® 888 ATO Myrj® 52 
Treatment of ocular 

diseases [110] 

SLN Ofloxacin Palmitic acid 
Poly(vinyl) alcohol 

(PVA) 

Improvement of 

pharmacological 

activity [111] 

NLC Curcumin 
Precirol® ATO 5 and 

Miglyol® 812 

Lutrol® F68 and 

Tween® 80 

Intraperitoneal 

administration [112] 

NLC 
Calcipotriol 

Methotrexate 

Precirol® ATO 5, 

squalene mixture, 

Myverol™ 18-04K 

Pluronic® F68 
Treatment of 

psoriasis [113] 

NLC Paclitaxel 

Glyceryl monostearate 

(GMS), soya lecithin, 

soybean oil 

Hexadecyl 

trimethyl 

ammonium 

bromide (CTAB) 

Cancer targeting 

[114] 

NLC 

mTHPC 

(commercial 

formulation Foscan) 

Soybean oil and 

Suppocire® NB 

Lipoid S75, Myrj® 

S40 

Photodynamic 

therapy [115] 

NLC 
Mediterranean 

essential oils 

Labrafil, Softisan® 100 

 

Kolliphor® RH40 

Tween® 80 

Treatment of 

Candida skin 

infections [116] 



FCUP 
Lipid nanoparticles as carriers of anthocyanins derivatives for topical applications 

18 

 
loading efficiency due to the tendency that lipid crystals have to recrystalize over time 

[118, 119].  

During SLN preparation, lipids crystallize in higher energy modifications, α or β’, but 

during storage, lipid particles can transform to the more organized, low energy, β 

modification. This higher degree of organization will present less available space for drug 

loading, since compounds are often located in the imperfections of the lipid matrix, or, in 

other cases, between the fatty acids’ chains and between lipid layers. 

More recently, a second generation of lipid nanoparticles that include NLC were 

developed to overcome such drawbacks of SLN. NLCs are prepared using a blend of 

solid lipids and liquid lipids in a ratio of 70:30 to 99.9:0.1. The use of liquid lipids creates 

a depression on the melting point of the system and will be responsible for some 

enhanced properties such as minimization of  drug expulsion during storage and 

increased loading capacity [100]. Since NLC have liquid lipids on its constitution, the 

organization degree of the lipid matrix is lower, which creates more imperfections where 

the molecules can place themselves, as it is schematized in Figure 8 [100]. On the other 

hand, it is important to emphasize that the localization of the drug in the SLN/NLC also 

depends on lipophilicity and on the structure of the target molecule [120]. 

 

 

Figure 8: Difference between SLN and NLC loading efficiencies (adapted from [120]). 
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SLNs have been distinguished among themselves as well as NLCs. For instance, in 

SLN type I, the homogeneous matrix model, the drug is dispersed in the lipid core while 

in SLN type II, the drug enriched model, a drug-free lipid core is formed and an exterior 

solid shell with both lipid and drug is formed. Both types of SLN can be prepared with 

the High-Pressure Homogenization (HPH) method that will be further explored. On the 

other hand, in SLN type III, the drug enriched core model, is obtained when the drug 

concentration is close to its saturation solubility in the lipid, which will yield to its 

precipitation in the core and to the formation of a lipid coverage. 

It is noteworthy that small changes in some relevant variables influence SLN and 

NLC structure and therefore its applicability. For instance, SLN type I can show controlled 

release properties, whereas SLN type III is adequate to achieve a prolonged drug 

release, and SLN type II are not suitable for this purpose [121, 122].  

In NLC type I, the imperfect crystal model, is obtained with the mixture of sufficient 

amounts of liquid lipids and solid lipids, creating a matrix with a great number of voids 

and imperfections where the drug can place itself. In NLC type II, the amorphous model, 

is obtained when using special lipids that do not recrystallize after homogenization and 

cooling, creating an amorphous lipid matrix that minimizes drug expulsion. In NLC type 

III, the multiple model, is composed of small oil nanoparticles that are inside the solid 

lipid matrix, due to a phase separation, and it is obtained when mixing solid lipids with 

higher amounts of oils, in a ratio where the solubility of the oil in the solid lipid is 

exceeded. These multiple models of NLC, are adequate to obtain a controlled drug 

release and enhance the loading capacity of drugs that are usually more soluble in liquid 

lipids [100, 121, 123, 124]. In Figure 9, a schematic representation of the different types 

of SLN and NLC is showed.  
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Figure 9: Different types of SLN and NLC. 

 

2.2. SLN/NLC and polyphenols 

The incorporation of phenolic compounds in nanocarriers provides an increased 

surface area and, therefore, an easier pass of the system through cell membranes [87]. 

The applied methods of encapsulation of phenolics include spray drying, coacervation, 

liposomes, inclusion, co-crystallization, yeast encapsulation, emulsion, and 

nanoparticles [125-127]. Among all procedures, lipid nanoparticles have gained growing 

attention and have been playing a major role in phenolic compounds encapsulation since 

a great number of these compounds are hydrophobic and lipids are commonly found in 

nature, have low toxicity and the resulting nanocarriers have similar constitution with 

biologic membranes. SLNs and NLCs have demonstrated to be suitable candidates for 

the encapsulation of phenolics due to the properties already referred. The solid lipid 

matrix has shown to protect the chemical labile compounds from degradation, in which 

phenolic compounds are included [87, 128].  

An important issue to consider while encapsulating phenolic compounds in lipid 

carriers is the solubility of the molecule in lipidic matrices. Quercetin has showed good 

solubility in oil phases but formulation studies demonstrated that this phenolic compound 

distribute itself at the oil/tensioactive interface thus exhibiting an amphiphilic behaviour 

[95, 129]. Phenolic compounds can also be responsible for modifications in size, shape, 

and surface of the nanoparticles that can therefore influence their stability. For instance, 
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hydrophilic phenolic compounds have many hydroxyl groups that may interact with the 

polar head of some lipid molecules and create complexes that can result in aggregation 

and/or increases in particle sizes [87, 130].  

 

• Important factors in the encapsulation of hydrophilic phenolic compounds  

Although the structural characteristics of lipid nanoparticles allows them to be 

appropriate drug carriers for lipophilic compounds, it is common to have some additional 

problems when it comes to the encapsulation of hydrophilic compounds. There are some 

essential physicochemical concepts to attend while encapsulating hydrophilic 

compounds such as, the solubility of the molecule, the partitioning and the mass 

transport phenomena [131]. In the particular case of hydrophilic molecules, the 

equilibrium of water-solubility of the compound determines the maximum amount that 

can be dissolved in aqueous solution; usually, the ionized form of the molecule has a 

higher water solubility than the neutral form [131]. Regarding the mass transport 

phenomena, it is also crucial to consider that the movement of molecules from one region 

to another of the colloidal system will impact its loading and its release [132].   

 

 

2.3. Preparation methods  

Several methods have been described for the preparation of SLN. Generally, all 

methods are efficient and are chosen according to the compound to be encapsulated 

and final application or administration route. Some physical–chemical parameters of 

phenolic compound‐encapsulated SLNs/NLCs obtained by these methods are 

summarized in Figure 10. 

• High Pressure Homogenization  

High Pressure Homogenization (HPH) is one of the most reliable methods used in 

SLN/NLC preparation. HPH includes hot homogenization and cold homogenization. In 

the hot homogenization method, the lipid is melted and then the drug is dissolved in the 

lipid. This solution is dispersed in the heated surfactant solution by high-speed stirring 

and then, this pre-emulsion is submitted to a high-pressure homogenization. After 

cooling down at room temperature, the lipid recrystalizes leading to nanoparticles 

formation. This method uses temperatures above the melting point of the lipid, which in 

part usually yields to a reduction of particle size due to decreased viscosity but on the 
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other hand, high temperature may also cause drug degradation. However, this is still a 

simple, cheap and easily scalable method [123, 133-136].  

The cold homogenization was developed to overcome hot homogenization method 

limitations. In this method, problems related to drugs degradation by heat are not 

reported what gives the opportunity to encapsulate sensitive bioactive compounds. 

However, it is always necessary to effectively control the temperature since it increases 

during the homogenization processes [137]. The first preparatory step is similar to the 

hot homogenization method including the dispersion of the drug in the melt of the bulk 

lipid. This mixture is rapidly cooled down and then it is milled to form lipid microparticles. 

The last step finally includes the dispersion of the mixture in an emulsifier solution and 

high-pressure homogenization at room temperature or below [88, 138]. Figure 4 

schematizes the two described HPH methods.  

• Solvent emulsification/evaporation 

This method consists in the precipitation in o/w emulsions to obtain nanoparticles 

dispersions, that is, the lipid is firstly dissolved in a water-miscible organic solvent that is 

emulsified in an aqueous phase. After evaporation of the organic solvent, a nanoparticle 

dispersion is formed due to precipitation of the lipid in the aqueous phase. The main 

advantages of this technique rely on the fact that small particles sizes can be obtained 

due to good solubilization of the lipid in the organic solvent and the absence of any 

thermal stress or heat. A major disadvantage is the use of organic solvents [88, 139].  

• Micro-emulsification  

In this technique, the lipid, surfactant, and co-surfactant (normally used) and water 

phase are separately heated and mixed. This mixture is titrated with the surfactant and 

at the end, the hot microemulsion is dispersed in cold water under stirring until an optical 

transparent micro-emulsion is obtained [87, 140]. Although a low energy input is 

associated with this method, the resulted preparation is usually very sensitive to change 

[123]. 

• Phase Inversion Temperature Technique (PIT) 

In PIT, the lipid, surfactant and water are heated at a temperature near the phase 

inversion temperature and then cooled with continuous stirring. There are basically three 

temperature cycles and in the last one, cold deionized water is added to the mixture 

leading to the formation of lipid nanoparticles [87, 141]. This method requires less energy 

and no organic solvents but the emulsions can be more unstable [123] 
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• Solvent diffusion and solvent injection method  

In the solvent diffusion method, the drug or bioactive compound is dissolved in a 

partially water-miscible solvent and then this solution and the lipid phase are added to 

the surfactant aqueous phase under constant stirring; nanoparticles are formed after the 

cooling process. In the solvent injection method, the solvent is used to dissolve the lipid 

[87, 142]. The principal advantages include the small particle sizes obtained and the 

avoidance of heat during procedure but the resulting nanoparticle dispersions can be 

unstable and there is the possibility of having residual solvent in the final product (that 

might have toxicologic implications) [123, 143, 144].  

• Ultrasonication method  

In the ultrasonication method the lipid phase, containing the lipid and drug or 

bioactive compound, and the aqueous phase (surfactant) are separately heated at 60ºC 

(or approximately 5ºC above the lipid melting point). The aqueous phase is then added 

to the lipid phase and this mixture is homogenised extensively using a probe-sonicator 

[145]. This is a fast and simple procedure that requires a small number of reagents and 

equipment. The major drawback can be associated with poor lipid dissolution and 

consequently bigger particle sizes.   

• Double-emulsion method  

Since the lipid matrix of SLN/NLC is hydrophobic, some highly hydrophilic drugs are 

expected to be weakly encapsulated. The double-emulsion method, usually applied in 

the preparation of polymeric nanoparticles, seems to be a promising way of solving this 

inconvenience [146]. In this method, the hydrophilic compounds are first dissolved in 

water while lipids are dissolved in an organic solvent. The water phase is dispersed in 

the organic solvents and a primary emulsion is formed (w/o). Then, this emulsion is 

dispersed in an external water phase (surfactant) to form a double emulsion (w/o/w). The 

organic solvent is evaporated at the end. 
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Figure 10: SLN/NLC preparation methods. 

 

2.4. Analysis and characterization of SLN and NLC 

Analysis and characterization of the prepared lipid nanoparticles is important for 

quality control purposes. In fact, many final aspects of these nanocarriers will perform a 

crucial part in its efficiency. It is important to mention that sometimes the characterization 

of this kind of nanoparticles is not easy due to the presence of artefacts and the 

unfamiliarity of their origins. Although lipid nanoparticles have quite a few characteristics 
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of their own, both structure and morphology depend on many factors, for instance lipid 

phase, the solubility of the drug in the lipid phase, production method and temperature, 

organic solvents and surfactants used during the methodology, since, as an example, 

higher concentrations of the emulsifier reduce the surface tension and is responsible for 

smaller sizes of nanoparticles. The principal parameters that must be considered are 

particle size and zeta potential, lipid modification and the coexistence of additional 

colloidal structures [88].  

 

2.4.1. Particle size, polydispersity index and zeta potential  

Particle size, that should be inferior to 1000 nm, and polydispersity index are 

parameters that reflect the stability of the nanoparticles and as stated above, depend on 

various factors. Therefore, having information about the particle size is important to 

deduce if the preparation process went correctly or even more important to conclude if 

the nanoparticles can be used according to the setting goal.  Dynamic light scattering 

(DLS) measures the size distribution of small particles and molecules in liquid solution 

which is possible due to a measuring of the fluctuation of the intensity of the scattered 

light. This is a fast method that gives information about the particle size, being particularly 

accurate when the size distribution is homogeneous and not so efficient when there is a 

larger size distribution of particles. DLS also provides information about the 

polydispersity index (PdI) which gives an indication of the width of the overall distribution, 

assuming a single mean. This value basically represents a measure of the number of 

populations and is an assurance of the Z-average (intensity-based overall average size 

based on a specific fit to the raw correlation function data) value resulted from the DLS 

measurement and if PdI is above 0.5 then this size value cannot be trusted. 

Electrophoretic light scattering is based in DLS and gives the zeta potential. The zeta 

potential is the potential difference between the dispersion medium and the stationary 

layer of fluid that involve the particle, which means that it gives information about the 

superficial charge of the nanoparticles. The zeta potential is an important parameter to 

understand the interactions between the particles and also to predict the stability of the 

solution during storage since the higher the zeta potential, the higher the electrostatic 

repulsion between the nanoparticles which prevents particle aggregation [117].  

Bearing in mind that some problems can result from the presence of several 

populations in samples, additional techniques, for instance light microscopy, are 

important to verify the presence of microparticles and DSC, X-ray and NMR are crucial 

to obtain information about the modification on the lipid and drug.  
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Electron microscopy could also be essential to give additional data about the particle 

shape which is important in many applications such as dermatologic ones. Atomic force 

microscopy (AFM) has gained attention in this matter because it reunites some important 

characteristics such as the simplicity of sample preparation, the direct analysis of the 

sample, and the fastness of the process being that it is capable of imaging the 

morphological structure of solid lipid nanoparticles and the fastness of the process [88, 

147]. Moreover, it gives information with high resolution at the atomic level and can 

provide information about the nanoparticles’ surface morphology [148]. 

 

2.4.2. Main problems during preparation and storage 

Although there are many advantages associated to these lipid nanocarriers, there 

are a few limitations, especially related to preparation and storage, that must be 

considered when optimizing a process. This problems are usually related with drug 

expulsion during storage, increases in particle size, the gelation phenomenon, the 

occurrence of supercooled melts, the particle shape change since lipids tend to 

crystallize in the platelet form, or the already mentioned lipid modifications and the 

coexistence of other colloidal species [88, 149]. 

The applied method during nanoparticles preparation, can have a significative 

relation with the stability of nanoparticles during storage. Sometimes the High-Pressure 

Homogenization method can induce drug degradation due to high shear stress. This was 

observed in the encapsulation of DNA and albumin using this procedure [150]. There are 

also surface related phenomena and lipid-surfactant interactions that may dictate the 

possibility of lipid crystallization. Among various factors, the existence of lipid 

modifications and the gelation phenomenon are of special importance.  

Lipid modifications have higher mobility in thermodynamically unstable 

configurations; therefore, these configurations have a greater capability of drug 

incorporation. However, during storage, in favour of thermodynamically stable 

configurations, rearrangement of crystal lattice is likely to occur what might result in drug 

expulsion [88]. Nevertheless, an in vitro study on skin showed that the evaporation of 

water leads to lipid modifications in SLN dispersions that result in drug expulsion and 

increased penetration into the skin, which was a beneficial aspect in this situation [151].  

The gelation phenomenon is related with the transformation of the SLN dispersion 

into a viscous gel and it is mostly associated with intense contact with other surfaces and 

shear forces and is accelerated with increasing storage temperature and increasing light 
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exposure [152]. This process is irreversible and some authors have shown that 

crystallization phenomena, high lipid concentrations, high ionic strength and the 

performance of the surfactant film (that might change with temperature especially in 

PEG-surfactants) are factors that might be at the origin of gelation. The zeta potential is 

usually a good indicator of the probability of occurrence of the gelation phenomena since 

values close to -15 mV could be a sign of the future formation of a viscous gel [153, 154].  

 

2.4.3. Lipid modifications and particle morphology  

As previously mentioned, lipids undergo modifications during storage, which can be 

responsible for drug expulsion, although the presence of surfactants and good size, PdI 

and zeta potential values can help to slow down these modifications. Physical and 

chemical modifications of the lipid can be assessed through Differential scanning 

calorimetry (DSC) and X-ray scattering. DSC analyses are able to identify materials and 

explore their purity and polymorphism and uses the particularity of different lipid 

modifications possessing different melting points and melting enthalpies. Additionally, X-

ray techniques can provide further information about length of the spaces in the lipid 

matrix  [88, 117]. M. Üner et al., prepared Ascorbyl palmitate-SLN and NLC and through 

the use of DSC found out that recrystallization was higher in SLN than in NLC, what can 

be a consequence of the mix of solid lipids with liquid lipids [155].  

Nuclear Magnetic Resonance (NMR) can also be used to obtain information about 

the structure of SLN/NLC dispersions, namely the possible existence of supercooled 

melts. Jores, K. et al, performed NMR studies whose spectra showed that NLC differ 

from nanoemulsions and SLN dispersions due to a presence of a liquid compartment 

that is in strong interaction with the solid lipid [156].  

Particle morphology and size are commonly assessed trough scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). Rheology parameters 

can be analysed using a viscometer and are important since previous studies have 

shown that SLN dispersions have higher elastic properties when compared to emulsion 

that have similar lipid content [157]. Further studies on the nanoparticle surface 

hydrophobicity are usually useful and hydrophobic interaction chromatography are only 

one of the several techniques that can be used in this experiments [123]. 
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2.4.4. Loading capacity  

Due to the nature of these nanocarriers, one major drawback of SLN, that is not so 

much emphasized in NLC, is the low loading capacity that is usually 10% of the total 

amount of lipid [158]. As discussed before, the nature of the lipid, as well as the 

preparation method, are parameters that settle the kind of lipid matrix of the nanocarrier 

and, therefore, the capacity of drug loading of the SLN/NLC and the possibility of drug 

expulsion during storage. These problems are frequently more relevant when using 

homogeneous lipids, namely triglycerides (e.g. tripalmitin) because they form lattices 

almost free of defects or spaces which difficult drug incorporation [69]. However, other 

important topics must be considered such as the surfactant and the size, structure, and 

lipophilicity of the compound since it will determine where it places itself in the 

nanoparticle.  

It is crucial to kept in mind that drug incorporation can be responsible for major 

changes on the nanoparticle, such as particle size, zeta potential, among other factors, 

and this is why size measures are not enough to characterize the nanoparticles and DSC 

techniques must always be applied to understand the formation of the nanoparticle and 

to verify the veracity of the results, due to the possible presence of other colloidal species 

in the dispersion.   

The entrapment efficiency (EE) is a way of characterizing the yield of the production 

and is the ratio between the mass of the entrapped drug and the total mass of drug. This 

parameter is normally obtained through centrifugation methods and is determined after 

the following equation: 

EE (%)  = 

Wdrug in the formulation-Wdrug in the supernatant

Wdrug in the formulation

 ×100 

where W stands for weight [121]. 

 

2.4.5. Drug release  

Drug release is one of the key topics to be explored when studying lipid nanocarriers, 

and NMR techniques are particularly useful to study the molecular rearrangement of the 

drug and the lipid [88]. Drug release can be fast, sustained or controlled in several ways 

according to the final application. This parameter is intrinsically related with loading 

capacity since it will mainly depend on the localization of the compound in the 

nanoparticle. For instance, if the drug has affinity for the lipid and also localizes itself in 
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the core of the nanocarrier, then it is expectable a prolonged drug release whereas when 

the drug has a complex and wide structure and localizes itself at the surface of the 

nanoparticle it is expectable a fast drug release. Prolonged drug release can be useful 

when developing products such as cosmetics while a burst effect on the release of the 

compound is desirable when the main goal is to have an immediate effect, for example, 

in pain relief medicines.  

The extent of burst release is also influenced by other factors and methods. For 

example, nanocarriers are frequently modified, namely at the surface, to have a selective 

and targeting behaviour and consequently present different release profiles since in 

some cases the release of the drug is activated by the presence of a specific molecule 

or a specific value of pH [159]. More commonly, the burst release effect is controlled by 

regulating the drug solubility in the aqueous phase of the SLN/NLC preparation, which 

depends on the chosen temperature and surfactant concentration. When higher 

temperatures and concentrations are applied, the burst effect increases. The use of 

surfactants unable to solubilize the drug normally decreases the burst effect and is, 

therefore, more adequate when the goal is to achieve a prolonged release [89, 160].  

To assess drug release profiles in vitro, the methods generally used include dialysis 

and the static or dynamic Franz diffusion, that can be design in order to mimic the 

administration route, for example, adjusting pH and temperature [117]. In dialysis 

method, SLN/NLC dispersions are poured into a dialysis bag that is placed in a 

dissolution media (that can be a buffer at a controlled temperature) under stirring. A fixed 

quantity of sample is withdrawn at fixed time intervals and the concentration of drug in 

the samples is assessed using spectrophotometric or chromatographic methods [145].  

 

2.4.6. Regulatory status and toxicity 

Since the aim of lipid nanoparticles is the further incorporation in cosmetic or 

pharmaceutical products, there are some aspects that must be considered such as the 

regulatory status and toxicity of its components. The introduction of a product in the 

market requires the use of constituents with accepted status by the regulatory authorities 

(Generally Recognized As Safe (GRAS) and, in general, a wide range of lipids meet this 

criteria and can be used to prepare lipid nanoparticles [120]. A broad range of surfactants 

and polymeric stabilizers are also widely used with no associated problems. However, 

the acceptance of materials containing nanoparticles always demand special attention 

and toxicity studies are always necessary since in the nano- range, physicochemical 

properties such as adhesiveness or melting points are different. Thus, it is important that 
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studies involving the development or preparation of SLN/NLC always include cell viability 

assays which commonly are preformed using the MTT assay. An important factor to 

consider, as cell studies are performed in buffers or cell cultures, is that SLN/NLC are 

formulated in aqueous dispersion, and a higher concentration of electrolytes might cause 

precipitation [154, 161]. No relevant association between the kind of lipid and observed 

toxicity was found since it usually also depends on the cell line and in nanoparticles 

structural characteristics. On the other hand, it is proposed that single alkyl chain 

containing surfactants are more toxic than double chained surfactants [162]. No 

significant difference between NLC and SLN toxicity was verified and the numerous 

studies reported on the literature in this topic shows that SLN/NLC are well tolerated 

nanocarriers [161].  

 

2.5. Transport mechanisms of lipid nanocarriers 

Studying the transport mechanisms and cellular interactions of lipid nanoparticles is 

important to design adequate drug delivery systems that lead to enhanced bioavailability 

and consequently enhanced beneficial effects as drug delivery mechanism can have a 

major role on its final efficacy [163].  

Nanoparticles transport mechanism can be complex and, as it is expectable, 

depends on the characteristics of the nanoparticle and also the type of cells that are used 

in the study. It is known that nanoparticles shape, size, charge and surface dictate 

cellular fate [164]. Literature reports that spherical nanoparticles are faster internalized 

than rod-like nanoparticles, positively charged nanoparticles are easily adsorbed on 

negatively charged cell membranes which can facilitate their  internalization [165, 166]. 

Transport mechanisms include internalization into cells from the apical side, intracellular 

transport and exit from the apical and/or from the basolateral side [167]. There are 

different internalization pathways that can be energy-dependent or independent. 

Endocytosis is an energy-dependent internalization pathway where the particle enters 

the cell by the envelopment of it in a portion of the cell membrane. Endocytosis can be 

subdivided in phagocytosis, which is related to the internalization of large particles, and 

pinocytosis that it is related with fluid containing particles (clathrin-mediated endocytosis, 

caveolar-mediated endocytosis and macropinocytosis) [168]. While exocytosis is the exit 

of the particle from the cell from the apical side, transcytosis is the transport across the 

cell from one membrane to the opposite [169]. Nanoparticles transport across cell 

monolayers can be assessed through culture of cells on a polycarbonate insert 

membrane of Transwell plates. In order to study the internalization processes of 
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nanoparticles into cells it is common to use inhibitors of particles carriers/internalization 

processes and verify the nanoparticles uptake through fluorescence methods (Table 4). 

For instance, it is established that at 4ºC endocytic/pinocytic uptake is inactivated [170], 

meaning that the inhibition of the uptake of nanoparticles at 4ºC suggest that their uptake 

is mediated by endocytosis.  

Table 4: Examples of cellular transport assays inhibitors. 

 

• SLN/NLC transport in human keratinocytes  

Only a few studies on SLN/NLC transport in epidermal epithelial cells have been 

reported. T. Guo et al, prepared Aconitum sinomontanum (AS)-SLN (made with Precirol 

ATO 5 and Cremophor RH40) and NLC (made with Precirol ATO 5, labrasol, and 

Cremophor RH40) and studied endocytosis mechanisms on HaCat cells [177]. These 

experiments revealed that caveolae-mediated endocytosis was involved in the 

internalization of the nanoparticles and that the internalization of the drug cargo of NLCs 

involved cholesterol and lipid rafts.  

E. Silva et al, investigated the mechanisms involved in NLCs transport across the 

epidermal epithelial monolayer [163]. NLC were produced using Witepsol® E85 and 

miglyol-812 and PVA as a surfactant. Firstly, the results suggested that the transport of 

NLCs was energy dependent, similar to other studies but some internalization of NLCs 

was observed at 4ºC [169, 178]. The study of the endocytosis pathways revealed that 

NLC are probably internalized by vesicular transport what is in agreement with previous 

 Inhibitor Function 

Energy-dependence 

4ºC 
Inhibits passive diffusion and 

active transport [163] 

Sodium Azide 
Restrains cellular energy 

metabolism [171] 

Chlorpromazine 
Inhibits clathrin disassembly 

[172] 

Endocytosis 

Filipin III 

Inhibits caveolae-mediated 

endocytosis via combination with 

cholesterol [173] 

Amiloride 

Blocks epithelial Na+ channels 

and non-specific macropinocytosis 

[174] 

Cytochalasin D 
Disrupts actin filaments and 

inhibits actin polymerization [175] 

Endocellular transport Monensin 

Increases intracellular Na+ 

concentration [176] and blocks 

transport from Golgi apparatus to 

plasma membrane [163] 
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studies that report that nanoparticles exceeding 150 nm can enter cells through 

macropinocytosis [179]. Moreover, the clathrin-mediated endocytosis showed once 

again to be a major form of internalization of nanoparticles in HaCat cells. Exocytosis 

studies proposed that both endoplasmic reticulum (ER) and Golgi apparatus have a 

relevant role in the transport of the NLCs and that at least 95% of these nanoparticles 

remained inside the cell. About 12% of the initial amount of NLC was transported 

throughout the cells by transcytosis and remained intact.  

As it can be observed, the mechanisms associated with lipid nanoparticles 

internalization into cells are complex specially because normally that are more than one 

transport mechanism involved in the uptake of nanoparticles. Nevertheless, this is an 

important topic that still needs to be widely explored. Figure 11 schematizes some of 

the cellular mechanisms involved in lipid nanoparticles transport in different cell lines.  

 

Figure 11: NLC/SLN transport mechanisms in different cell lines (not all mechanisms are represented. 

 

2.6. Solid lipid nanoparticles and skin  

The majority of SLNs based products are not meant to have a deeper skin 

penetration but a more superficial action instead whereas the release profile depends on 

the preparation process among other factors. Topical application of these products on 

skin forms a film since lipids adhere to lipids through hydrophobic interactions. Therefore, 

this film has occlusive properties and prevents water loss caused by natural evaporation. 

This phenomenon can not only prevent wrinkles due to better skin hydration but can also 

lead to corneocyte packing reduction that can potentialize skin penetration of 

encapsulated drugs [180]. Since skins temperature is 32 ºC and SLN are made of lipids 

solid at ambient temperature, the application of these nanoparticles in skin surface 
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induces particle structural changes as the lipid matrix achieves a more ordered structure 

that leads to drug expulsion [147]. The use of supersaturated solutions should improve 

penetration into the tissue [181]. These solutions can be obtained by incorporating SLNs 

into topical formulations such as creams and gels that can also improve SLN stability 

through storage. It is important to note that skin barrier function is not altered with the 

improved penetration caused by lipid nanoparticles and its adhesiveness considering 

that many mixtures contain penetration enhancers that are also potent irritants [182]. 

Several penetration mechanisms for SLNs have been described and most of them rely 

on the fact that SLNs formulations remain on skin surface forming a drug reservoir from 

where the encapsulated drugs are released to reach the target cells in dermis and 

epidermis [183]. Nonetheless, in the case of UV blockers, a prolonged release profile 

with little penetration is desired since its penetration into the skin could have undesired 

side effects [184]. The notorious interaction between SLN and skin lipids is influenced 

by drug lipophilicity but as mentioned previously, the nature of lipid matrix is always 

important to consider when optimizing a SLN based formulation: as an example, Kuchler 

et al. proved that SLNs prepared with compritol exhibit a platelet shape that enable 

nanoparticles to slide between the superficial corneocytes by many interactions with skin 

lipids [185]. 

 

Figure 12: Mechanism of action of solid lipid nanoparticles formulations. The adhesion and occlusion effects 
result in decreased water loss and improved permeation (modified after [120]) 

Cosmetic applications are an area where lipid nanoparticles stand out. The similarity 

between the lipid matrix of this particles and the skin lipids, the capacity of improving skin 

hydration resulting in enhanced skin elasticity and the possibility of increasing the 

stability of natural compounds, explain why solid lipid nanoparticles are such promising 
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nanocarriers for topical applications. Likewise, phenolic compounds attributes make 

them good candidates for skin treatments or other applications.  

More recently, lipid nanoparticles have been used as carriers of phenolic 

compounds, for developing sunscreen formulations. These formulations have less 

noxious effects than those which usually contain synthetic agents [186]. Bose et al., 

prepared different quercetin-loaded SLNs that showed that higher amounts of quercetin 

were found to be localized within the skin compared to a control formulation containing 

particles in the micrometer range during the in vitro skin permeation study [187]. 

Quercetin had already been pointed as an inhibitor of UVB-induced oxidative skin 

damage what increases their potential application in sunscreen protectors’ formulations 

[188]. On another study, Plianbanchang et al., described the efficacy of a facial cream 

containing curcuminoids-loaded SLN in healthy volunteers that showed decrease in skin 

wrinkles formation and improved skin hydration when compared with free curcuminoids 

[189].  

In another study performed by Friedrich et al., authors prepared NLCs loaded with both 

curcumin and resveratrol to study its behaviour upon application onto excised human 

skin and their interaction with human primary skin cells. Skin cells treated with NLC for 

24h showed great potential of these carriers for further investigations on the subcellular 

level. Skin penetration studies showed an increased delivery of resveratrol (upon co-

delivery) into deeper skin layers when comparing to encapsulation of only resveratrol 

itself. These results portray the prepared lipid nanocarriers as good curcumin/resveratrol 

delivery systems for skin applications [190]. 

• Formulations  

Formulations prepared for skin applications have semi solid consistency and the 

external phase often rules the drug release, thereby hydrogels and O/W creams provide 

a fast release of the drug molecules while hydrophobic formulations are adequate when 

the goal is to have a prolonged release [191]. The semi-solid systems containing SLNs 

can be obtained by the association of the SLN preparation with previously prepared 

formulations or by the direct increase of the SLN preparation consistency, which can be 

attained with the addition of viscosity enhancers or production of systems with high 

concentration of lipid nanoparticles. In the first method, the final formulation is obtained 

by mixing SLNs solution with fresh prepared hydrogels using high speed stirring in a 

proportion of approximately 40(SLN):60(hydrogel) [192]. This can also be applied to 

creams but there are more stability problems to consider in this case. In the second 

method hydrophilic gelling agents are added (carbomers and cellulose derivates) to the 
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SLN solution. For instance, Arora et al. found that Carbopol® 934 hydrogels based on 

SLN and NLC loaded with cyclosporine and calcipotriol showed higher drug penetration 

and epidermis retention as compared to free drug and revealed to have the capacity of 

improvement of the psoriasis treatment [193]. Various more studies have been 

demonstrating the synergistic effect between formulations and SLN dispersions for drug 

penetration improvement and better skin hydration. 

Encapsulation of anthocyanins in lipid nanocarriers is a poorly explored theme that 

is earning attention since these natural molecules comprise a great feature of beneficial 

health effects and present vibrant and attractive colours. However, anthocyanins are also 

characterized for their instability towards pH changes and other external factors and their 

varied structures makes the encapsulation of these phenolics a particular challenge. 

Thus, incorporation of anthocyanins in lipid nanocarriers is a key topic opened to a 

deeper exploration. 
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II. Study design.  

The possible health benefits associated to anthocyanins and its derivatives are 

remarkable and it is clear that these molecules reunite a series of properties that make 

them appellative for skin applications. Solid lipid nanoparticles and nanostructured lipid 

carriers are already known for its success on the encapsulation of various phenolic 

compounds in order to improve their bioavailability and enhance their stability but there 

are no studies about the possible application of these nanoparticles as anthocyanin-

derivatives carriers. 

The experimental study performed in this work aimed to prepare solid lipid 

nanoparticles and nanostructured lipid carriers for the encapsulation of two extracts of 

anthocyanin derivatives, one containing carboxypyranoanthocyanins-3-O-glucoside and 

the other composed by different vinylpyranoanthocyanin-3-O-glucoside-catechin 

(portisins), for the enhancement of their chemical stability and improvement of their 

bioavailability. The enhancement of these factors opens doors for the development of 

topical formulations for skin applications. For this, the study was divided in three 

experimental parts: i) the synthesis of anthocyanins derivatives, the optimization and 

preparation of ii) SLNs and iii) NLCs (Figure 13). In the final part of the work, some 

cytotoxicity studies were also performed.  

 

Figure 13: Schematic representation of the workflow. 

 

 

• Anthocaynins 
extraction

• Chemical 
transformation

1. Synthesis of 
anthocyanins 

derivatives

• Optimization

• Anthocyanins 
derivatives 

encapsulation

2. Preparation of 
solid lipid 

nanoparticles (SLN) • Optimization 

• Anthocyanins 
derivatives 

encapsulation 

3. Preparation of 
nanostructured lipid 

carriers (NLC)



 



FCUP 
Lipid nanoparticles as carriers of anthocyanins derivatives for topical applications 

39 

 

III. Materials and methods. 

Reagents.  

Lipid nanoparticles were prepared with Gelucire® 43/01, Monosteol™, Labrafil® M 

2130 CS and Labrafac™ PG, kindly provided by Gatefossé (Nanterre, France) and 

Witepsol® E85 was provided by Prof. Bruno Sarmento. Tween® 80 and poly(vinyl 

alcohol) (PVA) 87-90% hydrolyzed, average molecular weight 30000-70000, C18-

reversed phase silica gel, MES low moisture content, DPPH, FeCl3, NaCl, formic acid, 

pyruvic acid and acetonitrile were purchased from Sigma-Aldrich (St Louis, MO, USA). 

Methanol was purchased from Chem-Lab (Zedelgem, Belgium). 2,4,6-Tripyridyl-s-

triazine (TPTZ) were purchased from Fluka® (Buchs, Switzerland). Acetone was 

purchased from JMGS (Odivelas, Portugal) and ethanol was acquired from Aga (Prior 

Velho, Portugal). PBS tablets pH 7.4 was purchased from PanReac AppliChem, ITW 

Reagents (Castellar del Vallès, Barcelona). Ethyl acetate was purchased from Valente 

e Ribeiro, Lda. (Idanha, Lisboa). Folin-Ciocalteu reagent was purchased from Merck 

(Darmstadt, Germany).  

 

1. Synthesis of anthocyanins derivatives.  

 
The first part of this work involved the preparation of two anthocyanin-derivatives 

extracts: carboxypyranoanthocyanins and portisins by hemi-synthesis, for later 

encapsulation in SLN/NLC systems. These pigments present very different structures 

(see Figure 6) and, consequently, their colours and hydrophobicity are likewise very 

distinct. The use two extracts had the main goal of understanding the influence of the 

structural features and their polarity on the encapsulation of the target compounds.   

   

1.1. Extraction of anthocyanins from elderberries. 

Elderberries are a red fruit that has a high content of cyanidin-3-O-glucoside and 

cyanidin-3-O-sambubioside and cyanidin-3-glucoside-5-sambubioside in minor 

amounts. Anthocyanins were extracted from frozen elderberries (~750 g) using an 

aqueous solution of ethanol/water (1:5 v/v) acidified with HCl 0.1 M. The extraction was 

performed under stirring, at room temperature for 2 hours. Then, the ethanol solution 

containing anthocyanins was separated from the solid fraction by filtration and then a 

second solid-liquid extraction was performed during 18h under the same conditions. Both 
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extracts were then combined, and the ethanol was removed by rotoevaporation under 

vacuum at 35 ºC.  

 

1.2. Synthesis of carboxypyranocyanidin-3-O-glucoside  

A carboxypyranoanthocyanins extract was prepared from the reaction of the 

obtained elderberry anthocyanin extract with pyruvic acid according to the following 

conditions: First, a solution of anthocyanin presenting an absorbance at 520 nm of 30 

was prepared, then 1.15 mL of pyruvic acid per litre of solution was added. The pH of 

the solutions was adjusted to pH 2.6 by the addition of a concentrated solution of sodium 

hydroxide (12 M). The solution was left to react under stirring at 37 ºC. The reaction was 

monitored by HPLC-DAD and was stopped after the maximum yield of anthocyanin-

pyruvic acid adduct (PAA) was achieved (10 days).  

 

Figure 14: Schematic representation of the synthesis (top) and preparation (bottom) of carboxypyranthocyanins 
[41]. 

 

In order to isolate the compound of interest, PAA, the obtained solution was purified 

by C-18 reversed phase silica gel chromatography using a Buchner funnel and a vacuum 

filtration system. The extract was applied on the top of the gel and the first elution was 

made with distilled water, removing inorganic salts and organic impurities (such as the 

excess of pyruvic acid). Then, several fractions were obtained elution using aqueous 

solution with different percentages of methanol. The composition of each fraction was 

determined by HPLC-DAD on an UltiMate 3000 UHPLC (Thermo Scientific™)  by 

injection of 40 μL of sample on a Merck reverse phase column (C18 250x4.6 mm i.d.), 

following the method described on the literature [194]. The chromatograms were 

obtained at 515 nm and the solvents were A: H2O/HCOOH (90:10 v/v) and B: 

HCOOH/CH3CN/H2O (10:30:60 v/v/v). The elution occurred with a 1.0 mL/min flux, 

according to the gradient described on the table below: 
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Table 5: Elution gradient on the UHPLC analysis of anthocyanins. 

Time (min) A (%) B (%) 

0 80 20 

70 15 85 

75 0 100 

85 0 100 

90 80 20 

 

1.3. Synthesis of portisins  

 An extract containing different bluish portisins (P) pigments was used. This extract 

although already available at the lab, it was obtained from the reaction of pyruvic acid 

adducts of blueberries anthocyanins with (+)-catechin in the presence of acetaldehyde 

as previously reported in the literature [195]. 

 

1.4. Characterization of the anthocyanins-derivatives extracts 

PAA and P extracts were analysed through UHPLC and the concentration of PAA 

and P in the extracts was determined from a calibration curve using cyanidin-3-O-

glucoside-pyruvic acid adduct and vinylpyranomalvidin-3-O-glucoside-(+)-catechin as 

standards. The solvents for the analysis of portisin extracts were A: H2O/HCOOH (90:10) 

and B: H2O/HCOOH/CH3CN (19.5:0.5:80) and the gradient was the same reported for 

the analysis of PAA.  

 

1.4.1. Determination of total phenolic content 

The polyphenol content of both extracts was determined following the Folin-

Ciocalteu method adjusted to a microscale [196]. In an microtube tube, 15 µL of sample 

(PAA or P) dissolved in methanol, 75 µL of Folin reagent and 500 µL of distilled water 

were mixed. Then, 300 µL of Na2CO3 and 610 µL of distilled H2O were added to the 

solution and mixed. The absorbance of this solution was read at 750 nm, 30 minutes 

after preparation, and the total phenolic content was calculated from a calibration curve 

using gallic acid as standard.  
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1.4.2. Radical scavenging assay (DPPH) 

Radical scavenging activities of both extracts were determined based on the 

literature [197], using a microplate reader of 96 well plates (Biotek Powerwave XS with 

software KC4) and DPPH (2,2-diphenyl-1-pic-rylhydrazyl) as a free radical. The reaction 

was carried out on the plate wells with a temperature of 25 °C. Firstly, a 60 µM solution 

of DPPH in methanol was prepared. Then, 270 µL of this solution was added in each 

well together with 30 µL of sample (PAA or P in methanol). The extracts were tested at 

a final concentration of 10 µM. The decrease in the absorbance at 515 nm was 

determined at t=0 and t=20 minutes [52]. The antiradical activity was calculated from a 

calibration curve, using Trolox, a water-soluble analogue of vitamin E, as standard.  

 

1.4.3. Ferric reducing antioxidant power (FRAP) 

The evaluation of the reducing power was determined using the FRAP method, 

described in the literature [198], using a microplate reader of 96 well plates (Biotek 

Powerwave XS with software KC4) and the reaction was carried out on the plate wells 

with a temperature of 37 °C. Firstly, FRAP reagent (10 vol of 300 mM acetate buffer, pH 

3.6 + 1 vol of 10 mm TPTZ in 40 mm HCl + 1 vol of 20 mM FeCl) was diluted to one-third 

with acetate buffer. Then, 270 µL of this solution was added in each well together with 

30 µL of sample (PAA or P in methanol) in a final concentration of 10 µM. The blank 

assay consisted in using 270 µL of FRAP reagent and 30 µL of methanol. The 

absorbance at 593 nm was measured at t=0 and t=4 minutes [52].  

 

2. Preparation of solid lipid nanoparticles (SLN) 

The second part of this work consisted in solid lipid nanoparticles (SLN) optimization 

procedures for further encapsulation of the hemi-synthesized anthocyanin-derived 

extracts. As the preparation method, surfactant, and type of lipids are all important 

factors that influence nanocarriers characteristics, the optimization process consisted in 

varying each one of these parameters in order to choose the parameters values to be 

used in the following experiences. For the preparation of SLN two methods were chosen: 

the ultrasonication method (hot melting) and the double emulsion method. The 

ultrasonication method is easy to scale-up and, in this case, since the lipids are melted, 

it has the great advantage of not involving organic solvents. However, it was predictable 

that the interaction between the molecules and the lipid, especially important in this 

method, could difficult the encapsulation process as especially anthocyanin-pyruvic acid 
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adducts (PAA), exhibit a more hydrophilic behaviour. Taking this into account, the double 

emulsion method was also explored.  

 

2.1. Optimization of the ultrasonication method 

The preparation of nanoparticles by the ultrasonication method followed the 

procedure described in the literature with some modifications [145]. In all preparations, 

the lipid was heated approximately 5 ºC above its melting point. The aqueous phase, 

composed by the surfactant and distilled water, was heated separately and at the same 

temperature. The aqueous phase was poured into the melted lipid and the mixture was 

sonicated with a Sonopuls UW 2070 Ultrasonic Homogenizer from Bandelin (Berlin, 

Germany).  

Labrafil® M 2130 CS (melting point 33-38 ºC) was chosen as a solid lipid to perform 

these experiences due to its low melting point, in comparison with the all the solid lipids 

available, and due to its higher value of hydrophilic-lipophilic balance (HLB). A lower 

melting point is desirable to further avoid the exposure of the bioactive compounds to be 

encapsulated at high temperatures. Likewise, HLB is a measure of the 

hydrophilicity/lipophilicity of a given molecule and the higher the value of HLB, the higher 

is the hydrophilic character of the molecule. As stated before, anthocyanins and some of 

its derivatives are hydrophilic molecules and by this, this lipid was chosen in order to try 

to further facilitate the dissolution of the molecules in the lipid and improve the 

encapsulation process. 

Of all the surfactants available (PVA and Tween® 80), Tween® 80 was chosen as 

a stabilizer for this experiences because the bibliographic review, points that this 

surfactant is regularly used to prepare SLN for numerous applications especially topical 

ones [69]. However, the influence of both surfactants on the particle size and PdI was 

also assessed in the final part of this experiment.  

Size and PdI were measured in all experiences in order to analyse nanoparticles 

physicochemical parameters. 

 

1. Influence of percentage of Tween® 80 

To verify the influence of percentage of surfactant on the SLN characteristics (size 

and polydispersity index) it was performed an experience where the sonication time, 

intensity of sonication and lipid were fixed and the percentage of surfactant in the 
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aqueous solution varied between 1, 2, 4 and 5 %. Thus, 100 mg of Labrafil® M 2130 CS, 

10 mL of aqueous solution of Tween® 80 (x%), a sonication time of 5 minutes and 70% 

of sonication intensity were used to prepare the SLN following the procedure described 

above. Each experiment was performed in triplicates. 

2. Influence of sonication time 

To know the impact of sonication time on SLNs characteristics (size and PdI) 

different experiments were performed with the percentage of surfactant, intensity of 

sonication and lipid fixed and the time of sonication varied between 1, 3, 5 and 10 

minutes. Thus, 100 mg of Labrafil® M 2130 CS, 10 mL of an aqueous solution of Tween® 

80 (5%) and 70% of sonication intensity were used to prepare the SLN following the 

procedure described above. The experiment was performed 3 times for each value of 

sonication time. 

3. Influence of the intensity of sonication  

To verify the impact of the intensity of sonication on the SLN characteristics (size 

and PdI) it was performed an experience where the sonication time, percentage of 

surfactant and lipid were fixed and the intensity of sonication varied between 30, 50 and 

70%. Thus, 100 mg of Labrafil® M 2130 CS, 10 mL of aqueous solution of Tween® 80 

(5%), and a sonication time of 3 minutes were used to prepare the SLN following the 

procedure described above. Experiments were performed in triplicates. 

4. Influence of lipid type 

All the available solid lipids were used to obtain SLN with the same preparation 

conditions. To verify the influence of the lipid on the SLN characteristics (size, 

polydispersity index and zeta potential) it was performed an experience where the 

sonication time, intensity of sonication, the percentage of surfactant in the aqueous 

solution were fixed and different lipids were evaluated: Witepsol® E85, Gelucire® 43/01, 

Monosteol™, Labrafil® M 2130 CS. The lipids characteristics are listed in Table 6. Thus, 

100 mg of solid lipid, 10 mL of aqueous solution of Tween® 80 (5%), a sonication time 

of 3 minutes and 70% of sonication intensity were used to prepare the SLN following the 

procedure described above. The experiment was performed 3 times for each type of 

lipid. 
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Table 6: Lipids used in SLN preparation: characteristics. 

Name 

International 

Nomenclature of Cosmetic 

Ingredient (INCI) 

Melting 

point 

(ºC) 

HLB Description 

Labrafil® M 

2130 CS 

Lauroyl polyoxyl-6 

glycerides 
33-38 9 

Consists mainly of mono-, di- and 

triglycerides and PEG-6 (MW 300) 

mono- and diesters of lauric (C12) 

and stearic (C18) acids 

Monosteol™ 
Propylene glycol 

monopalmitostearate 
33-40 4 

Consists of propylene glycol 

esters of palmitic (C16) and 

stearic (C18) acids, the 

monoester fraction being 

predominant 

Gelucire 43/01 

Pellets 
Hard Fat 42-46 1 

Consists of mono-, di- and 

triglyceride esters of fatty acids 

(C8 to C18), the triester fraction 

being predominant 

Witepsol® 

E85 
Hard Fat 44-44 - 

(Not applicable) 

Hard fat with hydroxyl value (HV*) 

between 5 and 15  

* HV: Quantity, in mg, of KOH required to neutralize the amount of acetic acid consumed during acetylation by 1 g 

of Witepsol® E85.  

 

• Type of surfactant  

In a final phase of this experiment, the influence of both surfactants (Tween® 80 and 

PVA) on particle size and PdI was also assessed. Thus, 100 mg of Witepsol® E85, 10 

mL of aqueous solution of surfactant (2% Tween® 80 and 1% PVA), a sonication time of 

3 minutes and 70% of sonication intensity were used to prepare the nanoparticles. 

Witepsol® E85 was chosen as lipid due to the results obtained in 4). The experiment 

was performed 3 times for each surfactant. 

 

2.2. Optimization of the double emulsion method  

The double emulsion method was also used to prepare SLNs due to its suitability 

for the encapsulation of hydrophilic molecules. In this method, 100 mg of lipid were 

dissolved in 2 mL of ethyl acetate with the help of an ultrasound equipment. Then, 200 

µL of distilled water was added to the lipid phase. The mixture was sonicated, with 70% 

of sonication intensity for 30 seconds. After this, 8 mL of PVA 1% were added to the 

primary emulsion that was sonicated again under the same conditions. Since sonication 
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conditions were already settled, the only factor which influence was evaluated was the 

type of lipid, for the same reasons earlier stated. Thus, the influence of Witepsol® E85, 

Gelucire® 43/01, Monosteol™, Labrafil® M 2130 CS on nanoparticles characteristics 

(size and PdI) was assessed by executing the described protocol for each lipid. The 

experiment was performed 3 times for type of lipid. 

 

2.3. Optimization of the preparation of PAA loaded-SLN  

PAA-loaded nanoparticles were prepared using the ultrasonication and the double 

emulsion methods. This experience was also performed for all 4 types of solid lipids 

since the interaction between the lipid and bioactive compound is very important in the 

encapsulation process. The study was performed 3 times for each lipid in both methods. 

In the ultrasonication method, the lipid (100 mg) was heated approximately 5 ºC 

above its melting point. Then, 5 mg of PAA extract were dissolved in 40 µL of dimethyl 

sulfoxide (DMSO) and was added to the melted lipid. Following this, 10 mL of 2% 

Tween® 80, previously heated, was poured into the melted lipid and the mixture was 

sonicated for 3 minutes at 70% of intensity. DMSO was used to dissolve the compound 

because previous tests where the compound was added directly to the lipids showed 

that PAA do not dissolve in neither of the used lipids. The method is schematized in 

Figure 15. 

 

 

Figure 15: Schematic representation of the ultrasonication method. 
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In the double emulsion method, 100 mg of each lipid was dissolved in 2 mL of ethyl 

acetate with the help of an ultrasound equipment. Then, 5 mg of compound were 

dissolved in 200 µL of distilled water and were added to the lipid phase. The mixture was 

sonicated, with 70% of intensity for 30 seconds. After this, 8 mL of PVA 1% were added 

to the primary emulsion that was sonicated again under the same conditions. The 

method is schematized in Figure 16.  

 

Figure 16: Schematic representation of the double emulsion method. 

 

Due to the complexity of the composition of the lipids, all of them were tested for the 

encapsulation of anthocyanin derivatives. The experiment was performed 3 times for 

each lipid. Size, PdI and zeta potential were measured in order to analyse nanoparticles 

physical parameters.  

 

2.4. Comparison of anthocyanin-derivatives (AD) loaded-SLN 

prepared by different methods 

After optimization of both methods and studying the influence of the available solid 

lipids in SLN characteristics, two lipids were chosen to prepare two different AD-loaded 

SLN following the methods described above: Gelucire® 43/01 and Witepsol® E85. AD-
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SLN were prepared by the ultrasonication method and the double emulsion method, but 

always applying PVA 1% as surfactant. The main goal of this part of the work was to 

study the influence of both methods in AD-SLN characteristics and, therefore, in 

compounds encapsulation and stability. Experiments were performed 3 times for each 

one of these two lipids. These nanoparticles were evaluated in terms of size, PdI and 

zeta potential. Then, further assays on pH stability, colour stabilization and entrapment 

efficiency were also carried out.  

 

• pH stability assay 

The pH stability assay has the main goal of determining the stability of the AD-

derivatives prepared SLN at different values of pH, throughout 2 weeks. For such 

analysis, it was considered the particle size, PdI and zeta potential of nanoparticles at 

day 0 (equivalent to the day the SLN were prepared) day 7, and day 14 (7 and 14 days 

after preparations). This study was performed at four different values of pH, 5.5, 6.5, 7.4 

and 8.0, to mimic different human body environments. MES buffer was used to prepare 

pH 5.5 and pH 6.5 solutions, while PBS buffer was used to prepare pH 7.4 and pH 8.0 

solutions. Then, 200 µL of AD-SLN was added to 800 µL of each buffer solution and the 

mixture was stored at 37 ºC (to mimic human body temperature), as exemplified in 

Figure 17. The experience was performed in triplicates for each pH value. Before 

measurement, the pH of all the solutions were determined in order to ensure that no 

changes in pH values occurred. Size, PdI and zeta potential were measured in the day 

of SLN preparation and 7 days after preparation.   

 

Figure 17: Schematic representation of the pH stability assays. 
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• Colour stability assay 

Colour stability assays were performed to understand the possible influence of 

encapsulation process on the colour stability of the compounds. This assay was only 

done for PAA-loaded SLN prepared by the ultrasonication and the double emulsion 

methods.  For that, 350 µL of each mixture prepared in the previous step (Figure 18) 

was collected to a 96- well plate. The control group for each pH was prepared using the 

ultrasonication method, without the lipid: 5 mg of PAA were dissolved in 40 µL of dimethyl 

sulfoxide (DMSO) and 10 mL of Tween® 80 2%, previously heated, was mixed with the 

compound and the mixture was sonicated for 3 minutes at 70 % of intensity. In the case 

of the double emulsion method, the control group was prepared dissolving 5 mg of the 

compound in 200 µL of distilled water and 2000 µL of ethyl acetate were added and the 

mixture was sonicated for 30 seconds at 70% of intensity. Next, 10 mL of PVA 1% were 

added and the mixture was sonicated again in the same conditions. Then, 200 µL of this 

solution was added to 800 µL of each buffer and 350 µL were collected as control group. 

The pH of all the solutions was checked in order to ensure that no changes in pH values 

occurred.  

 

Figure 18: Schematic representation of the colour stability assay. 

 

 

2.5. Particle size, polydispersity index and zeta potential 

All the prepared SLNs were diluted in distilled water (1:100) for further measure of 

size and polydispersity index, using a DLS (dynamic light scattering), and for the 

measure of zeta potential using a ELS (electrophoretic light scattering) in a Malvern 
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Zetasizer Nano ZS (Malvern Instruments Ltd, UK) equipment. The cells were filled with 

1 mL of the diluted SLN with the following measuring conditions:  

 

Table 7: DLS and ELS conditions for the measure of size, PdI and zeta potential of the nanoparticles. 

 
Size (nm) and 

PdI 

Zeta potential 

(mV) 
 

Sample material Lipids Lipids  

Material refractive index (RI) 0.720 0.720  

Dispersant Water Water  

Dispersant refractive index 

(RI) 
1.330 1.330  

Dielectric constant - 78.5  

Temperature (ºC) 25 25  

Equilibration time (s) 60 0  

F(κа) selection model - Smoluchowski  

Measurement angle of 

detection 

173º 

backscatter 
-  

Number of measurements for 

sample 
3 3  

 

The particle size is referred to the Z-average value (intensity-based overall average 

size based on a specific fit to the raw correlation function data) obtained during 

measurements. 

  

2.6. Statistical analysis  

The final data was expressed as mean ± SEM of (N) independent samples per 

group. Statistical treatment was performed using an ordinary one-way ANOVA with 

Tukey’s multiple comparison test for comparison of the mean of each column with the 

mean of every other column, or a t-test when comparing only 2 columns. Data analysis 

was performed using a Prism 8.0.2 software (GraphPad software).  

 

3. Preparation of nanostructured lipid carriers (NLC) 

For the preparation of NLCs two lipids were selected: Gelucire® 43/01, whose 

characteristics were already cited above, and Labrafac™ PG (Propylene Glycol 

Dicaprylate/Dicaprate) a liquid lipid that consists of propylene glycol esters of caprylic 

(C8) and capric (C10) acids and has HLB 1.0. These lipids were chosen because they 
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have the same value of HLB (1.0) and, although the structural characteristics and 

chemical groups are different, this might facilitate the interaction between both lipids. The 

preparation of empty and AD-loaded NLC was done by the double emulsion method. 

The reason for the use of only one method, was because through the previous studies 

in this work it was possible to conclude that this was the more adequate method for the 

encapsulation of the target compounds. However, since the formation of these 

nanoparticles and its characteristics are obviously different from SLN, the influence of 

both surfactants, PVA and Tween® 80, on the stabilization on AD-NLC was assessed. 

The size, PdI and zeta potential was determined in all experiments. The prepared NLC 

were further explored through pH stability and cellular studies, drug release evaluation, 

and entrapment efficiency calculation. 

 

3.1. Preparation of AD-loaded NLC by the double emulsion 

method  

For the preparation of AD-loaded NLC, 75 mg of Gelucire® 43/01 and 22,57 mg of 

Labrafac™ PG were dissolved in 2 mL of ethyl acetate with the help of an ultrasound 

equipment. Then, 10 mg of compound were dissolved in 400 µL of distilled water and 

were added to the lipid phase. Empty nanoparticles were prepared using only 400 µL of 

distilled water (no compound was added). The mixture was sonicated, with 70% of 

sonication intensity for 30 seconds. After this, 5 mL of surfactant were added to the 

primary emulsion that was sonicated again under the same conditions. In this 

experience, and due to the better loading capacity of NLC comparing to SLN, 10 mg of 

compound was used and the surfactant volume was reduced to 5 mL. NLCs loaded with 

the PAA and P were prepared with two different surfactants, PVA and Tween® 80, 

following this procedure. The experiment was repeated 3 times for each surfactant.  

 

3.1.1. Characterization of AD-loaded NLC 

Similarly to the previous experiences, the particle size, PdI and zeta potential of AD-

loaded NLC were measured using a DLS/ELS equipment. The measuring conditions are 

described in section 2.5. Particle size, polydispersity index and zeta potential. Empty 

NLC were also evaluated under the same conditions.  

Following the analysis of the nanoparticle’s physicochemical parameters, other 

important experiences took place in order to do a deeper study on AD-loaded NLC. 
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Therefore, pH stability assays, determination of entrapment efficiency and the evaluation 

of In vitro drug release were assessed.  

 

3.1.2. Determination of entrapment efficiency  

In this assay, some changes were applied to the entrapment efficiency protocol 

since this method is more reliable and commonly used. For the determination of the 

entrapment efficiency (%) of AD, AD-NLC were diluted in distilled water (1:50). Then 500 

µL of diluted AD-SLN were centrifugated through centrifugal filter units (Amicon1 Ultra - 

4 Centrifugal Filters, Ultracel – 100 KDa, Darmstadt, Germany) at 2260g, 20 ºC during 

30 min. The experiment was performed 1 time for each triplicate of AD-NLC. The 

entrapment efficiency was determined quantifying the non-entrapped molecule at the 

respective wavelength of maximum absorption by UHPLC, as exemplified in Figure 19.  

 

Figure 19: Schematic representation of the determination of entrapment efficiency. 

 

In this experiment, a standard curve of AD was used to determine the concentration 

of the pigment and lastly obtain the EE (%) through the following equation: 

 

EE (%)  = 
CDA in the formulation-CDA in the supernatant

CDA in the formulation

 ×100 
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3.1.3. In vitro drug release  

In vitro drug release studies were performed using the dialysis bag method as 

described in the literature [145], at two different pH values, 5.5 and 7.4 at 37 ºC. First, 1 

mL of AD-SLN solution was poured into the dialysis bag (Spectra/Por® 2 from 

Spectrum™, Repligen, Boston, Massachusetts) with molecular weight cut off 12-14 kDa, 

flat width of 25 mm, diameter of 16 mm and vol/Lg of 2 mL/cm, with the two ends fixed 

by a knot. The dialysis bag was put in the dissolution media (MES or PBS) previously 

heated at 37ºC and the suspension was stirred at this temperature using a magnetic 

stirrer. Then, 1 mL of sample was collected at fixed time intervals (5, 10, 15, 20, 25, 30, 

45, 60, 120, 180, 240 min and 24h) and the same volume of fresh buffer was added. The 

AD content was quantified at the respective wavelength of maximum absorption by 

HPLC. For the control groups, 1 mL of AD solution (in distilled water) with the same 

concentration was used. For each pH, 2 control groups were prepared. The experience 

was performed for each triplicate of AD-SLN.  

  

3.1.4. pH stability assays 

Since a “burst” type release can be very important in some skin topical applications, 

the pH stability assays performed in AD-loaded NLC had the main goal to understand 

pH influence on AD-loaded NLC behaviour in the first 120 minutes upon application. For 

such analysis, it was considered the particle size, PdI and zeta potential of the 

nanoparticles at 0, 30, 60, 90 and 120 min after preparation. This study was performed 

at 2 different values of pH, 5.5. and 7.4, to mimic different human body environments. 

MES buffer was used to prepare pH 5.5 solution, while PBS buffer was used to prepare 

pH 7.4 solutions. Then, 200 µL of AD-SLN was added to 800 µL of each buffer solution 

and the mixture was stored at 37 ºC (to mimic human body temperature). The experience 

was performed for each triplicate of AD-SLN in each pH value. Before measurement, the 

pH of all the solutions were read in order to ensure that no changes in pH values 

occurred.  

 

3.1.5. Cellular assays  

Aneuploid immortal keratinocytes from adult human skin, HaCat were grown as 

monolayers from passage number 30-40 and maintained at 37 ºC in an atmosphere of 

5% CO2. For routine maintenance, the cells were cultured in 22.1 cm2 plates as 
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monolayers and maintained in Dulbecco’s Modified Eagle Medium (DMEM, from Cell 

Lines Service), supplemented with 10% fetal bovine serum (FBS, from CLS) and 1% of 

antibiotic/antimycotic solution (100 units /mL of penicillin, 10 mg /mL of streptomycin and 

0.25 mg /mL of amphotericin B from Sigma-Aldrich, St. Louis, MO, United States). The 

medium was replaced every two days and the cells were harvested every two weeks. 

• MTT assay 

The cytotoxicity of compounds to HaCat cells was evaluated using the standard MTT 

assay. Briefly, cells were seeded at a density of 4x104 cells/mL, respectively, onto 96-

well plate and incubated at 37 °C in a 5% CO2 atmosphere. Cells were allowed to grow 

for 24 h, and serially diluted compound solutions (6.3-100 µM) were added to the wells. 

Then, cells were incubated for 48 h at 37°C, after which wells were washed once with 

phosphate buffered saline (PBS, Sigma-Aldrich), followed by addition of a 0.45 mg/mL 

MTT solution to each well. Crystals were allowed to form for 1.5 h. Reaction was stopped 

by rejecting the medium and addition of dimethylsulfoxide (DMSO, Sigma-Aldrich). 

Absorbance was read at 570 nm (Biotek PowerWave XS). 
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IV. Results and discussion.  

1. Synthesis and characterization of anthocyanins derivatives 

extracts. 

A PAA extract was obtained from the reaction of the anthocyanins present in an 

elderberry extract with pyruvic acid in water at pH 2.6.  After the maximum yield of PAA 

was achieved (10 days), the reaction was stopped and PAA were purified using C-18 

reversed phase silica gel chromatography and the main compounds (PAA) recovered 

with 30% (v/v) MeOH acidified with HCl 2%. Figure 20 shows the chromatogram of the 

PAA extract at the respective maximum absorption wavelength, 505 nm and the main 

PAA present is carboxypyranocyanidin-3-O-glucoside (peak 1) and in minor amounts the 

carboxypyranocyanidin-3-O-sambubioside (peak 2). A small amount of the aglycone 

form of peak 1 was also detected (peak 3). 

 

Figure 20: UHPLC chromatogram of PAA extract obtained at 505 nm. 

 

Regarding the portisins extract, this was already available in the laboratory. But 

previously, this extract was obtained from the reaction of the anthocyanins present in 

blueberry extract with pyruvic acid and then, after the purification of the 

carboxypryanoanthocyanins obtained, these were left to react with (+)-catechin in 

presence of acetaldehyde as previously described [43].  
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Figure 21: UHPLC chromatogram of P extract obtained at 570 nm. 

 

As it can be observed from Figure 21, this extract presents several structurally 

different portisins that differ from each other mainly in the substitution pattern of ring B 

and on the sugar linked to the hydroxyl group present in carbon 3 and some sugar can 

be even esterified with different acids. All of this will depend on variety of blueberries 

used to extract anthocyanins. In this case the P extract is composed by 15 different 

portisins, derived from 5 main anthocyanins, cyanidin, delphinidin, malvidin, peonidin 

and petunidin with 3 different sugars linked to the hydroxyl group present in carbon 3 

such as glucose, galactose and arabinose. Using a standard compound 

(vinylpyranomalvidin-3-O-glucoside-(+)-catechin), the amount of portisins in the P 

extract was determined by HPLC and it was observed that 1 g of extract contains 2300.1 

mg of portisins, corresponding to 23%. Moreover, the phenolic compounds content of 

this extract determined by the Folin-Ciocalteu method showed a 1911.2 mg as gallic 

acid equivalents. A similar result was obtained for the PAA extract with a Folin index of 

2090.1 mg as gallic acid equivalents. 

Moreover, before both extracts being used for the encapsulation using SLNs and 

NLCs systems, their antioxidant and anti-radicalar activities were determined using 

DPPH and FRAP assays, respectively.  

 

1.1.1. Radical scavenging assay (DPPH) 

The radical scavenging activity of both extracts was determined using the DPPH 

assay. As it can be observed in Figure 22, the radical scavenging activity of P extract 

was superior to the one of PAA extract, which indicates that P extract present a higher 

antioxidant activity. Since both extracts have similar phenolic compounds content (see 
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previous section), it is possible to conclude that the higher radical scavenging capacity 

observed for P extract when compared to PAA can be associated with the fact that P 

extract presents several structurally different compounds with catechol and pyrogallol 

groups due to the presence of cyanidin, petunidin and delphinidin-derived compounds. 

Portisins compounds present in their structure an additional catechol group due to the 

presence of (+)-catechin in their structure comparing to pyruvic acid adducts present in 

PAA extract, as exemplified in Figure 22. These results are in accordance with a 

previous study [52].   

P
A
A P

0

5

10

15

20

25

T
ro

lo
x
 e

q
u

iv
a
le

n
ts

aaaa

Radical scavenging activity
(DPPH)

 

Figure 22: Radical scavenging activity (DPPH) of 10 µM PAA and P (µM Trolox equivalents). Results are presented as 
mean ± SD (n=4). Statistical analysis was performed using a t-test (aaaap < 0.0001 PAA vs P). 

 

 

1.1.2. Ferric reducing antioxidant power (FRAP) 

The reducing capacity of the tested extracts was assessed using the FRAP method 

and the results obtained are presented in Figure 23. Similarly to the results obtained 

with DPPH assay, P extract showed a better reducing capacity when compared to PAA 

extract. This might be due to the presence of 2 catechol groups in portisin pigments 

which means that there are two possible sites to chelate ferric ions such as the ones 

present in FRAP reagent being less able to reduce the TPTZ complex [52].  
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Figure 23: Reducing capacity (FRAP) of 10 µM PAA and P (µM Trolox equivalents). Results are presented as mean ± 
SD (n=4). Statistical analysis was performed using a t-test (aaaap < 0.0001 PAA vs P). 

 

2. Preparation of solid lipid nanoparticles (SLN).   

2.1. Optimization of the ultrasonication method.  

In order to prepare AD-loaded SLN by the ultrasonication method, the influence of 

the surfactant, sonication time, intensity of sonication and type of lipid on the 

nanoparticle’s physicochemical parameters (size and polydispersity index) were 

assessed. This experiment allowed to fix preparation parameters and to better 

understand how the preparation factors possible affect the nanoparticles characteristics, 

which is crucial for data interpretation and further successful encapsulation of the hemi-

synthesised extracts.  

 

1. Influence of percentage of Tween® 80 

To assess the influence of the surfactant content used to stabilize the solution, 4 

experiments were conducted with 1, 3 and 5% of Tween® 80. All the experiments were 

performed under the same conditions: using Labrafil® M 2130 CS as lipid phase, a 

sonication time of 5 min and an intensity of sonication of 70%. The results obtained for 

size and polydispersity index of the prepared SLN after DLS measurements are shown 

below.  
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Figure 24: DLS results (size on the left, polydispersity index on the right) for the influence of percentage of 
surfactant used. The results are presented by mean size/PdI ± SEM (n=9). Statistical analyses were performed using 
one-way ANOVA, followed by the Tukeys multiple comparisons test (bp < 0.05, bbp < 0.01 5% vs other percentages of 

surfactant). 

 

No significant differences were observed in SLNs sizes, except between 5% of 

surfactant and 3% of surfactant. As it was expected, the lower values of size and PdI 

were obtained using a higher percentage of surfactant, since higher contents of 

emulsifiers reduce the surface tension which is responsible for an easier particle 

partitioning during homogenization [88]. Other studies about the influence of surfactant 

obtained similar outcomes: Muhlen et al., studied the influence of the surfactant in SLN 

(made of Compritol®) and obtained the best results with 5% of surfactant (sodium 

cholate or poloxamer 188) [199].  

  

2. Influence of sonication time 

To assess the influence of the sonication time on the SLN characteristics, 4 

experiments were conducted during 1, 3, 5 or 10 minutes. All the experiments were 

performed under the same conditions: using Labrafil® M 2130 CS as lipid phase, 5% of 

surfactant, and an intensity of sonication of 70%. The results obtained for size and 

polydispersity index of the prepared SLN after DLS measurements are presented in 

Figure 25. 
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Figure 25: DLS results (size on the left, polydispersity index on the right) for the influence of sonication time 
applied. The results are presented by mean size/PdI ± SEM (n=9). Statistical analyses were performed using one-way 
ANOVA, followed by the Tukeys multiple comparisons test ( aaaap < 0.0001 1 min  vs other times of sonication; bbbbp < 

0.0001 10 min vs other times of sonication). 

 

It is expectable that the sonication time has influence on particle characteristics. No 

significative differences were observed in particle size when the homogenization time 

was 3, 5 and 10 minutes when compared to 1 minute of sonication. PdI values were 

significantly different when the sonication time was 1, 3 and 5 min, compared to 10 

minutes. As it can be observed, a homogenization of 1 min is insufficient to achieve lower 

values of particle size, but on the other hand, homogenising the SLN dispersion for 10 

min seems to be excessive since higher values of PdI are observed. This is probably 

because an over-homogenization of the samples results in particle changes, that can 

even include particle division, which will lead to the merging of different populations of 

nanoparticles thus increasing the polydispersity index of the sample.  

 

3. Influence of intensity of sonication  

To assess the influence of the intensity of sonication on the SLN characteristics, 3 

experiments were performed using an intensity of 30, 50 and 70%. All tests were 

performed under the same conditions: using Labrafil® M 2130 CS as lipid phase, 5% of 

surfactant, and 3 minutes of sonication time. The results obtained for size and 

polydispersity index of the prepared SLN after DLS measurements are showed in  Figure 

26. 
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Figure 26: DLS results (size on the left, polydispersity index on the right) for the influence of intensity of sonication 
used. The results are presented by mean size/PdI ± SEM (n=9). Statistical analyses were performed using one-way 

ANOVA, followed by the Tukeys multiple comparisons test (ap < 0.05, aap < 0.001 30% intensity vs other percentages of 
intensity). 

 

By interpretation of particle size data, it can be concluded that only applying an 

intensity of sonication of 50 and 70% is significatively different (P< 0.001 and P<0.05)  

from applying an intensity of 30%, since the particle size was slightly higher. No 

significative differences were found in PdI values when comparing all applied sonication 

intensities. The results propose that this parameter as no considerable influence on SLN 

physicochemical characteristics since no significative differences were found. The use 

of sonication intensity <30% are not frequently reported in the literature and could result 

in higher values of size or PdI due to insufficient amount of power delivered to the 

sonicated liquid.  

 

4. Influence of type of lipid  

To understand the influence that using different types of lipids has on SLN 

characteristics, 4 experiments were performed using 4 different lipids: Witepsol® E85, 

Gelucire® 43/01, Monosteol™, Labrafil® M 2130 CS. Experiences were performed 

according to the best results obtained in the previous experiences (1-3), that is, 5% of 

Tween ® and 3 minutes of sonication time, since these parameters allowed to obtain 

lower values of size and PdI, and an intensity of sonication of 70%, as described in the 

literature [145], since our experiments revealed no significative influence of this 

parameter on SLN characteristics. The results are shown below in Figure 27.  
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Figure 27: Influence of type of lipid on SLN characteristics: size (left) and polydispersity index (right). The results 
are presented by mean size/PdI ± SEM (n=9). Statistical analyses were performed using one-way ANOVA, followed by 

the Tukeys multiple comparisons test ( ap < 0.05, aaaap < 0.0001 Monosteol vs other lipids; bbp < 0.01, bbbbp < 0.0001 
Labrafil vs other lipids; ccccp < 0.0001 Gelucire vs other lipids). 

 

Different lipids usually yield to the formation of nanoparticles with different properties 

and different lipid compositions influence some critical parameters such as the velocity 

of lipid crystallization, the shape of the lipid crystals, and therefore the surface area [88]. 

Other important topic is that the most of lipids used represent a mixture of several lipids 

which increases the complexity of understanding the type of lipids’ influence on SLN 

formation (Table 7).   

The results show that SLN prepared with Monosteol™ and Labrafil® (~200 nm) are 

both significantly different from the ones prepared with Gelucire® 43/01 and Witepsol® 

E85.  The highest value of particle size was obtained when using Gelucire® 43/01. 

Usually, the particle size increases when lipids of long fatty acid chains are employed 

and with higher melting point lipids [117, 199, 200]. This might be at the origin of the 

results observed for Gelucire® 43/01 which consists of mono-, di- and triglyceride esters 

of fatty acids (C8 to C18), being the triester fraction predominant, and has the higher 

melting point of the chosen lipids. Nevertheless, it is important to note that, as referred 

in section 2.3. of Introduction, various factors influence the final features of the 

nanoparticles. Thus, according to these results, the lower particle sizes and PdI are 

obtained when using Labrafil® which was expected since the parameters applied during 

SLN preparation were the ones that lead to best results in the previous experiences using 

Labrafil® (1-3). However, these parameters (5% Tween® 80, 3 minutes of sonication at 

70% of intensity) may not be the more appropriate ones that allow to obtain optimum 

values of size and PdI using other lipids.  
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• Type of surfactant  

To assess the influence of the type of surfactant on the SLN characteristics, 2 

experiments took place with PVA 1% and Tween® 80 2%. All the tests were performed 

under the same conditions: using Witepsol® E85 as lipid phase and sonication with 70% 

of intensity for 3 minutes. The results obtained for size and polydispersity index of the 

prepared SLN after DLS measurements are showed below. 
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Figure 28: Influence of type of surfactant on SLN characteristics: size (left) and polydispersity index (right). The 
results are presented by mean size/PdI ± SEM (n=9). Statistical analyses were performed using a t-test, (aaaap < 0.0001 

Tween® 80 vs PVA).  

Tween® 80 is a non-ionic surfactant (C6H124O26: Oleic acid, ≥58.0% balance 

primarily linoleic, palmitic, and stearic acids) whose HLB is 15.0 and for this reason, this 

emulsifier belongs to the category of solubilizing agents. Poly(vinyl)alcohol ([-CH2CHOH-

]n  hydrophilic linear polymer) is also considered a non-ionic surfactant whose HLB is 18. 

This means that PVA has a slightly higher hydrophilic character compared to Tween® 

80. Although the HLB number of these emulsifiers is similar, they may present different 

wetting characteristics because of the differences existing in chemical groups [201]. SLN 

prepared with Tween® 80 presented significantly smaller sizes than SLN prepared with 

PVA. However, both surfactants gave origin to nanoparticles with sizes between the 

range that was predefined for this study (100-400 nm). On the other hand, SLN prepared 

with 1% PVA had significantly lower PdI compared to Tween® 80. This might be related 

with the structural characteristics of the surfactant and its capacity to form the surfactant 

layer on the surface of the Witepsol® E85 SLN. Furthermore, S. Soares et al., also 

prepared nanoparticles with Witepsol® E85 and stabilized with 1% PVA that showed 

good physicochemical parameters with a mean diameter of 400 ± 47 nm and a PdI equal 
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to 0.17 ± 0.05 [202]. However, these nanoparticles were prepared by a modified solvent 

emulsification-evaporation method based on a w/o/w double emulsion technique, which 

can obviously have great impact on the final results since different emulsifiers 

compositions may require different homogenization and/or preparation parameters [88].  

 

2.2. Optimization of the double emulsion method  

Considering the nature and structure of the compounds used in this work, the double 

emulsion method was also studied to further understand the influence of the method on 

the encapsulation of AD. For this, the same 4 different types of lipids were tested in the 

preparation of SLN by the double emulsion method: Witepsol® E85, Gelucire® 43/01, 

Monosteol™, Labrafil® M 2130 CS. The experiences were performed following the 

method described in 2.2. Materials and Methods and to evaluate the results, the size and 

PdI of the nanoparticles were measured using DLS, similarly to the previous 

experiences. The results are shown in Figure 29.  
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Figure 29: Influence of the type of lipid on SLN prepared by the double emulsion method.Size (left) and PdI (right) 
are presented by mean ± SEM (n=9). Statistical analyses were performed using one-way ANOVA, followed by the 

Tukeys multiple comparisons test, (ap < 0.05, aaaap < 0.0001 Labrafil vs other lipids; bbbbp < 0.0001 Monosteol vs other 
lipids). 

 

No significative differences were observed in the size of SLN prepared with 

Witepsol® E85, Gelucire® 43/01 and Monosteol™. On the other hand, Labrafil® M 2130 

CS clearly shows its possible inadequacy for the preparation of SLN by this method, 

since particle sizes are superior to 1000 nm which means that no nanoparticles were 
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formed, but instead, microparticles (~7500 nm). Since Labrafil® M 2130 CS did not 

showed such behaviour in the previous experiences, it is possible that this alteration in 

particles sizes is due to the interaction between this lipid and PVA likely because of the 

PEG-6 (MW 300) groups, only present in this lipid, and the surfactant. The interaction 

between PVA and PEG groups is reported since even PVA-PEG hydrogels have been 

reported previously [203]. This phenomenon may be at the origin of particle aggregation 

and, therefore, at the increase of particle size values. Monosteol™ did not present a 

good capacity of forming a homogeneous SLN dispersion, since PdI values are slightly 

high for Monosteol™-SLN prepared by this method. The same, was observed for 

Labrafil® M 2130 CS, which was expected considering the results of particle size. 

Witepsol® E85, Gelucire® 43/01 showed both good values for particle size (~200 nm) 

and PdI, since values below 0.25 reflect homogeneous nanoparticles, with less 

predisposition to aggregation [204].  

 

2.3. Optimization of the preparation of PAA-SLN  

After the optimization steps were completed for both methods, SLN loaded with PAA 

were prepared by the ultrasonication method and the double emulsion method, as 

described above, using all 4 types of solid lipids available. In the preparation of SLNs by 

the ultrasonication method, a solution of 2% Tween® 80 was used as surfactant since 

this is normally the maximum adequate percentage used in studies using polyphenols, 

namely from Hibiscus sabdariffa [205], and also the percentage with the smallest size 

value in quercetin loaded SLN preparation [91].  Furthermore, although higher contents 

of surfactant often result in greater emulsion stabilization, higher percentages of Tween® 

80  were not studied due to the necessity to perform a tolerability study for the excipient 

in cosmetic applications [138]. The results obtained for size and PdI of PAA-SLN 

prepared by the ultrasonication method are displayed in Figure 30.  
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Figure 30: Size (left) and PdI (right) of PAA-loaded SLN prepared with different lipids by the hot-melted combined 
with ultrasonication method. Results are presented by mean ± SEM (n=9). Statistical analyses were performed using 

one-way ANOVA, followed by the Tukeys multiple comparisons test, (ap < 0.05, aaaap < 0.0001 Monosteol vs other lipids; 
bp < 0.05, bbp < 0.01 Labrafil vs other lipids; cp < 0.05, ccp < 0.01  Witepsol vs other lipids). 

Although the smallest particle size was obtained for nanoparticles prepared with 

Monosteol™, these results are not particularly good since nanoparticles with sizes below 

100 nm may have problems related to cytotoxicity and accumulation. Moreover, PdI 

values for these nanoparticles show that this lipid does not originate a homogeneous 

dispersion (PdI ˃ 0.5). There are no significative differences between sizes of PAA-SLN 

prepared with Witepsol® E85 and Gelucire® 43/01 and the size of Labrafil® M 2130 CS 

is slightly higher. In general, neither of the lipids seems to be adequate to obtain PAA-

loaded SLN through this method, since the PdI values are too elevated in all cases. Since 

the compound, PAA, has mainly a hydrophilic character and a structure composed by 4 

phenol rings, the interaction lipid-compound, particularly important in this method, may 

be compromised and the nanoparticles may not be forming properly.  

In addition, SLNs loaded with PAA were also prepared by the double emulsion 

method using 1% of PVA as surfactant. No additional experiments were performed in 

order to assess the influence of higher concentrations of PVA in SLNs characteristics 

since literature reports that SLN/NLC stabilized with 1% PVA present good 

characteristics [163, 206]. Moreover, it is also described that increasing PVA 

concentration may lead to an increase in PdI values, which is probably related to the 

adsorption of this surfactant onto nanoparticle surface, promoting aggregation, due to is 

adhesive nature [207]. The increase in PVA concentration can also have a negative 

impact on the entrapment efficiency, what can be explained by the partition phenomena, 



FCUP 
Lipid nanoparticles as carriers of anthocyanins derivatives for topical applications 

67 

 
that is, the higher concentration of surfactant in the external phase might be responsible 

for an increase in bioactive compound partition from the internal to the external phase, 

leading to the molecule solubilization [145]. The results obtained for the size and PdI of 

PAA-SLN prepared by the double emulsion method are showed in Figure 31.  
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Figure 31: Size (left) and PdI (right) of PAA-loaded SLN prepared with different lipids by the double emulsion 
method. Results are presented by mean ± SEM (n=9). Statistical analyses were performed using one-way ANOVA, 
followed by the Tukeys multiple comparisons test, (aaaap < 0.0001 Labrafil vs other lipids; bp < 0.05, bbbbp < 0.0001 

Monosteol vs other lipids; cp < 0.05 Witepsol vs other lipids). 

 

According to the results, no significative differences (P < 0.0001) were found to occur 

between sizes of PAA-SLN prepared with Monosteol™, Witepsol® E85 and Gelucire® 

43/01, contrarily  to the ones obtained when prepared with Labrafil® M 2130 CS. The 

size homogeneity of the first 3 dispersions is confirmed by the low values of PdI for 

Witepsol® E85 and Gelucire® 43/01 nanoparticles, being that nanoparticles made of 

Monosteol™ present slightly higher values of PdI. Once again, Labrafil® M 2130 CS 

gave origin to the nanoparticles with highest size and PdI values, demonstrating the 

poorly capacity for the preparation of PAA loaded-SLN with this lipid. In this case, it was 

also observed the transformation of the dispersion into a viscous gel, which is commonly 

called the gelation phenomenon. Many factors can incite gelation, but since Labrafil® M 

2130 CS possess PEG in its constitution, it is possible that the addition of the compound 

might be responsible for an increased interaction between the lipid and the surfactant. It 

is known that high ionic strength and the performance of the surfactant film (that might 

change with temperature especially in PEG-surfactants) are factors that might be at the 

origin of gelation [88, 154]. To corroborate this is the fact that SLNs prepared with this 

lipid and using Tween 80 as surfactant did not yielded to gelation. 
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2.4. Comparison of AD loaded-SLN prepared by different 

methods 

The last experiments with SLN aimed to better understand the suitableness of each 

method for the encapsulation of AD in order to choose a fixed preparation method for 

further experiences. In these experiments, 1% PVA was chosen as a surfactant in both 

methods to diminish variable factors and better compare the methods. Considering the 

size and PdI results obtained in the previous experiments, two lipids were chosen to 

perform these studies: Witepsol® E85 and Gelucire® 43/01. Firstly, SLNs loaded with 

PAA were prepared by the ultrasonication and the double emulsion methods using both 

lipids and following the procedures already described.  

Empty nanoparticles were also prepared by both methods to compare possible 

alterations caused by compound encapsulation in nanoparticles characteristics. A 

notorious difference in SLN dispersion colour was observed when comparing both 

methods for both lipids (Figure 32).  

 

 

Figure 32: PAA-SLN prepared with Witepsol® E85 (left) and Gelucire® 43/01(right). 

 

Although the PAA concentration was the same in both SLN dispersions, SLN 

prepared by the ultrasonication method displayed a darker colour than SLN prepared by 

the double emulsion method.  This might be due to a lower encapsulation efficiency of 

PAA in the ultrasonication method, which indicates a higher content of free compound in 

solution that can be responsible for the darker colour. This colour difference was more 

accentuated in PAA-SLN prepared with Gelucire® 43/01. Other factor that might be 

responsible for these observations is that both methods can be originating SLNs with 
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different PAA distribution among the nanoparticle, that is, it is possible that in the 

ultrasonication method the compounds are placing themselves at the surface of the 

nanoparticles, giving the dispersion a darker red colour, while in the double emulsion 

method the molecules can be more encapsulated.  

Size and PdI were determined and, in this final phase, the zeta potential was also 

measured as it gives information about the superficial charge of nanoparticles what can 

provide data about possible particle aggregation during storage and also about 

nanoparticles interaction. The results are shown in Figure 33. 
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Figure 33: Size (left), PdI (right) and zeta potential (bottom) of PAA-loaded SLN prepared with Witepsol® E85 (a)) 
and Gelucire® 43/01  (b)) by two different methods. Results are presented by mean ± SEM (n=9). Statistical analyses 
were performed using one-way ANOVA, followed by the Tukeys multiple comparisons test, (ap < 0.05; aaaap < 0.0001 

SLN-Ultrasonication vs other SLN; bbp < 0.01; bbbbp < 0.0001 SLN+PAA-Double emulsion vs other SLN). 

 

In Figure 33, a) are presented the results obtained for the PAA-SLN prepared with 

Witepsol® E85. PdI and zeta potential values of empty SLN prepared by the 

ultrasonication method are significantly different from empty SLN prepared by the double 

emulsion method. In this case, since no compound is encapsulated, it is possible that 

the PdI results are related with a better dissolution of the lipid when an organic solvent 

is used (double emulsion method) rather than when the lipid is melted: this homogeneity 

of the solution is further responsible for obtaining lower PdI values since the number of 

populations with different size values is reduced.  

PAA-SLN are also significantly different from empty SLN prepared by the 

ultrasonication method. In this case, the size and PdI are increased by the encapsulation 

of PAA which clearly shows the influence of the compound in the alteration of SLNs 

characteristics that needs further confirmation using techniques such as SEM/TEM and 

DSC. PAA-SLN prepared by the double emulsion method showed zeta potential values 

significantly different (P< 0.0001) from empty SLN prepared by this method. The fact that 

PAA-SLN show more negative zeta potential values in comparison with empty SLN might 

be indicating that the compound is placing itself at the surface of the nanoparticle. The 

pH of the SLN dispersions (pH~4.5), is close to the pKa2 of the PAA (pKa2 = 4.42 ± 0.01 

[208]) which means that PAA has negative charge at the pH of the solutions, thus 

originating nanoparticles with a more negative superficial charge.  

In Figure 33, b) are presented the data for the PAA-SLN obtained with Gelucire® 

43/01. Size and PdI of empty SLN prepared by the ultrasonication method are 

significantly different from PAA-SLN prepared by the same method, however, unlike of 
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what was observed for Witepsol® E85, PAA-SLN presented very large size numbers and 

PdI values, which shows the possible inadequacy of this lipid for the encapsulation of 

PAA by the ultrasonication method. On the other hand, the double emulsion method 

showed good results for PAA-SLN with sizes of approximately 200 nm and PdI values 

inferior to 0.2, confirming the homogeneity of the solution. The same behaviour was 

observed for the zeta potential values of PAA-SLN being more negative than empty SLN, 

showing once again the possibility of the compound being placed at the surface of the 

particle, which is to be expected when large hydrophilic compounds are encapsulated in 

a lipid system. This kind of behaviour was also observed in a study by R. Sthay et al., 

where the experiments about the encapsulation of EGCG into SLN suggested that the 

molecules were located in the outer shell of the particle core [209].  

 

SLNs loaded with portisin (P) were also prepared by the ultrasonication and the 

double emulsion methods using both lipids (Figure 34).  

 

 

Figure 34: P-SLN prepared with Witepsol® E85 (left) and Gelucire® 43/01(right). 

 

SLNs prepared by the ultrasonication method displayed a darker colour than SLN 

prepared by the double emulsion method, which once again, might be due to the same 

factors already mentioned above for PAA. Moreover, the chromatic differences between 

each method are more evident in the SLN prepared with Gelucire® 43/01. 

The size, PdI and zeta potential of P-SLN were measured and the results are shown 

in Figure 35. 
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Figure 35: Size (left), PdI (right) and zeta potential (bottom) of P-loaded SLN prepared with Witepsol® E85 (a)) 
and Gelucire® 43/01 (b)) by two different methods. Results are presented by mean ± SEM (n=9). Statistical analyses 

were performed using one-way ANOVA, followed by the Tukeys multiple comparisons test, (ap < 0,05; aaap < 0.001; aaaap 
< 0.0001 SLN-Ultrasonication vs other SLN; bbbp < 0.001; bbbbp < 0.0001 SLN+P-Double emulsion vs other SLN). 

 

In Figure 35, a) are presented the results obtained for the P-SLN obtained with 

Witepsol® E85. In this case, preparing nanoparticles with P by the ultrasonication 

method gave origin to nanoparticles with high size (above the nano scale) and PdI 

values, which reflects the lack of homogeneity of the dispersions. The same behaviour 

was observed for nanoparticles prepared with Gelucire® 43/01 (Figure 35 b)). These 

results can be due to the more complex structure of P. 

 P-SLNs prepared by the double emulsion method presented a very similar 

behaviour in terms of size and PdI values in comparison to the empty ones prepared by 

the same method. Moreover, the sizes were significantly smaller when comparing to the 

ultrasonication method, as well as PdI values, showing once again the likely inadequacy 

of the ultrasonication method for the encapsulation of this pigments. Observing the zeta 

potential values, it is possible to see that, for Gelucire® 43/01, P-SLN prepared by the 

ultrasonication method showed zeta potential values significantly different from empty 

SLN prepared by the same method but in both methods P-SLN have more negative 

superficial charges than the empty nanoparticles. On the other hand, the opposite was 

verified for Witepsol® E85. In this case it cannot be assumed that these results are due 

to the molecule placing itself at the surface of the nanoparticle since the pH of the SLN 

dispersions (pH~4.5), is close to the pKa1 of the compound (pKa1 = 4.61 ± 0.01 [210]) so 

the molecule presents no charge at the pH of dispersions, meaning that is unlikely that 

the more negative zeta potential values observed are due to the charge of the molecule. 

Moreover, due to its reactive groups, the lipid has some influence in the zeta potential 

as it can be observed since zeta values of Gelucire ® 43/01 nanoparticles are visibly 
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higher than zeta values of Witepsol® E85. This can, thereby, also influence and explain 

the values obtained for the zeta potential when the compound is present.  

 

2.5. pH stability assays of PAA-SLN 

Bearing in mind the results obtained in previous experiences, the stability of the 

prepared SLNs by the double emulsion method was evaluated at different values of pH: 

pH 5.5, to mimic skins’ pH; pH 6.5 to mimic cancer cells pH; pH 7.4 the physiological pH; 

and pH 8.0, the mitochondrial pH. The studies were performed for empty SLNs and PAA-

SLNs for 14 days. The data obtained for SLNs prepared with Witepsol® E85 are showed 

in Figure 36 and Figure 37.  

 

1 7 14 1 7 14 1 7 14 1 7 14
0

100

200

300

400

Days after preparation

S
iz

e
 (

n
m

)

1 7 14 1 7 14 1 7 14 1 7 14
0.0

0.1

0.2

0.3

Days after preparation

P
d

I

 

1 7 14 1 7 14 1 7 14 1 7 14
-15

-10

-5

0

Days after preparation

z
e

ta
 (

m
V

)

pH 5.5

pH 6.5

pH 7.4

pH 8.0

cc

 

Figure 36: Witepsol® E85 -SLN stability towards different values of pH at day 1, 7 and 14 after preparation. 
Results are presented by mean ± SEM (n=3). Statistical analyses were performed using one-way ANOVA, followed by 

the Tukeys multiple comparisons test, ( ccp < 0,01 Day 7 of pH 5.5 vs other days of pH 5.5). 

 

 Observing Figure 36, it is perceptible that for all values of pH, there is an increase 

in size and PdI values along with a decrease in zeta potential values throughout the 14 

days of experience, being that this is more evidenced for higher pH values. There are 

only significative differences (P< 0.01) between the superficial charge of nanoparticles 
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at pH 5.5 14 days after preparation when comparing to day 7. Once again, size and PdI 

values are quite smaller when comparing to the values obtained for the ultrasonication 

method in previous experiences.  
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Figure 37: Witepsol® E85 loaded with PAA-SLN stability towards different values of pH at day 1, 7 and 14 after 
preparation. Results are presented by mean ± SEM (n=3). Statistical analyses were performed using one-way ANOVA, 

followed by the Tukeys multiple comparisons test, (ap < 0,05; aap < 0,01 Day 1 of pH 8.0 vs other days of pH 8.0). 

 

By the observation of Figure 37 the main conclusion that can be obtained is that 

size and PdI values of PAA-SLN are lower when comparing to empty nanoparticles in 

the same conditions. Moreover, that are no significative differences between day 1, 7 

and 14 of each pH, which may indicate that SLNs behave similarly at all values of pH. 

Looking at zeta potential values, it is possible to conclude that nanoparticles 14 days 

after preparation were significantly different from day 1 at pH 8.0. It is possible that a 

displacement of the pigment from the core of the nanoparticle to the surface is occurring 

over the days and because of the main equilibrium form of the compound present at this 

value of pH, more negative values of zeta potential are observed.  

The pH stability studies were also performed for nanoparticles prepared with 

Gelcuire® 43/01. The data obtained for the prepared nanoparticles is shown in Figure 

38 (empty nanoparticles) and Figure 39 (nanoparticles loaded with PAA). 
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Figure 38: Gelucirel® 43/01 -SLN stability towards different values of pH at day 1, 7 and 14 after preparation. Results 

are presented by mean ± SEM (n=3). Statistical analyses were performed using one-way ANOVA, followed by the 
Tukeys multiple comparisons test. 

 

Figure 38 shows that that are no significative differences between values of size, 

PdI and zeta potential of nanoparticles at different values of pH over the 14 days of study.  

Looking at Figure 39, similar behaviour of size and PdI values is observed when 

comparing to empty nanoparticles. PAA-SLN at the day 7 after preparation had 

significantly different values of size and PdI in comparison with PAA-SLN at day 1 at pH 

5.5.  
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Figure 39: Gelucire® 43/01 loaded with PAA-SLN stability towards different values of pH at day 1, 7 and 14 after 
preparation. Results are presented by mean ± SEM (n=3). Statistical analyses were performed using one-way ANOVA, 

followed by the Tukeys multiple comparisons test, (ap < 0,05Day 1 of pH 5.5 vs other days of pH 5.5) 

 

Curiously, both lipids presented a very similar behaviour in terms of pH stability. In 

general, size and PdI values seem to increase over time being that this change is more 

perceptible at higher values of pH, which is expectable since the compounds are more 

instable at higher values of pH in aqueous solutions what might be influencing 

nanoparticles’ parameters. At this values of pH, zeta potential also seems to decrease 

what, as explained before, can be justified by the eventual displacement of the pigments 

from the core of the nanoparticle to the surface of the nanoparticle and/or the dissolution 

media. This assay is particularly relevant due to the sensibility of the pigments towards 

pH changes and to understand how it may affect nanoparticles behaviour, but it would 

be important to also use other methods to observe this possible influence and better 

understand the nanoparticle-compound interaction throughout the days at different 

values of pH.  
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2.6. Colour stability assays of PAA-SLN 

As PAA are coloured compounds the chromatic stability is an essential element to 

these studies, and by this colour stability assays were performed to understand the 

possible influence encapsulation system on the final appearance of the SLN dispersions. 

 In Figure 40 is presented the colour of the prepared solutions with PAA-SLN made 

of Witepsol® E85 at different pH values. The final well plate is shown above and the 

prepared solutions by both methods are also shown in a closer view in 2 mL 

microtube(bottom). In Figure 41 the same results are presented for the PAA-SLN 

prepared with Gelucire® 43/01.  

 

 

 

Figure 40:  Final well plate appearance with PAA-SLN prepared by the double emulsion and ultrasonication 
methods (top).Closer look at PAA-SLN at different values of pH prepared by the ultrasonication method (left) and double 

emulsion method (right) (bottom). C1 stands for control solutions of the double emulsion method and C2 stands for 
control solutions of the ultrasonication method. Nanoparticles were prepared using Witepsol® E85.  
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Figure 41: Final well plate appearance with PAA-SLN prepared by the double emulsion and ultrasonication methods 
(top).Closer look at PAA-SLN at different values of pH prepared by the ultrasonication method (left) and double 

emulsion method (right) (bottom). C1 stands for control solutions of the double emulsion method and C2 stands for 
control solutions of the ultrasonication method. Nanoparticles were prepared using Gelucire® 43/01.  

 

In Figures 40 and 41 is possible to observe a notable colour change from pH 5.5 to 

pH 8.0. This can be justified by the fact that PAA is probably placing itself at the surface 

of the nanoparticle, as explained before through the zeta potential analysis, therefore 

providing different colours to SLN dispersions at different values of pH. PAA in aqueous 

solutions are present in different equilibrium forms according to the pH of the medium 

(Figure 42). At pH 5.5, the main PAA equilibrium form present is the anionic form but as 

the pH increases, deprotonation occurs yielding to the formation of the dianionic form 

and finally, at ~pH 7.78, that is the pKa3 of the PAA, which indicates that 50% of PAA is 

in the anionic form is present in equilibrium with the dianionic form. At pH 8.0, the 

dianionic PAA form in mainly present in solution. Therefore, the different colours 

observed in SLN dispersions are due to the different structures of the molecule at 

different values of pH. Additionally, it is also perceptible a more intense colour in the 

control groups as it was expected.  
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Figure 42: Equilibrium forms of carboxypyranocyanidin-3-O-glucoside and respective values of pKa in aqueous 
solution [208]. 

 

Another important characteristic that is observed is the difference in the colour 

intensity in PAA-SLN prepared by the hot-melted ultrasonication method and PAA-SLN 

prepared by the double-emulsion method. Both control and nanoparticles prepared by 

the ultrasonication method present a more intense colour when comparing to the ones 

prepared by the double emulsion method. This might be related to the encapsulation of 

the compound. Considering the results obtained for size, PdI, zeta potential and what 

was observed in pH stability assays, the double emulsion method seems to be the most 

appropriate one for the encapsulation of PAA and formation of more stable dispersions. 

Bearing this in mind, it is plausible that the encapsulation of PAA is more efficient using 

the double emulsion method. There is probably a higher content of free molecules in 

solution in the dispersions prepared by the ultrasonication, and therefore a more intense 

colour. Moreover, in the double emulsion method, the compound is placed in the primary 

emulsion that is formed, as it is demonstrated in Figure 43, what might also be at the 

origin of the less intense colour since the molecule is more encapsulated. 
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Figure 43: Scheme of a PAA-SLN prepared by the double emulsion method. 

 

Nevertheless, the influence of the different encapsulation systems on the colour of 

pigments needs to be evaluated at different pH values using UV-Visible spectroscopy 

and the stability of their colour over time determined using the colour coordinates system 

(CIEL*a*b*) for more detailed results.  

 

3. Preparation of Nanostructured Lipid Carriers (NLC) 

 

3.1. Preparation of AD-loaded NLC by the double emulsion 

method 

NLC were prepared for the encapsulation of PAA and P. For that, the double 

emulsion method and two surfactants, Tween® 80 and PVA were used for the 

preparation of NLCs dispersions. The physical-chemical characterization of NLCs, 

including the pH stability assays were assessed, and entrapment efficiencies were 

calculated. The cytotoxicity of the prepared NLCs was also evaluated and will be 

discussed below.  

3.1.1. Characterization of AD-loaded NLC 

NLCs were prepared using Tween® 80 and PVA, respectively. The size, PdI and 

zeta potential values that characterize the obtained nanoparticles are presented in 

Figure 44.  
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Figure 44: Size, PdI and zeta potential values of empty NLC prepared with Tween® 80 and PVA. Results are 
presented by mean ± SEM (n=9). Statistical analyses were performed using one-way ANOVA, followed by the Tukeys 

multiple comparisons test, (aap < 0,01 Tween® 80 vs PVA). 

 

Significative differences were found between NLCs prepared with Tween® 80 and 

PVA on size and PdI values. Tween® 80 yielded to NLCs with smaller sizes, but on the 

other hand with higher PdI values when compared to NLCs prepared with PVA. The zeta 

potential values were similar for both NLCs dispersions.  

 

3.1.1.1. PAA-NLC 

The appearance of PAA-NLC prepared with Tween® 80 and PVA is shown in Figure 

45. 
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Figure 45: PAA-NLC prepared with Tween® 80 (left) and PVA (right). 

 

Regarding Figure 45, it is notable that PAA-NLC prepared with PVA has a darker 

red colour than PAA-NLC prepared with Tween® 80. This can be related with the 

localization of the compound in the nanoparticle: it is possible that the molecules interact 

more with the surfactant in the case of PVA and, therefore, they tend to localize at the 

surface of the nanoparticle. Furthermore, the more intense colour of the dispersions 

prepared with PVA can also be due to the presence of higher amounts of free molecules 

in solution, related with a lower encapsulation efficiency, as it will be discussed further 

ahead.  

 

The size, PdI and zeta potential were determined after the preparation of NLCs and 

after 6 days of storage at 4 ºC to evaluate the stability of NLCs. The results are shown 

in Figure 46.  
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Figure 46: Size, PdI and zeta potential values of PAA-NLC at the day of the preparation (Day 0) and 6 days after 
preparation. Results are presented by mean ± SEM (n=9). Statistical analyses were performed using one-way ANOVA, 

followed by the Tukeys multiple comparisons test, (aap < 0,01; aaaap < 0.0001 Tween® 80 vs PVA). 

 

PAA-NLC prepared with Tween® 80 presented size values around 150 nm and 

PAA-NLC prepared with PVA showed slightly higher values around 225 nm. After 6 days 

of preparation, no changes on size of nanoparticles prepared with was observed.On the 

other hand, PdI of PAA-NLC prepared with PVA were significantly smaller than PdI 

values of PAA-NLC prepared with Tween® 80. Zeta potential values of nanoparticles 

prepared with PVA were more negative comparing to nanoparticles made with Tween® 

80, showing, once again, the influence of the surfactant on the nanoparticles 

characteristics. Both dispersions had less negatives values of zeta potential at the end 

of 6 days of storage.  

 

3.1.1.2. P-NLC 

The appearance of P-NLC prepared with both surfactants is shown in Figure 47. 

 

Figure 47: P-NLC prepared with Tween® 80. 
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Once again, PVA nanoparticles presented a darker colour. Different blue hues were 

observed for P-NLC prepared with the same surfactant and this can be due to different 

encapsulation of P into the NLC. These results can already be a sign of the difficulty of 

the encapsulation of this pigment since it is more challenging to achieve reproducibility.  

The size, PdI and zeta potential were determined after the preparation of NLCs and 

6 days after their preparation to evaluate the stability of dispersions. The results are 

shown in Figure 48.  
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Figure 48: Size, PdI and zeta potential values of P-NLC at the day of the preparation (Day 0) and 6 days after 
preparation. Results are presented by mean ± SEM (n=9). Statistical analyses were performed using one-way ANOVA, 

followed by the Tukeys multiple comparisons test, (aap < 0,01 Day 0 vs Day 6). 

 

By observing Figure 48, it is possible to see that P-NLC prepared with PVA had 

significantly (P<0.0001) smaller size values than P-NLC prepared with Tween® 80. On 

the other hand, PdI values of both types of nanoparticles were very similar. Neither of 

these two parameters had significant changes at the end of 6 days of preparation. 

Curiously, while zeta potential values of PAA-NLC prepared of Tween® 80 increased 

over the storage time, the opposite occurred for the nanoparticles prepared with PVA. 
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This once more emphasizes the importance of the molecule-surfactant interaction on 

nanoparticles characteristics.   

 

3.1.2. Determination of entrapment efficiency  

Entrapment efficiency values were determined for PAA-NLC an P-NLC prepared 

with Tween® 80 and PVA. The results are presented in Table 8.  

 

Table 8: Entrapment efficiency values of PAA-NLC and P-NLC prepared with Tween® 80 and PVA. Results are 
presented by mean ± SD (n=3). 

Entrapment efficiency (%) 

PAA-NLC (Tween® 80 2%) 27,91 ± 1,56 

PAA-NLC (PVA 1%) 24,86 ± 1,40 

P-NLC (Tween® 80 2%) 100,00 ± 0,00 

P-NLC (PVA 1%) 100,00 ± 0,00 

 

PAA-NLC prepared with Tween® 80 presented a slightly higher entrapment 

efficiency when compared to PAA-NLC prepared with PVA. This difference might be due 

to the partition phenomena, in which the type of surfactant in the external phase might 

be influencing compound partition from internal to external phase leading to the 

molecules solubilization and, therefore, decreasing the values of EE. This molecule-

surfactant interaction was already visible in the previous results by observation of the 

zeta potential values variation according to the surfactant. These results also corroborate 

the explanation for the visual differences between PAA-NLC dispersions prepared with 

Tween® 80 and PVA. 

The quantification of P on supernatant after centrifugation of P-NLC (schematized 

in Figure 49) shows that no P was possible to detect. This would indicate that all P 

molecules were successfully encapsulated into the prepared NLCs, that are retained in 

the filter units. However, it should be noticed that free molecules can also retained in the 

filter unit due to the hydrophobicity of the molecule. Thus, although this method is widely 

used in other studies for the determination of EE, it is not the most appropriate because 

of this issue that, in this case, it is easily observed since molecules are colored. Other 

methods will be further explored in order to determine EE of P-NLC with more accuracy, 

bearing in mind the size and structure of molecules. 
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Figure 49: Schematic representation of filter units before (left) and after (right) of P-NLC centrifugation. 

 

3.1.3. In vitro drug release 

In vitro drug release studies were performed for PAA-NLC prepared with both 

surfactants. These studies were performed at physiological conditions (pH 7.4, 37 °C) 

and skin pH (pH 5.5, 37 °C). The results are shown below.  

 

Figure 50: PAA-NLC (prepared with Tween® 80) appearance at pH 5.5 and pH 7.4 conditions for t=0h (top, 
colourless) and t=24h (bottom). 
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Figure 51: Percentage of PAA release from Tween® 80-NLC at pH 5.5 and pH 7.4 during 24h. Results are 
presented by mean ± SEM (n=3). 

 

In Figure 50 is represented the appearance of the solutions at both values of pH at 

t=0h (colourless solutions) and t=24h (after the release of the compound). The first two 

flasks displayed on the images correspond to the control groups (only PAA). By 

observing Figure 51, it is possible to notice that, for both values of pH, there is a fast-

initial release (in the first 2 hours) followed by a sustained release. Moreover, the 

percentage of released PAA is superior at pH 7.4 (up to 15%) than at pH 5.5 (up to 10%). 

However, at t=24h, the percentage of released PAA at pH 7.4 is inferior to the percentage 

of released PAA at pH 5.5. This is probably because the molecule started to degrade 

itself under the conditions of the solution (pH 7.4, 37 °C) that are not ideal for the stability 

of PAA. 

 

Figure 52: PAA-NLC (prepared with PVA) appearance at pH 5.5 and pH 7.4 conditions for t=24h. Control groups 
are highlighted in red.  

 



FCUP 
Lipid nanoparticles as carriers of anthocyanins derivatives for topical applications 

89 

 

0 10 20

0

5

10

15

20

25

PAA-NLC
PVA

Time (h)

%
 P

A
A

 r
e
le

a
s
e

pH 5.5

pH 7.4

 

Figure 53: Percentage of PAA release from PVA-NLC at pH 5.5 and pH 7.4 during 24h. Results are presented by 
mean ± SEM (n=3). 

 

In Figure 52 is represented the appearance of the solutions at both values of pH at 

the end of 24h. By observing Figure 53, it is evident a similar release behaviour of PAA-

NLC prepared with PVA, when comparing to PAA-NLC prepared with Tween® 80: there 

is a fast-initial release in the first hours of experience. At pH 5.5, a sustained release 

does not seem to be achieved at the end of 24h since the percentage of released PAA 

is increasing over time. On the other hand, for pH 7.4 a sustained released behaviour is 

observed after the first hours of experience and contrary to what was observed for the 

experience with Tween® 80, the content of released PAA does not diminish. This can 

be explained by the fact that PVA plays some role in the protection of the molecule from 

the external factors (pH 7.4 and 37 °C). It is important to mention that the surfactant 

influences drug release by governing surface properties of the nanocarriers and playing 

a role on solubilizing the released compounds in the release medium, what can also 

explain the differences observed [211].  

In Figure 54, is presented the appearance of P-NLC prepared with Tween® 80 drug 

release experience. As it is portraited, the solution is colourless at both t=0h and t=24h, 

what indicates that no compound was released and that was confirmed by UHPLC 

analysis. This is due to size and structure of portisin, that is probably making it impossible 

for the compound to pass through the dialysis membrane and, therefore, other methods 

need to be explored in order to determine the release profile of P from the prepared NLC.  

The only exception to this were the control groups at pH 7.4: at the end of 24h, it is 

possible to see that some of the compound could pass through the membrane, but it 
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degraded itself due the temperature and pH and that is perceptible for the brownish 

colour acquired by the solution.  

 

Figure 54: P-NLC (prepared with Tween® 80) appearance at pH 5.5 and pH 7.4 conditions for t=0h (top) and 
t=24h (bottom). 

 

3.1.4. pH stability assays 

The pH stability assays of AD-NLC were performed for two hours to understand the 

stability of the nanoparticles in the first moments after administration at two different pH 

environments. AD-NLC were diluted in solutions with different pH values: 5.5 to mimic 

skin’s pH, and 7.4 to mimic physiological pH. The stability of the prepared NLC was 

assessed by measuring the size, PdI and zeta potential of the dispersions at the time of 

preparation and 30, 60, 90 and 120 minutes after incubation at 37 ºC.   

 

3.1.4.1. PAA-NLC 

PAA-NLC prepared with Tween® 80 and PVA were evaluated separately at different 

values of pH. Bearing in mind the importance of colour, the appearance of the 

dispersions in the day of the preparation and 7 days after preparation was registered and 

it is displayed in Figure 55. Figure 56 shows the stability of PAA-NLC towards different 

values of pH. 
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Figure 55: PAA-NLC made of Tween® 80 (top) and PVA (bottom) appearance at day 0 and at day 7 after 
preparation. 

 

From the evaluation of Figure 55 it is possible to notice a significant difference 

between the colours of dispersions at pH 5.5 and pH 7.4 which is due to the equilibrium 

forms of PAA at different values of pH in aqueous solutions. It is also possible to see that 

the colour of the dispersions does not seem to change from day 0 to day 7 at pH 5.5 for 

both surfactants. The same is not observed for pH 7.4 were the solution at the end of 7 

days displays a brownish colour that might be indicating that the pigment are oxidised. 

In conclusion, the pigments colour is more stabilized at pH 5.5 when comparing to pH 

7.4 which was already expected as anthocyanins and their derivatives are generally 

more stable at acidic solutions. The samples were stored at 37ºC during the 7 days of 

the study so temperature might also have a considerable influence in oxidation of the 

compounds and also in lipid oxidation, which might also influence the lack of protection 

of the molecules.  
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Figure 56: pH stability assays of PAA-NLC prepared with Tween® 80 and PVA at two different values of pH: 5.5 
a) and 7.4 b). Results are presented by mean ± SEM (n=9). Statistical analyses were performed using one-way 
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ANOVA, followed by the Tukeys multiple comparisons test, (ap < 0,05; aap < 0,01; aaaap < 0.0001 Tween® 80 vs PVA). 

The main equilibrium forms of the compound present at each values of pH are also represented.  

  

Observing the results obtained at pH 5.5, it is possible to see that the size of Tween® 

80 nanoparticles generally increases while nanoparticles of PVA demonstrated stable 

values of size over time. These values were also slightly higher for PVA, what was 

already observed in previous experiments. The same behaviour was observed for the 

PdI values, with an increase of the values over time for nanoparticles prepared with 

Tween® 80 and with PdI values of PVA remaining stable. The zeta potential values did 

not vary considerably for the 2 hours of experience for both surfactants.  

The results at pH 7.4 for size and PdI values were very similar to the results obtained 

at pH 5.5. On the other hand, zeta potential values demonstrated great differences 

between both surfactants since values obtained for Tween® 80 nanoparticles were 

around -15 mV while the ones obtained for PVA nanoparticles were around -8 mV. Once 

again, and since no differences were observed for zeta potential values of empty NLC 

for both surfactants (see Figure 44), this demonstrates the influence of the surfactant on 

the stabilization of the nanoparticle and/or encapsulation of the compound. Additionally, 

it is possible that the observed differences are derived from changes in the surfactant 

itself as well. Other studies have reported that the reaction of hydrolysis of the ester bond 

of Tween® 80 was markedly catalysed around pH 7.6 [212]. Due to proximity of this 

value to the pH value of the experience (pH 7.4) it is possible that the more negative 

values of zeta potential of Tween® 80 nanoparticles are also a reflection of the 

occurrence of this type of reactions. 

 

Figure 57: Tween® 80 structure (obtained from PubChem). 
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In order to better conclude about the mentioned possibilities and the suitableness of 

each surfactant for the encapsulation of these compounds, further studies performed 

during a longer period of time are needed to comprehend the relation between the 

stability and time after preparation and other techniques such as DSC, NMR and 

SEM/TEM could also be a crucial tool to understand possible modifications in 

lipid/compound structures that may occur during storage and affect the parameters that 

were measured.  

 

3.1.4.2. P-NLC 

The same studies were performed for P-NLC: the appearance of the dispersions 

was registered at the day of the preparation and 7 days after preparation and it is 

displayed in Figure 58. Figure 59 shows the stability of P-NLC towards different values 

of pH. 

 

 

 

Figure 58: P-NLC made of Tween® 80 (top) and PVA (bottom) appearance at day 0 and at day 7 after 
preparation. 

 

A more evident difference between the appearance of the dispersions at the day of 

the preparation and 7 days after preparation is present at both values of pH for P-NLC. 
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The brownish colour of both solutions (pH 5.5 and pH 7.4) is probably due to oxidation 

of the molecule since the samples were stored at 37 ºC. This might be indicative of the 

lack of capacity of molecule protection from the nanoparticles or, most likely, that the 

compound was not efficiently encapsulated. Once again, lipid oxidation must also be 

considered as a possible influence in P-NLC appearance. These differences are more 

evidenced for P-NLC prepared with Tween® 80 since in this case, even at pH 5.5 a 

notable loss of the blue colour is present, contrary to what happens with PVA.  
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Figure 59: pH stability assays of P-NLC at two different values of pH: 5.5 a) and 7.4 b). Results are presented by 
mean ± SEM (n=9). Statistical analyses were performed using one-way ANOVA, followed by the Tukeys multiple 

comparisons test, (ap < 0,05; aap < 0,01; aaap < 0.001; aaaap < 0.0001 Tween® 80 vs PVA). The main equilibrium forms of 
the compound present at each values of pH are also represented. 

 

By observing pH 5.5, it is possible to see that size values of both types of 

nanoparticles did not change significantly over time. Regarding PdI values, these values 

of nanoparticles prepared with Tween® 80 seem to be increasing over time, while the 

values of nanoparticles made of PVA are more stable over time. Zeta values are very 

similar for both surfactants and are also generally stable for the 2 hours of experience. 

Regarding pH 7.4, a similar behaviour for size values is observed, when comparing 

to pH 5.5, but in this case, PdI values for both surfactants were also very similar. Looking 

at zeta potential values, once again, great differences between both surfactants since 

values obtained for Tween® 80 nanoparticles were around -18 mV while the ones 

obtained for PVA nanoparticles were around -8 mV. Since the main equilibrium form of 

the compound present in solution is the same at both values of pH, this is probably not 

the reason for the observation of these variations. The obtained values can be explained 

by the occurrence of reactions at the surfactant level and/or interactions between the 

compound and the surfactant, as mentioned above for PAA-NLC. 

 

3.1.5. Cell viability assays  

To assess the cytotoxicity of the prepared NLCs, cell viability assays were performed 

using the MTT methodology. NLCs prepared with 2% Tween® 80 and 1% PVA were 

evaluated. As a control, PAA or P, dissolved in distilled water, were used at the same 

concentration as in the NLCs. The results are shown in Figure 60.  



FCUP 
Lipid nanoparticles as carriers of anthocyanins derivatives for topical applications 

97 

 
 

0.0 0.5 1.0 1.5 2.0

0

50

100

150

HaCat (48h) - Tween® 80 2%

Log Concentration (M)

C
y

to
to

x
ic

it
y

(%
 C

o
n

tr
o

l)

PAA Empty NLC PAA-NLC

0.0 0.5 1.0 1.5 2.0

0

50

100

150

HaCat (48h) - Tween® 80 2%

Log Concentration (M)

C
y

to
to

x
ic

it
y

(%
 C

o
n

tr
o

l)

Portisin Empty NLC Portisin-NLC

 

 

Figure 60: Effects of different concentrations of compound (PAA, top and P, bottom) on cell viability. Values are 
expressed as mean ± SEM (n =6). Statistical significance (p >0.05), was tested using one-way ANOVA, followed by 

post-hoc Tukey HSD.  

 

Is it possible to observe that PAA-NLCs and P-NLCs as well as NLCs, inhibited more 

than 50% HaCat cells at the maximum concentration tested (300 µM) showing the 

cytotoxicity of nanoparticles for this concentration. However, both PAA and P extracts 

did not present cytotoxicity what allows us to conclude that the observed cytotoxicity is 

essentially due to nanoparticles.  
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Figure 61: Effects of different concentrations of compound (PAA, top and P, bottom) on cell viability. Values are 
expressed as mean ± SEM (n =6). Statistical significance (p >0.05), was tested using one-way ANOVA, followed by 

post-hoc Tukey HSD. 
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In the case of NLC prepared with 1% PVA, no relevant cytotoxicity was observed 

unless for the maximum concentration (300 µM). This does not represent any problems 

since the maximum concentration of a bioactive compound in formulations is usually 

inferior. After observing the cytotoxicity behaviour of the two types of NLCs prepared with 

different surfactants, a study was performed to understand the NLCs toxicity verified 

previously was related with the surfactant. For that, two different solutions of Tween® 80 

were tested (1% and 2%) as well as a solution of PVA 1%. The results are shown in 

Figure 62.  
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Figure 62: Effects of the surfactant on cell viability. Values are expressed as mean ± SEM (n =6). Statistical 
significance (p >0.05), was tested using one-way ANOVA, followed by post-hoc Tukey HSD. 

 

It is likely that the cytotoxicity observed for NLCs prepared with Tween® 80 is related 

with the surfactant itself. As it is shown in Figure 70, cell viability decreases with the 

increase of Tween® 80. On the other hand, PVA 1% shows no relevant cytotoxicity, 

unless for the maximum concentration, what is also in consonance with the results 

observed for the nanoparticles prepared with this surfactant. The damages caused by 

surfactants in cells depend on various factors such as if the molecule is free in solution 

or bounded to surfaces and on their conformation [213]. It is important to note that the 

toxicity of surfactants can be explained by their amphiphilic structure since hydrophilic 

interact with polar head groups and lipophilic parts interact with lipophilic tails of cellular 

lipid bilayer which result in disruption of the plasma membrane [214]. Moreover, Tween® 

80 have short PEGylated hydrophilic chains and it is known that the repulsion generated 

by long PEG chains can limit the penetration of surfactant into the lipid bilayer, preserving 

its integrity [215]. In conclusion, it is possible that the cell damaging groups of the 

surfactant might be exposed in a way that increases nanoparticles toxicity.
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V. Conclusions and future perspectives.  

Anthocyanins have gained growing attention due to their chemical properties and 

health benefits. The diversity of these molecules allied to the fact they have natural origin 

provides the opportunity to apply them in a wide variety of areas, namely, in the 

development of nutraceuticals, cosmetics, and functional foods. However, some 

drawbacks associated with low bioavailability and instability are blocking its application 

in such fields. Numerous efforts have been performed to overcome these limitations. The 

most common strategies include molecule covalent modification or encapsulation. The 

use of anthocyanins derivatives is a good possibility to achieve such goals due to the 

more stable character of these molecules comparing to anthocyanins. Thus, the first part 

of this work consisted in the extraction and synthesis of anthocyanins derivatives, namely 

pyruvic acid adducts from an elderberry extract and portisins from blueberry. Both 

extracts revealed to have antiradical capacities and reducing powers being these 

parameters more emphasized for portisins extract.  

The main goal of this study was to encapsulate the given AD into lipid nanoparticles. 

SLN/NLC revealed to be a good option, since the main goal of the work was to apply the 

nanoparticles in topical administrations and these carriers have a notable application in 

this area. Since no data was found about the encapsulation of AD molecules and due to 

its complex structure, several optimization assays were performed in this work in order 

to better understand the interaction between the compound and the chosen 

nanoparticles. AD-nanoparticles were prepared using different methods and different 

surfactants yielding to SLN and NLC with size values from 150 to >1000 nm, according 

to the method/used lipid. Zeta potential values also revealed to be generally small, what 

can represent a problem during nanoparticles storage. AD-nanoparticles presented all 

very intense colours that change according to the used method and the pH of the 

environment. This is probably a sign of the lack of compound encapsulation into the 

nanoparticles, that was confirmed by the entrapment efficiency assays performed for 

PAA-NLC. In part, this was expectable since our molecules have a hydrophilic character 

and the system has a lipophilic basis. It is important to note that hydrophilic phenolics 

have many hydroxyl groups that may interact with the polar head of some lipid molecules 

and create complexes that can result in aggregation and/or increases in particle size [87, 

130]. The obtained results also showed that AD-nanoparticles, namely AD-NLC, seem 

to be pH stable for 2 hours after administration, especially at topical environment (pH 

5.5).  The sizes obtained for AD-NLC indicate that will probably occur penetration from 

the nanoparticles into the skin. This is a desirable effect if the final goal is the delivery of 
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the molecule to a certain layer of the skin to treat more invasive skin diseases, being the 

final application a pharmaceutical one. However, as reported before, the chosen 

molecules have a great interest for cosmetic applications due to their antioxidant 

capacities. In this field, a penetration effect is not desired since on the one hand, the 

treatment of the overall skin appearance is usual a more superficial aspect, and on the 

other, many regulatory issues are found for the application of nanocarriers in cosmetic 

fields. Thus, nanoparticles with greater size values could be of particular interest in this 

case, because the occlusive effect that SLN/NLC have on skin, especially if the size 

values are bigger, can act as an enhancer of compounds penetration into the skin. 

Bearing in mind the idea of a sustainable development, different by-products will be 

used in the future to obtain structurally different anthocyanins yielding anthocyanin-

derived molecules with different structural features and a more environment friendly 

methodology will be tested for the extraction process such as subcritical solvent 

extraction. Different techniques including SEM/TEM and DSC are needed to better 

understand possible nanoparticle and lipid modifications induced by AD encapsulation. 

Other topic to also consider, is to prepare different types of nanoparticles (non-lipidic) 

and test different methods to observe the diversity of obtained nanoparticles and the 

possible applications of each one according to the final goal. In order to conclude more 

about possible cutaneous applications of AD-nanoparticles, further studies involving 

microbiological assays, skin enzymes inhibition assays and the development of skin 

formulations will be explored. Furthermore, several cell absorption assays and skin 

permeation studies need to be done to understand if these nanocarriers can improve AD 

bioavailability. 
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