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Abstract 

Retinoic acid (RA) is a fat-soluble vitamin and a naturally occurring endogenous retinoid. This signalling 

molecule plays a key role as chemopreventive and/or chemotherapeutic against several types of cancer, namely 

acute promyelocytic leukemia (APL). All-trans RA greatly improved the treatment of APL, being referred as 

the only effective strategy. However, the efficiency of RA as pharmaceutical agent is hampered by poor aqueous 

solubility, high sensitivity to air, UV light and oxidizing compounds, short half-life and severe side-effects. This 

work proposes the development and optimization of RA controlled delivery systems, based in microparticle 

formulations obtained by spray-drying, to be used in the treatment of APL. The ultimate goal is to obtain a 

controlled delivery system for RA oral administration capable to provide a slow release of this bioactive 

compound in the intestinal lumen. This approach might improve the bioavailability of RA in the human body 

as thus its efficiency as anticancer compound. Spray-drying of solutions composed by RA (dissolved in ethanol) 

and the encapsulating agent (alginic acid sodium, modified chitosan and arabic gum, individually prepared in 

ultra-pure water) resulted in biopolymer-based microparticles that mostly presented high loss of RA over time. 

Moreover, alginic acid sodium-based microparticles enabled the slower RA release in octanol (> 7 h). Among 

the RA-loaded microparticles obtained from oil-in-water emulsions individually composed by modified 

chitosan, alginic acid sodium, arabic gum, xanthan gum and gelatin, the highest encapsulation efficiency was 

registered for modified chitosan- and alginic acid sodium-based microparticles (65 ± 6 and 62 ± 5%, 

respectively). This parameter showed to be significantly influenced by the inlet air temperature (studies 

performed for modified chitosan-based microparticles). The slower controlled release of RA in octanol was also 

achieved for the microparticles composed by alginic acid sodium as encapsulating agent (almost 8 h). Binary 

and ternary blends of alginic acid sodium, modified chitosan and xanthan gum were proposed to produce 

RA-loaded microparticles from oil-in-water emulsions, and the most prolonged RA release in octanol was 

registered for most of microparticles composed by alginic acid sodium (almost 7 h). Moreover, the highest 

encapsulation efficiency was observed for the xanthan gum + alginic acid sodium-based microparticles (76 ± 

4%). Ethyl cellulose (EC)- and EC + polyethylene glycol (PEG)-based solutions increased at least 250-fold the 

mass of RA added to the system to be fed to the spray-dryer, when compared to the biopolymer-based systems 

proposed. EC- and EC + PEG-based microparticles showed an encapsulation efficiency of around 100% and 

enabled the stabilization of RA controlled release in octanol in 40 min. Intestinal bioaccessibility of RA was 

significantly higher when EC- and EC + PEG-based microparticles were digested without a reference diet (84 

± 1 and 54 ± 4%, respectively) and similar among EC- and EC + PEG-based microparticles co-ingested with 

diet. The highest RA bioaccessibility at gastric level was 3 ± 2% for all the tested conditions. RA intestinal 

transport was highly affected by the samples used in the experiment, with determination of a higher amount of 

RA that reached the basolateral compartment for the blank digesta spiked with RA (7.8 ± 0.6%). 

Co-encapsulation of RA, curcumin and/or resveratrol into alginic acid sodium-based microparticles and 

microparticles composed by the EC + PEG blend registered an encapsulation efficiency that ranged from 26 ± 

3 to 34 ± 1% and 91 ± 6 to 97 ± 8%, respectively. Controlled release profiles in octanol were very similar among 
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the co-encapsulated bioactive compounds. Co-release of bioactive compounds prolonged between 48 min and 

more than 6 h from alginic acid-based microparticles and stabilized between 60 and 80 min from EC + 

PEG-based microparticles.  

 

Keywords: Biopolymers, Controlled release, Encapsulation, In vitro digestion, Intestinal transport, Retinoic 

acid, Spray-drying, Synthetic polymers. 
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Resumo 

O ácido retinóico é uma vitamina lipossolúvel e um retinóide endógeno de ocorrência natural. Esta molécula 

sinalizadora desempenha um papel fundamental como quimio preventivo e/ou quimio terapêutico contra vários 

tipos de cancro, nomeadamente a leucemia promielocítica aguda. O ácido all-trans retinóico melhorou 

consideravelmente o tratamento da leucemia promielocítica aguda, sendo referido como a única estratégia 

eficaz. No entanto, a eficiência do ácido retinóico como agente farmacêutico é prejudicada pela sua baixa 

solubilidade aquosa, elevada sensibilidade ao ar, radiação UV e compostos oxidantes, tempo de meia-vida curto 

e efeitos secundários graves. Este trabalho propõe o desenvolvimento e otimização de sistemas de libertação 

controlada para o ácido retinóico, baseados em formulações de micropartículas obtidas por spray-drying, para 

serem utilizados no tratamento da leucemia promielocítica aguda. O objetivo final é obtenção um sistema de 

libertação controlada para administração oral do ácido retinóico capaz de proporcionar a libertação lenta deste 

composto bioativo no lúmen intestinal. Esta abordagem pode melhorar a biodisponibilidade do ácido retinóico 

no corpo humano, bem como a sua eficiência como composto anticancerígeno. O spray-drying de soluções 

compostas por ácido retinóico (dissolvido em etanol) e agente encapsulante (ácido algínico de sódio, quitosano 

modificado e goma arábica, preparadas individualmente em água ultrapura) resultou em micropartículas à base 

de biopolímeros que, na sua maioria, apresentaram uma elevada perda de ácido retinóico ao longo do tempo. 

Além disso, micropartículas à base de ácido algínico de sódio permitiram uma libertação mais lenta do ácido 

retinoico em octanol (> 7 h). Entre as micropartículas carregadas com ácido retinóico obtidas a partir de 

emulsões óleo em água compostas individualmente por quitosano modificado, ácido algínico de sódio, goma 

arábica, goma xantana e gelatina, a maior eficiência de encapsulação foi registada para micropartículas à base 

de quitosano modificado e ácido algínico de sódio (65 ± 6 e 62 ± 5%, respetivamente). Este parâmetro mostrou 

ser significativamente influenciado pela temperatura de entrada ar no spray-dryer (estudos realizados para 

micropartículas à base de quitosano modificado). A libertação controlada mais lenta de ácido retinóico em 

octanol foi também alcançada para as micropartículas compostas por ácido algínico de sódio como agente 

encapsulante (quase 8 h). Misturas binárias e ternárias de ácido algínico de sódio, quitosano modificado e goma 

xantana foram propostas para a produção de micropartículas carregadas com ácido retinóico a partir de emulsões 

óleo em água, para as quais a libertação mais longa de ácido retinóico em octanol foi registada para a maioria 

das micropartículas compostas por ácido algínico de sódio (quase 7 h). Além disso, a maior eficiência de 

encapsulação foi observada para as micropartículas à base de goma xantana + ácido algínico de sódio (76 ± 

4%). As soluções à base de etilcelulose e etilcelulose + polietilenoglicol aumentaram pelo menos 250 vezes a 

massa de ácido retinóico adicionada ao sistema a ser alimentado ao spray-dryer, quando comparado aos sistemas 

à base de biopolímeros propostos. As micropartículas à base de etilcelulose e etilcelulose + polietilenoglicol 

mostraram uma eficiência de encapsulação em torno de 100% e permitiram a estabilização da libertação 

controlada do ácido retinóico em octanol em 40 min. A bioacessibilidade intestinal do ácido retinóico foi 

significativamente maior quando micropartículas à base de etilcelulose e etilcelulose + polietilenoglicol foram 

digeridas sem uma dieta de referência (84 ± 1 e 54 ± 4%, respetivamente) e similar entre micropartículas à base 
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de etilcelulose e etilcelulose + polietilenoglicol co-ingeridas com a dieta. A maior bioacessibilidade de ácido 

retinóico a nível gástrico foi de 3 ± 2%, para todas as condições testadas. O transporte intestinal de ácido 

retinóico foi altamente afetado pelas amostras utilizadas no ensaio, tendo sido determinada uma quantidade 

maior de ácido retinóico que alcançou o compartimento basolateral para o branco da digestão enriquecido com 

ácido retinóico (7,8 ± 0,6%). A co-encapsulação de RA, curcumina e/ou resveratrol em micropartículas à base 

de ácido algínico de sódio e micropartículas compostas por etilcelulose + polietilenoglicol registou uma 

eficiência de encapsulação que variou de 26 ± 3 a 34 ± 1% e 91 ± 6 a 97 ± 8%, respetivamente. Os perfis de 

libertação controlada em octanol foram muito semelhantes entre os compostos bioativos co-encapsulados. A 

co-libertação dos compostos bioativos prolongou-se entre 48 min e mais de 6 h para as micropartículas à base 

de ácido algínico de sódio e foi estabilizada entre 60 e 80 min para as micropartículas à base de etilcelulose + 

polietilenoglicol. 

 

Palavras-chave: Biopolímeros, Libertação controlada, Encapsulação, Digestão in vitro, Transporte intestinal, 

Ácido retinoico, Spray-drying, Polímeros sintéticos. 
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Chapter 1- Introduction 
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The first chapter starts with the scope and motivation behind the subject of research of this thesis. The main 

goal and the overall tasks performed in this study are then presented. At last, the thesis outline is revealed. 
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1.1. Scope and motivation 

Encapsulation arises as an emerging technology capable to promote the innovation and the development of new 

products with industrial interest. Incorporation of bioactive compounds into carrier-based systems at a nano and 

micro scale has been widely described in food [1,2] and pharmaceutical [3,4] sectors, providing scientific, 

technological and commercial opportunities to these industries. Most of these compounds are very sensitive and 

unstable under specific conditions (light, heat and oxygen, among others), as well as during processing and 

storage [5]. Accordingly, the direct integration of food- and pharmaceutical-grade bioactive compounds and 

ingredients to produce functional foods, medical foods and excipient foods can be a challenge for the industry. 

This challenge increases with the highly lipophilic properties and low and/or variable bioaccessibility and 

bioavailability of the bioactive compounds intended to be used in products for oral ingestion [6–9]. The 

development of nano- and microstructures capable to protect the bioactive compounds against adverse outside 

surrounding environment, to promote its dispersion, to increase the solubility and to beneficiate the controlled 

release and absorption of lipophilic molecules at desired locations within the gastrointestinal tract is of major 

importance to increase the bioavailability and ultimately to improve the efficacy of target bioactive compounds 

in the human body [9–11]. Addressing these formulations for the addition of bioactive compounds into food 

and pharmaceutical products may promote the preservation, safety, quality and ability of final product to fulfil 

the purpose for which it was designed.  

Most of the carrier-based systems proposed in food and pharmaceutical sectors include particles and capsules, 

nanostructured lipid carriers (NLC), solid lipid nanoparticles (SLN), hydrogels, liposomes, emulsions and self-

emulsifying drug delivery systems (SEDDS). In some studies, the combination of encapsulating methods is 

considered to obtain a structure with specific characteristics according to its final application. Particles and 

capsules can be produced by several materials (e.g. biopolymers and synthetic polymers) using different 

encapsulation techniques, namely spray-drying technology. Microencapsulation by spray-drying is one of the 

oldest encapsulation methods [12] and recognized to be simple and economically advantageous. Spray-drying 

is based on the atomization of a liquid system (a solution, suspension or emulsion containing the bioactive 

compound(s) to be encapsulated and the encapsulating agent(s)) with the formation of a dry powder (Figure 1.1) 

[13]. This process is very fast (a few seconds), whereby the obtained nano- and/or microparticles are suitable 

for the encapsulation of heat-sensitive bioactive compounds [14]. Accordingly, spray-drying is widely used in 

the food industry and a common method applied in the pharmaceutical industry [15,16].  

 The development of a bio-friendly carrier-based system for retinoic acid (RA) encapsulation emerges as an 

alternative approach for oral administration of this bioactive compound. This type of formulations might 

increase the therapeutic action of RA by increasing its bioavailability in patients. RA is a natural derivative of 

vitamin A (retinol) recognized as a most successful example of antitumor agent for the treatment of several 

malignancies [17], being the only effective in the treatment of acute promyelocytic leukemia (APL) [18]. APL 

is a distinct M3 subtype of acute myeloid leukaemia and it has origin in the PML/RARA fusion protein due to 

the translocation between PML and RARα genes located on chromosome 15 and 17 [19–21]. APL was reported 
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as a rapidly fatal disease until the late 1980s [22]. Currently, it is considered the most curable subtype of acute 

myeloid leukemia with survival rates of 80 to 90%, with the combination of all-trans-RA and arsenic trioxide 

(non-chemotherapy regimen) [23]. Eventually, the combination of these compounds and chemotherapy is also 

considered in the treatment of APL [22]. The usage of new retinoids and the combination of different compounds 

with all-trans RA or arsenic trioxide has been investigated to activate alternative mechanisms of action and, 

consequently, lead to a synergistic effect on growth control and apoptosis of malignant cells in APL [24]. Herein, 

curcumin and resveratrol are promising molecules to treat APL. 

 

Figure 1.1 – Schematic representation of spray-drying process.  

 

Despite of RA efficacy, the efficiency of this medical agent is highly hampered by its short half-life in the blood 

[25,26] due to continuous oral administration, as well as sensitivity to ambient conditions, low solubility and 

short gastrointestinal absorption [27]. Furthermore, RA administration deals with severe side-effects [28]. 

Encapsulation by spray-drying is a suitable technology to produce biocompatible particles to deliver RA to treat 

patients with APL in a direct and efficient mode. For the best of our knowledge, the current number of studies 

focused on RA encapsulation for the treatment of APL is scarce. They include the incorporation of RA into 

liposomes to evaluate the effect of these systems on the cellular metabolism of this bioactive compound [29,30]. 

Moreover, RA-loaded copolymer nanoparticles based on polyethylene glycol (PEG)-poly(L-lactide) and 

PEG-poly(e-caprolactone) were proposed to compare the differentiation induction potential of HL-60 cells with 

free RA [31]. Cholesteryl butyrate SLN were also investigated for the assessment of cell viability and 

distribution of cell cycle phases for HL-60, Jurkat, and THP-1 cell lines [32]. The most recent study is related 

to development a poly(lactic-co-glycolic acid) (PLGA) microspheres to direct RA delivery to immune structures 

of the gut and reduce systemic exposure [33]. A single study describes the encapsulation of RA by spray-drying 

into modified polyvinylalcohol (PVA) polymeric micelles [34]. The work herein presented provide an approach 

based on the proposal of different types of systems – solutions and emulsions – composed by biopolymers and 
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synthetic polymers as encapsulating agents (individually used and as a blend) for controlled release of RA in 

the intestine (oral administration). 

 

1.2. Research goals 

The ultimate goal of this thesis was the development of an appropriate RA controlled delivery system based on 

spray-drying encapsulation technology to be used in therapeutic treatments, particularly in the treatment of APL. 

To accomplish this goal, different natural and synthetic polymers known to have adequate biocompatibility 

towards human cells were used as encapsulating agents. Several formulations (solutions and emulsions) 

composed by polymers used individually and as a blend of materials were considered to produced RA-loaded 

microparticles. Moreover, the operational conditions to be used in the spray-dryer for RA were optimized. The 

obtained carrier-based systems were characterized in terms of encapsulation efficiency, size and surface 

morphology. RA controlled release was also evaluated considering an appropriate environment simulating the 

phospholipids membrane characteristics and the RA kinetics release considering the fundamental equations 

governing the controlled release of active compounds were stablished. The most promising RA-loaded systems 

were subjected to the simulation in vitro digestion coupled to intestinal (Caco-2 cells) absorption models. 

Herein, RA bioavailability and transepithelial transport efficiency was estimated. Furthermore, cytotoxicity and 

cell viability of this cellular model was evaluated in respect to RA controlled release. An overview of this 

doctoral project is shown in Figure 1.2. 

 

Figure 1.2 – Doctoral project overview: iterative process for RA-loaded microparticles improvement. 
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1.3. Thesis outline 

This thesis is divided into 10 chapters.  

Chapter 1 describes the thesis scope and motivation, research goals and the thesis outline. 

Chapter 2 explores the concept of retinoid. The structure and metabolism, the mechanisms of action and the 

therapeutic value of retinoids and its side-effects are presented in this chapter. 

Chapter 3 provides a comprehensive overview about the simulated methods used to evaluate the behaviour of 

carrier-based systems within the human gastrointestinal tract. An approach based on in vitro (static and dynamic) 

digestion models, methodologies to evaluate the intestinal absorption and presystemic metabolism, in vitro 

simulation of microbial fermentation and in vivo methodologies was considered and discussed. The main 

delivery systems and encapsulating methods with importance in the food field are also herein described.  

Chapter 4 presents formulations composed by RA (dissolved in ethanol) and different biopolymeric solutions 

(alginic acid sodium, modified chitosan and arabic gum, individually used) to be fed to the spray-dryer for RA 

encapsulation. The obtained microparticles were evaluated in terms of morphology, particle size and RA 

controlled release profiles. 

Chapter 5 presents oil-in-water emulsions composed by RA (dissolved in coconut oil), a biopolymer (alginic 

acid sodium, modified chitosan, arabic gum, gelatin and xanthan gum) and the surfactant Tween 80. They were 

characterized (rheological properties, stability and droplet size distribution) and further spray-dried under 

optimized conditions. The impact of microparticles formulation in the encapsulation efficiency, morphology, 

particle size and RA controlled release behaviour was evaluated. 

Chapter 6 presents oil-in-water emulsions with an overall similar composition of the emulsions proposed in 

Chapter 5, but considering binary and ternary blends of the biopolymers that individually enabled the production 

of RA-loaded microparticles with the most advantageous characteristics (xanthan gum + alginic acid sodium 

(50%–50%), modified chitosan + alginic acid sodium (50%–50%), modified chitosan + xanthan gum (50%–

50%) and modified chitosan + xanthan gum + alginic acid sodium (33.3%-33.3%–33.3%)). The emulsions 

produced and the microparticles obtained by spray-drying were characterized considering the parameters 

presented in Chapter 5. Moreover, it was stablished a comparation among the main characteristics of 

microparticles herein obtained and the microparticles individually composed by alginic acid sodium, modified 

chitosan and xanthan gum (Chapter 5). 

Chapter 7 presents two synthetic polymers – ethyl cellulose (EC) and polyethylene glycol (PEG) – for the 

development of carrier-based systems for RA encapsulation using spray-drying technology. Herein, RA was 

mixed in EC and EC + PEG solutions (both dissolved in absolute ethanol). The obtained microparticles were 

analysed regarding the size, surface structure, RA controlled release profiles, encapsulation efficiency and the 
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ability to incorporate a higher amount of RA in the formulation to be spray-dried when compared to the other 

formulations proposed (Chapters 4, 5 and 6). 

Chapter 8 presents the bioaccessibility (gastric and intestinal) and intestinal transport of RA encapsulated into 

EC and EC + PEG-based microparticles (microparticles proposed in Chapter 7). RA-loaded microparticles were 

subjected to the INFOGEST in vitro digestion method with and without a meal (western diet). 

Chapter 9 presents co-encapsulation of RA, curcumin and/or resveratrol into alginic acid sodium-based 

microparticles obtained from dried oil-in-water emulsions and EC + PEG-based microparticles (carrier-based 

microparticles proposed in Chapters 5 and 7, respectively). Microparticles loaded with RA, RA + curcumin, RA 

+ resveratrol and RA + curcumin + resveratrol were produced. The emulsions and microparticles were 

characterized according to the parameters presented in Chapter 5 and 7. Biopolymer and synthetic polymers-

based microparticles were compared regarding surface morphology, size, encapsulation efficiency and co-

delivery of selected bioactive compounds. 

Chapter 10 gathers the final remarks of the thesis, indicating the most relevant conclusions of this research and 

perspectives for future work. 
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Chapter 2 - Formulation approaches for improved 

retinoids delivery in the treatment of several 

pathologies 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

The second chapter starts exploring the competences and the difficulties of using retinoids in health care. The 

metabolism and the main considerations about the mechanism of action of retinoids are also discussed. The 

final sections are focused on the most recent studies about RA controlled delivery systems to be used in the 

medical field. 
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2.1. Introduction 

Retinoids are a set of bioactive molecules which includes vitamin A (retinol) and its natural and synthetic 

derivatives. They are signalling molecules involved in reproduction, embryogenesis, cellular proliferation and 

differentiation, immunological activity, vision and epithelial cellular integrity [35]. 

Vitamin A was first described in 1913 [36]. It is a fat-soluble vitamin composed of a cyclohexenyl ring, a 

polyene side chain and a polar end-group (Figure 2.1) [37,38]. 

 

 

Figure 2.1 – General structure of retinoids (adapted from [39]). Retinoids with the end groups CH2OH, CHO 

and COOH correspond to retinol, retinal and retinoic acid, respectively. 

 

Vitamin A (retinol), retinal and retinoic acid (RA) are naturally occurring endogenous retinoids (the 

interconversion between these non-aromatic compounds is described in detail in section 2.2.) and belong to the 

first generation of retinoids [38]. RA exists as different isomers and the most common RA isomers include all-

trans RA (recognized as the vitamin A metabolite with the highest biological activity [40]), 9-cis RA and 13-

cis RA [41] (Figure 2.2). The synthetic analogues of these isomers are tretinoin, alitretinoin and isotretinoin, 

respectively, and they are also included in this group of retinoids [37,42,43]. These compounds are oral and 

topically administrated. Other synthetic retinoids (RA analogues) were pharmaceutically developed and 

categorized as retinoids of second (mono-aromatic retinoids), third (polyaromatic retinoids) and fourth 

(pyranone retinoids) generation [37,44] (Figure 2.2). Mono-aromatic retinoids include acitretin and etretinate 

(orally administrated), while polyaromatic retinoids comprise bexarotene (oral and topically administrated), 

tazarotene (topically administrated), adalapene (topically administrated) and fenretinide (orally administrated) 

[37,42,45]. At last, seletinoid G (topically administrated) fits in pyranone retinoids [37].  

One of the major focuses of retinoids action is related to its anticancer activity. Retinoids regulate tumor-cell 

growth through the inhibition of cellular proliferation and induction of differentiation, apoptosis and cellular 

cycle arrest in pre-cancerous and cancerous cells [39,42,46,47]. Particularly, RA plays an important key role as 

chemopreventive and/or chemotherapeutic. It is an antitumor agent used to treat acute promyelocytic leukemia 

(APL) [18], skin [42], lymphoma [43], breast [48], ovarian [49], head and neck [50], cervical [51], lung [52], 

neuroblastoma [53], glioblastoma [54], glioma [55], and melanoma [56] cancer, among others. In fact, this 

strategy is the only effective treatment for APL [18]. Food and Drug Administration (FDA) approved the usage 

of all-trans RA in the treatment of APL since 1995 [57]. However, cancer patients can handle several side-effects 

due to RA administration. In the treatment of APL many patients became resistant to all-trans RA despite 

continued treatment [58]. Continuous oral administration or intravenous injection are related to a fast reduction 

of RA half-life in the blood [25,26]. Accordingly, the brief remissions period observed can be explained through 
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the decrease of concentration of RA in the plasma of patients with cancer [58]. Furthermore, patients treated 

with all-trans RA may present headache, abdominal pain, nausea, and hypertriglyceridemia, among others 

[28,58–60]. Also, patients may suffer of retinoid acute resistance [28], which is characterized by the appearance  

 

Figure 2.2 – Retinoids of first, second, third and fourth generation (adapted from [39]). 
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of fever, dyspnea, pulmonary infiltrates, respiratory distress interstitial, hypotension, pleural and pericardial 

effusion, high number of white blood cells and acute renal failure [59,61]. Dexamethasone administration can 

be used to treat this condition [61]. 9-cis RA and 13-cis RA also showed to be effective against some 

malignancies. 9-cis RA was approved for the cutaneous lesions of Kaposi’s sarcoma (topical treatment) [62], 

while 13-cis RA has been investigated to be used in thyroid cancer treatment [63]. In respect to synthetic 

retinoids, bexarotene and fenretinide were produced to be used in cutaneous T-cell lymphoma [64] and breast 

cancer chemoprevention [65], respectively. The development of novel synthetic retinoids was promoted 

considering the efficiency of natural retinoids, but also as a strategy to decrease the toxicity related to the natural 

retinoids [45,66].  

Retinoids have been also widely used for treatment of some dermatological disorders, namely acne vulgaris, 

psoriasis and photo damaged skin, among others [67–69]. Herein, tretinoin and isotretinoin are the main 

compounds to be used in the treatment of acne [42]. Moreover, tretinoin is the most explored retinoid in 

photoaging therapy [37], as well as seletinoid G [37]. Also, this compound is used to accelerate the skin healing 

process and to enhance skin appearance [57,70]. At last, it was observed the successful usage of tretinoin in the 

treatment of pigmentary abnormalities [71,72]. In turn, isotretinoin has been also implemented to treat rosacea, 

particularly for the subtypes phymatous, granulomatous, steroid-induced rosacea or rosacea fulminans and 

Morbihan disease [42]. In addition to tretinoin and isotretinoin, adapalene [42] and tazarotene [37] are also used 

to treat acne. The advantage of adapalene when compared to tretinoin and isotretinoin is the ability to provide 

higher photostability [42]. The psoriasis treatment have been successfully carried out by the usage of acitretin 

and etretinate [42] and tazarotene [37]. Most of these retinoids addressed to solve skin problems are topically 

applied and high doses might be administrated. The side-effects related to this kind of administration include 

skin irritation (e.g. erythema, dryness, peeling, dermatitis and burning at the application site) and high 

vulnerability to the sunlight which limits retinoids therapy acceptance by patients [42,69,73,74]. These problems 

are more commonly observed with tretinoin and tazarotene [37]. In turn, the systemic use of retinoids leads to 

hair loss, conjunctivitis, mucocutaneous xerosis and the increase of transaminases and triglyceride amount [42]. 

In line with the topics above, retinoids delivery to the patients has been a challenge. In addition to the severe 

side-effects related to retinoids administration, retinoids may not reach the target cells/tissues in the desired 

concentrations, which arise as a major constraint for the therapeutic treatment efficiency [75]. It can be explained 

by the variable retinoid concentration in the plasma (as referred previously), the poor retinoids gastrointestinal 

absorption and rapid metabolism [27] and the poor solubility in water and highly instability of retinoids in the 

presence of oxidants, heat and light, among others [35,76]. Accordingly, the routine use of retinoids may not 

constitute by itself, on its current approach, a competent strategy for the treatment of certain cancers and skin 

pathologies, as described above. Encapsulation of retinoids into different delivery systems has been explored 

and projected to improve the conventional methods of administration of these bioactive compounds. The 

ultimate goal is to increase the bioavailability of these molecules in the human body and, subsequently, become 

retinoids more efficient as medical agent. Currently, a significant growth in the global encapsulation market is 
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predicted. Particularly, pharmaceutical application dominated the industry, being expected a compound annual 

growth rate of 11% from 2016 to 2025 [77]. 

The article provides a general discussion about the metabolism and the mechanisms of action of retinoids and 

the most recent carrier-based formulations developed for controlled delivery of RA. 

 

2.2. Retinoids metabolism 

The human body cannot produce vitamin A, whereby the practice of a balanced diet is mandatory in order to 

certify the intake of the recommend supply of this essential nutrient [48]. Dietary sources of vitamin A include 

carotenoid-rich plants (i.e. such as carrots and  plants with green leaves [78]) and liver, eggs and milk, which 

contain retinyl esters, the storage form of retinol [35,38,79]. Among these, the major source of vitamin A is 

provided in the form of retinyl esters [79]. When ingested and in the first phase of digestion, carotenoids and 

retinyl esters are dissolved in the food fat phase, forming emulsions in the gastric environment as well as in the 

duodenum (small intestine) [79]. β-carotene, α-carotene and β-cryptoxanthin might be absorbed by small 

intestine and taken up by enterocytes. Herein, these molecules are transformed into retinal [80–82]), which is 

further reduced to retinol. In turn, retinyl esters are first hydrolysed to retinol by pancreatic and intestinal 

enzymes and then absorbed by the small intestinal lumen [79,83]. Retinol enters the enterocytes and bind to 

cellular retinol-binding protein type II (CRBP II). It is a specific binding protein with an important key role 

promoting the re-esterification of retinol with long chain fatty acids through lecithin retinol acyl transferase 

(LRAT) [82,84]. Nevertheless, a significant amount of retinol remains on its unesterified form, being secreted 

into portal circulation [85]. The higher amount of formed retinyl esters is afterwards assimilated by 

chylomicrons which are released from enterocytes to the intestinal lymphatic circulation and then enters into 

blood circulation [86,87]. The chylomicrons remnants obtained by the hydrolysis of triacylglycerol and the 

exchange of apolipoprotein in blood circulation [87] are mainly uptake by the liver (hepatocytes) [88], but also 

by the spleen, skeletal muscle, bone marrow, kidney, adipose tissue, lung, peripheral blood cells and heart for 

retinol storage on its esterified form [89,90]. In hepatocytes vitamin A can be stored as retinyl esters or retinyl 

esters can be hydrolysed. Considering the second alternative, the obtained retinol binds to retinol binding protein 

(RBP), forming the retinol-RBP complex in the hepatocyte [57]. RBP is a hydrophobic protein capable to protect 

retinol. This step promotes the transference of retinol-RBP from endoplasmic reticulum to the Golgi complex 

and its further secretion to the plasma of the blood [91]. Moreover, most of unesterified retinol is displaced to 

the hepatic stellate cells for its storage as retinyl esters [82,88]. In blood, retinol-RBP binds to transthyretin 

(TTR) to ensure that retinol is uptaken by target cells/tissue. In fact, RBP of retinol-RBP complex is recognized 

by the trans-membrane protein called stimulated by retinoic acid 6 (STRA6), which is a RBP receptor present 

in target cells/tissues [57,92–94]. Retinol is internalized and inside the cells this compound can binds to specific 

CRBP (I and II) or it is reversibly oxidized to retinal (or all-trans retinaldehyde) by retinol dehydrogenase (RDH) 

[57,95]. Further irreversible oxidation of retinal by retinaldehyde dehydrogenase (RALDH) results in the 

formation of RA. This isomer can bind to cellular RA-binding protein (CRABP) and be oxidized to 4-

hydroxyretinoic acid and 4-oxoretinoic acid by cytochrome P450 enzyme (i.e. CYP26) [39,57,95]. This strategy 
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enables to regulate the cellular levels of RA. Instead, RA can enter the nucleus of the cells and bind to specific 

nuclear receptors and regulate the cellular function considering genomic and non-genomic mechanisms (section 

2.3.) [39,57]. An overview about the metabolic interconversion between vitamin A (retinol) natural structures 

is presented in Figure 2.3. 

 

Figure 2.3 – Metabolic interconversion between vitamin A (retinol) natural structures (adapted from 

[35,37,44,96]). Abbreviations: CRABP: cellular RA-binding protein; CRBP II: cellular retinol-binding protein 

type II; LRAT: lecithin retinol acyl transferase; RALDH: retinaldehyde dehydrogenase; RBP: retinol binding 

protein; RDH: retinol dehydrogenase; TTR: transthyretin.  

 

2.3. Mechanisms of action of retinoids 

Retinoids act by regulating gene transcription mediated through their bind to RA receptors (RARs) and retinoid 

X receptors (RXRs) [43]. These specific nuclear receptors comprise the most  investigated nuclear hormone 

receptors [97]. Each family of these receptors is associated to three subtypes (i.e. RARα, RARβ and RARγ, and 

RXRα, RXRβ and RXRγ) and each one of them can present several isoforms [39,98]. Accordingly, RARα and 

RARγ may be present in the isoforms 1 and 2 (RARα1 and RARα2, RARγ1 and RARγ2), while RARβ may 
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arise in the isoforms RARβ1, RARβ2, RARβ3, RARβ4, RARβ5 and RARβ1’. In turn, all subtypes of RXR have 

the isoforms 1 and 2 (RXRα1 and RXRα2, RXRγ1and RXRγ2, RXRβ1 and RXRβ2) [99]. Human RARs 

activation can be carried out by the ligands all-trans RA, 9-cis RA, isotretinoin, etretinate and acitretin, while 

the ligands for human RXRs only cover 9-cis RA and bexarotene [43].  

Retinoids receptors contain five functional domains [39]. Domain A/B is known by encoding the least conserved 

N-terminal domain, which has an autonomous transcriptional activation function (AF-1). Domain C is highly 

conserved and it is composed by two zinc finger modules for the binding of DNA. For this reason, domain C is 

also referred as the DNA-binding domain. Domain D is a hinge which separates the domains C and E. Moreover, 

this domain is involved in the interaction with some nuclear receptor coregulators. Domain E contains the 

ligand-binding domain and the activation function-2 (AF-2) domain. The ligand binding to the ligand-binding 

domain promotes a conformational change in the receptor complex and modulates their function. AF-2 is also 

involved in this conformational change due to an amphipathic α-helix. These conformational changes promote 

the destabilization of corepressors-binding interface and trigger the recruitment and the interaction with specific 

co-activators [98]. At last, domain F contains a C-terminal domain which might assist in AF-2 activity. 

RXRs can form homodimers (two RXRs) or heterodimers (one RXR and one other receptor) with receptors for 

vitamin D (vitamin D receptor, VDR), bile acids (farnesoid x receptor, FXR), fatty acids (peroxisomal 

proliferator activated receptors, PPAR) and RA (RARs), among others [57]. Thus, different signalling pathways 

can be mediated. Considering the numerous subtypes and isoforms of receptors, it is possible to create a large 

set of different receptor dimers. Dimerization of receptors is carried out through the interaction of the ligand-

binding domain (domain E) of each target receptor [39]. 

The heterodimer RAR/RXR is crucial for biological activity. It is believed that most of the RA effects are 

mediated by this receptor dimer [95,98]. In the presence of RAR agonists, their binding to the heterodimer 

RAR/RXR activates a conformation change and the formation of a ligand-receptor complex. This structure is 

capable to bind to specific DNA sequences at specific RA response elements (RAREs) and modulate the 

transcription regulators of several genes and the production of specific target peptides [43,98]. Herein, the 

enzyme histone acetyl transferase is activated, promoting the chromatin decondensation over the promoter 

region of target gene. Subsequently, the transcription machinery is activated. It is a process which involves other 

complexes, namely the thyroid hormone receptor-associated protein [98]. Genes regulated by RA have one type 

of RAREs that is more frequent to be found (i.e. the DR-5 type) and another one that is rare (i.e. the DR-2 type) 

[98]. On the other hand, in the presence of antagonist or in absence of ligands for the RAR/RXR heterodimer, 

the apo-receptor pair binds to RARE and the corepressor which encodes the activity of histone deacetylase is 

recruited. The deacetylation of histone is stimulated, occurring the condensation of chromatin and the gene 

silencing [100]. 

In addition to the genomic mechanisms, retinoids intermediate non-genomic mechanisms, namely retinoylation 

(RA acylation). It is a post-translational alteration of proteins carried out by eukaryotic cells [39]. 
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2.4. Carrier-based formulations used for controlled delivery of retinoids 

Incorporation of retinoids into nano- and/or microparticles has been subject of research in order to improve the 

performance of these molecules with importance in the pharmaceutical and medical fields. The design of 

appropriate formulations based on controlled delivery systems has been widely explored to minimize 

undesirable side-effects due to retinoids administration. Furthermore, this approach might provide an effective 

protection and stability of retinoids, as well as increase their half-life. 

Scientific output reached 81580 and 12114 publications related to “encapsulation” and “microencapsulation”, 

respectively. Moreover, 192 publications about “encapsulation” and “retinoic acid” are registered on Scopus 

database (source: www.scopus.pt, 7th May 2019). The most recent studies (from the last five years) propose 

several lipid-based carriers for RA encapsulation, including micro-, nano- and emulsions, solid lipid 

nanoparticles (SLN), nanostructured lipid carriers (NLC), liposomes, niosomes, ethosomes, transethosomes. 

These types of formulations are recognized to provide a sustained delivery system, in addition to be 

biocompatible and biodegradable carriers [101]. Furthermore, polymeric carriers such as chitosan, collagen-

hyaluronate scaffolds, poly(lactic-co-glycolic acid) (PLGA), polyvinyl alcohol (PVA), poly(ɛ-caprolactone), 

hollow mesoporous silica and chitooligosaccharide are also described for incorporation of RA. A brief 

description about these carriers can be reviewed in the following topic (section 2.4.1.). Moreover, examples of 

these retinoids delivery systems are also discussed, highlighting the impact on the bioavailability, 

bioaccessibility and stability of RA, as well as the therapeutic effect in in vitro and in vivo studies (section 

2.4.2.). 

 

2.4.1. Most important methods implemented for RA encapsulation  

 

 2.4.1.1. Emulsions 

Emulsions are thermodynamically unstable formulations. They consist of a mixture of two or more immiscible 

fluids, wherein the liquid of one phase is dispersed as small droplets within the continuous phase [102]. The 

formation and stabilization of emulsion droplets is achieved by the usage of an appropriate mixture of surfactants 

and co-surfactants. More simple or complex emulsions can be prepared considering the relative spatial 

organization of the water and oil phases. Accordingly, water-in-oil (w/o), oil-in-water (o/w), water-in-oil-in-

water (w/o/w), water-in-oil-in-oil (w/o/o), oil-in-water-in-oil (o/w/o), and water-in-oil-in-oil-in-water (w/o/o/w) 

might be produced [103–106]. The droplet size of emulsions can vary between 10 and 100 nm (nanoemulsions), 

as well as between 100 nm and 1000 µm (conventional emulsions ) [107], considering the  formulation 

composition, the homogenization method and operating conditions of homogenizer [107]. Nanoemulsions are 

transparent  and small droplets with more physical stability to gravitational separation, flocculation and 

coalescence when compared to conventional emulsions [107–110]. In turn, microemulsions can be distinguished 

from nanoemulsions, since the first ones are thermodynamically favourable formulations despite of the 

similarity among structures [101]. 
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2.4.1.2. SLN 

SLN are very similar to nanoemulsions, composed of liquid lipids, surfactants and water as previously referred 

[111]. In case of SLN, the liquid lipids are fully or partly solidified [107,108]. These type of particles are 

obtained by a controlled crystallization process of the emulsion [112,113], being observed the full crystallization 

of lipid droplets with the formation of a highly ordered crystalline structure [107]. 

The main advantages of SNL over nanoemulsions include: (1) the system stability with crystalline lipophilic 

bioactive compounds (in conventional o/w emulsions the presence of a crystalline lipophilic bioactive 

compound may cause partial coalescence of the emulsion [114], which might be prevented with the 

incorporation of the target compound into a lipidic solid matrix), (2) the improvement of lipophilic bioactive 

compounds stability due to their incorporation into a structured solid matrix and (3) the ability to manage the 

delivery of the target lipophilic bioactive compound [108]. Moreover, SLN are non-biotoxic carriers, do not 

require the usage of organic solvents, enable the encapsulation of lipophilic as well as hydrophilic bioactive 

compounds and their fabrication can be easily scaled-up [115]. The most relevant limitation of using SLN is the 

high temperatures used during the formation process in order to prevent the crystallization of the lipids [108]. 

Herein, some heat-sensitive lipophilic compounds may be degraded. Also, the lipids used to form SLN must be 

highly saturated to ensure the high melting point required to produce the emulsions. This condition implies a 

damaging effect on human health [108]. Finally, problems related to the low loading capacity, the expulsion of 

bioactive compounds from particles during storage, the high water content in SLN emulsions and particles 

aggregation were reported [116–121]. 

 

2.4.1.3. NLC  

NLC were developed to overcome the limitations related to the SLN (previously described in section (2.4.1.2.). 

NLC are an unstructured solid lipid matrix composed by a mixture of liquid and solid lipids, as well an aqueous 

phase which contains surfactants and co-surfactants [119,122,123]. The lipidic phase produces a solid matrix 

with high imperfections in the crystal lattice. Consequently, a higher space is created in the matrix and a higher 

amount of bioactive compound can be loaded [119,124–126], reducing leakage during storage [127] and 

preserving the carrier physical stability [123]. In the final, three different types of NLC can be produced, 

considering the degree of order found in the matrix: imperfect, amorphous and multiple [119].  

NLC are suggested as promising pharmaceutical compounds delivery systems due to the usage of GRAS 

compounds, safety and the availability of large-scalable production methods [123]. 

 

2.4.1.4. Liposomes 

Liposome-based systems are the first nano carriers successfully used in clinical applications [128]. Currently, a 

high number of liposomal formulations has been approved for the cancer treatment. Particularly, the 

encapsulation of all-trans RA into liposomes is described in clinical trials (phase I/II) - Atragen - to treat 

advanced renal cell carcinoma by intravenous administration [129]. Furthermore, these products have been also 
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accepted for viral and fungal infections, pain management and photodynamic therapy [128]. An increasing 

number of liposomal delivery systems are expected due to undergoing clinical trials [128]. 

Liposomes consist of spherical vesicles with a bilayer of lipids around an aqueous core, whereby hydrophilic 

and lipophilic bioactive compounds might be herein encapsulated [101,102,130]. They are mainly composed of 

phospholipids, whose amphiphilic properties favour thermodynamically the formation of liposomes [128,131]. 

Moreover, sterols (for example, cholesterol) can be incorporated into liposomes for the bilayer stabilization and 

enhancement of encapsulation and controlled release features [131–134]. Four types of liposome-based systems 

were developed, namely conventional liposomes, sterically-stabilized liposomes, ligand-targeted liposomes 

and, combination systems [130]. They were proposed to deal with relatively short half-life of lipoomes in vivo, 

as well as to improve the retention of the bioactive compounds after in vivo administration of liposomes  [135].  

 

2.4.1.5. Niosomes 

Niosomes are non-ionic surfactant carriers structurally similar to liposomes, considering  the presence of a 

bilayer [136]. The main constituent of niosomes is cholesterol, although other excipients can be integrated. 

These carrier-based systems are more stable than liposomes considering the materials involved on their 

production. Other advantages include the osmotic stability and activity of niosomes, their applicability for oral, 

parenteral and topical administration, their capability to successful delivery of bioactive compounds through the 

skin using channel-like structures, the ability to improve the stability, oral bioavailability and therapeutic 

performance of bioactive compound, among others [136,137]. However, it is reported the leaking of bioactive 

compound from niosomes as well as the hydrolysis of core material which compromises the dispersion shelf 

life [136]. 

 

2.4.1.6. Ethosomes 

Ethosomes differs from liposomes by the presence of high content of ethanol in the vesicles (between 20 and 

45%) [138]. They are highlighted by their ability to enhance the the skin delivery of several bioactive 

compounds. In fact, ethosomes enable the bioactive compounds to reach the deep skin layers as well as the 

systemic circulation [138]. Other advantages regarding this carrier-based system include the low risk profile at 

a large scale, the high patient compliance due to bioactive compound administration using a gel or a cream and 

the relative simplicity of ethosomes production [138]. 

 

2.4.1.7. Transethosomes 

Transethosomes results from the combination of transferosome (with the ability to become deformable and of 

skin permeation) and ethosomes [139]. Accordingly, bioactive compound-loaded transethosomes can be 

absorbed by skin and follow for the systemic circulation. This carrier provides high encapsulation efficiency, 

protection and a slow controlled delivery of bioactive compounds. Moreover, the preparation process does not 

require the usage of undue pharmaceutical additives [140–142]. 
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2.4.1.8. Polymers 

Different biodegradable polymers have been used as encapsulation agents to produce carrier-based systems. 

Due to their biocompatibility and biodegradability, these polymers are widely considered to be applied in 

medicine [143].  

Natural biodegradable polymers present some limitations related to the defective biomechanical characteristics 

and the complexity of structure. However, they can be chemically modified and be metabolized by the host 

[144]. Chitosan is a natural biodegradable polymer capable to adhere to the gastric mucosa, does not trigger 

allergic or irritant reactions, its permeability increases with decrease of pH and the products resulting from its 

degradation are not toxic [145]. In turn, the natural polymer collagen-hyaluronate scaffolds might arise as a 

strategy for tracheal regeneration. In a recent study a tracheobronchial epithelial model was developed using a 

bilayered collagen-hyaluronate scaffold [146]. Collagen-hyaluronate scaffold provides support for growth and 

differentiation of respiratory epithelial cells. Consequently, a functional barrier is formed which protects and at 

the same time avoids the proliferation of bacteria [147].  

Synthetic biodegradable polymers arise as an alternative to provide a sustained controlled delivery from over 

several days to weeks when compared to natural biodegradable polymers. However, they can be involves in 

toxicity problems and chronic inflammation [148]. PLGA was approved by US FDA and European Medicine 

Agency to be used in controlled delivery formulations, being one of the most used biodegradable polymers 

[149]. PVA is reported as safe in vivo in addition to present mucoadhesive nature, which is an advantage 

increasing the residence time of target bioactive compounds within tissues [150]. Poly(ɛ-caprolactone) is 

referred as a biodegradable polymer [151]. Hollow mesoporous silica enables the production of nanoparticles 

with an extensive central hole and an external mesoporous silica shell. The advantages about this type of 

particles include the large surface area, the ability to control the pore diameter, low density, stability, high 

loading capacity and the possibility to encapsulate and storage bioactive compounds with volatile properties 

[152]. Styrene maleic acid is a low-cost copolymer with good durability, non-toxic and no teratogenic effects 

[153]. Chitooligosaccharide is a depolymerization product of chitosan. It displays antibacterial and antitumor 

activities, as well as improves immune activity [154].  

 

2.4.2. RA controlled delivery systems for therapeutic applications 

Recent studies (from last five years) have reported feasible RA carrier-based formulations to be used to treat 

acne, photoaging, psoriatic and several types of cancer (Table 2.1). As far as acne therapy is concerned, Lin et 

al. [155] investigated the usage of two different carrier-based systems – nanoemulsions and NLC – to 

incorporate a combination of tretinoin and tetracycline to treat this disease. This research reported, for the first 

time, the impact of encapsulating simultaneously two drugs on the skin permeation and on the antibacterial 

activity against microorganisms involved in acne (in vitro studies). The obtained results evidenced that tretinoin 

permeation was mostly unchanged after this drug encapsulation, being enhanced the tretinoin delivery via 

follicular routes when NLC were used. Moreover, the incorporation of tetracycline did not incite a significant 
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difference in tretinoin skin delivery. However, tetracycline permeation decreased by 2-fold. In terms of the 

antibacterial activity, it generally was not affected by the usage of a dual-drug system. The usage of 

nanoemulsions and NLC only improved the antibacterial activity against Staphylococcus aureus. Later, Silva et 

al. [156] combined tretinoin and the antimicrobial lauric acid in SLN as a new strategy for the  topical acne 

treatment. In the study, SNL with and without stearylamine were produced. Retinoid stability was only obtained 

with SNL composed by stearylamine. Also, SLN loaded with tretinoin and lauric acid showed to be efficient on 

inhibiting the growth of Staphylococcus epidermidis, Propionibacterium acnes and S. aureus (in vitro studies). 

Gupta et al. [137] suggested another carrier-based system to be used in the treatment of acne. They proposed 

the encapsulation of tretinoin and benzoyl peroxide (a powerful antibacterial) into niosomes. In vitro 

experiments revealed that a higher amount of tretinoin and benzoyl peroxide is retained in the skin layers when 

niosomal gel is used instead of a cream and an alcoholic solution. On the other hand, in vivo studies showed 

that niosomal gel is more effective than the antiacne cream, since a 4.16-fold lower dose of benzoyl peroxide in 

niosomal gel provide the similar therapeutic index of the antiacne cream.  

Considering psoriasis disease, Raza et al. [157] developed tretinoin loaded lipid-based carriers – SLN, NLC, 

liposomes, ethosomes – for improvement of photostability, pharmacodynamic efficacy and skin delivery of this 

retinoid. Ex vivo experiments were performed using bioadhesive hydrogels of the above formulations. Herein, 

porcine skin (for skin permeation and skin retention analysis) and mouse tail model (for the evaluation of anti-

psoriatic activity) were used. The obtained results showed that SLN and NLC provide higher skin transport, 

photostability and anti-psoriatic activity when compared to liposomes and ethosomes, and even to the marketed 

product. 

Photoaging is referred as the responsible for damage of skin-barrier function. Accordingly, Hung et al. [158] 

examinated the effect of ultraviolet irradiation on the cutaneous penetration of NLC and PLGA polymer 

nanoparticles loaded with RA (in vitro studies). Broadly, UVA exposition increased the RA delivery from NLC 

and PLGA particles into hair follicles by 4.2- and 4.9-fold, respectively. The in vivo skin distribution of particles 

was also analysed using nude mouse skin. 

Other studies were performed, focusing on development and optimization of potential carrier-based 

formulations for dermal drug delivery. For instance, Mortazavi et al. [159] proposed microemulsions for 

tretinoin encapsulation considering the acne treatment. The optimized microemulsions were composed of 15% 

olive oil, 12% propylene glycol (the co-surfactant), 33% Tween® 80 and 40% distilled water. In vitro release 

experiments revealed that tretinoin microemulsion provides an improved release profile when compared to the 

one obtained by the commercial gels and creams. Moreover, a zero-order kinetics was observed for tretinoin 

release profile. Bavarsad et al. [160] projected the development and optimization of deformable liposomes for 

topical delivery of tretinoin. For optimum liposome formulations, the presence of transcutol in the liposomes 

composition resulted in a higher tretinoin skin penetration when compared to the one obtained for tretinoin 

cream. Also, this strategy could decrease the side-effects related to conventional tretinoin administration 

(cream). Castleberry et al. [150] encapsulated all-trans RA by their covalently bonding to PVA using a 

hydrolytically degradable ester linkage. A complete all-trans RA release was achieved in ten days, considering 
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in vitro experiments. Moreover, an increase of drug dermal accumulation in explant pig skin was observed. In 

turn, in vivo tests demonstrated a reduction on the side-effects of free all-trans RA (local inflammation), in 

addition to retain this molecule at the application site at measurable quantities for up to six days.  

Design and development of new retinoid-based encapsulation systems to treat cancer have been gathered some 

new studies. Narvekar et al. [161] evaluated the therapeutic effect of encapsulated all-trans RA against ovarian 

cancer. A polymer-oil nanostructured carrier with PLGA was used. This formulation was capable to extensively 

induce apoptosis and provide higher anti-tumorigenic effects for a long-term in the ovarian cancer cell subline 

SKOV-3PR. Furthermore, Schultze et al. [151] reported, for the first time, the ability of tretinoin-loaded lipid-

core nanocapsules (prepared by interfacial deposition of poly(ɛ-caprolactone)) to solve the huge resistance of 

human lung adenocarcinoma epithelial cell lines (A549) to the anticancer activity of free tretinoin. Accordingly, 

apoptosis and cell cycle arrest were induced. Akanda et al. [162] researched the anticancer efficiency of RA 

loaded SLN over prostate cancer cells. A reduction in viability of these cells was observed when RA 

concentration was increased in SLN (9.53% at 200 µg/mL). Sun [163] simultaneously encapsulated into a single 

emulsion all-trans RA and the chemotherapy agent doxorubicin. The final aim was to enable the co-delivery of 

these compounds and, therefore, provide an efficient strategy for destruction of malignant cells. This approach 

enhanced the suppression of tumour growth at the same time decreased the incidence of cancer stem cells, 

considering a synergistic manner. Following the same strategy of Akanda et al., Lei et al. [164] proposed the 

dual drug encapsulation (in this case, dacarbazine and tretinoin) into transethosomes and liposomes for the 

treatment of cutaneous melanoma. In vivo studies showed that transethosomes contribute for a higher 

dacarbazine concentration in the plasma. Also, transethosomes showed higher cytotoxic effect when compared 

to the other formulations. Kong et al. [165] constructed lipid-coated biodegradable hollow mesoporous silica 

nanoparticles for co-encapsulation of all-trans RA, doxorubicin and interleukin 2. This proposed formulation 

significantly decreased tumour growth and inhibited metastasis. Li et al. [166] was capable to significantly 

increase a cytotoxic effect when sorafenib/all-trans RA were both incorporated into SLN. Also, the combination 

of miRNA coupled with this formulation might be used in gastric cancer treatment. Liu et al. [167] prepared 

trimethyl chitosan-functionalized RA-loaded SLN to improve the effective treatment of glioblastoma. This 

carrier-based system increased cell death when compared with the free drug. O'Leary et al. [168] developed all-

trans RA-loaded collagen-hyaluronate scaffolds capable to increase functional epithelialisation in primary 

tracheobronchial cells. Yamamoto et al. [169] prolonged RA in blood circulation when all-trans RA-loaded 

styrene maleic acid copolymer nanoparticles were injected via intravenous. Silva et al. [170] concluded about 

the importance of including tributyrin into all-trans RA loaded NLC, in order to increase the encapsulation 

efficiency. Also, tributyrin- all-trans RA loaded NLC exhibited higher inhibition of cell viability when 

compared to the free drug. At last, Zhang et al. [171] presented chitooligosaccharide as promising nanoparticles 

for co-delivery of all-trans-RA and paclitaxel.
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Table 2.1 – The most recent RA controlled delivery systems developed for the treatment of several pathologies. 

Pathology/Potential 

application 

Administration 

method 
Compound(s) 

Carrier-based system/ 

Encapsulation technique 
Main results Reference 

Acne 

Topical application 
Tretinoin and 

tetracycline 
Nanoemulsions and NLC 

It was not observed a significant difference in tretinoin skin delivery with the 

incorporation of tetracycline (in vitro studies). The usage of nanoemulsions 

and NLC improved the antibacterial activity against Staphylococcus aureus. 

[155] 

Topical application 
Tretinoin and 

lauric acid 
SLN 

Tretinoin stability was achieved with SNL composed by stearylamine.  

SLN loaded with tretinoin and lauric acid revealed growth inhibitory activity 

against Staphylococcus epidermidis, Propionibacterium acnes and S. aureus. 

[156] 

Topical application 

Benzoyl 

peroxide 

and tretinoin 

Niosomes 

A higher amount of tretinoin and benzoyl peroxide were retained in the skin 

layers when niosomal gel is used (in vitro experiments). Niosomal gel showed 

to be more effective than antiacne cream (in vivo studies): a 4.16-fold lower 

dose of benzoyl peroxide in niosomal gels provided a similar therapeutic index 

when compared to the antiacne cream. 

[137] 

Topical application Tretinoin Microemulsions 

Tretinoin microemulsion provides an improved release profile when compared 

to the one obtained by commercial gels and creams (in vitro experiments). A 

zero order kinetics was observed for tretinoin release profile. 

[159] 

Psoriasis Topical application Tretinoin 
Liposomes, ethosomes, 

SLN and NLC 

SLN and NLC increased the skin transport, photostability, and anti-psoriatic 

activity when compared to liposomes, ethosomes and marketed product (ex 

vivo studies). 

[157] 

Photoaging Topical application RA 
NLC and PLGA 

nanoparticles 

The UVA exposition promoted RA delivery from NLC and PLGA particles 

into hair follicles by 4.2- and 4.9-fold, respectively (in vitro experiments). 
[158] 

General skin 

disorders 
Topical application Tretinoin 

Optimized deformable 

liposomes 

Optimum liposomes composed by transcutol increase tretinoin skin 

penetration when compared to the one obtained for tretinoin cream. This 

formulation could decrease the side-effects related to conventional tretinoin 

administration (cream). 

[160] 

(to be continued) 
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Table 2.1 – The most recent RA controlled delivery systems developed for the treatment of several pathologies (continuation). 

Pathology/Potential 

application 

Administration 

method 
Compound(s) 

Carrier-based system/ 

Encapsulation technique 
Main results Reference 

General skin 

disorders 
Topical application All-trans RA PVA 

A complete release of all-trans RA was achieved in ten days, as well as an 

increase of tretinoin dermal accumulation in explant pig skin (in vitro studies). 

In vivo experiments showed a reduction on the side-effects related to free all-

trans RA and the retention of this compound at measurable quantities for up to 

six days. 

[150] 

Ovarian cancer - All-trans RA 
Polymer-oil nanostructured 

carrier (oil and PLGA) 

The formulation proposed is capable to induce apoptotic cell death, as well as 

to provide higher anti-tumorigenic effects for a long-term in the target cells. 
[161] 

Lung cancer - Tretinoin Poly(ɛ-caprolactone) 

Tretinoin-loaded lipid-core nanocapsules were capable to deal with the high 

resistance of human lung adenocarcinoma epithelial cell lines and trigger their 

apoptosis and cell cycle arrest. 

[151] 

Prostate cancer - RA SLN 
A reduction in cell viability of prostate cancer cells was observed when RA 

concentration was increased in SLN (9.53% at 200 µg/mL). 
[162] 

Cancer stem cells - 
All-trans-RA 

and doxorubicin 
Emulsions 

Co-delivery of all-trans-RA and doxorubicin might enhance the suppression 

of tumor growth while reduce the incidence of cancer stem cells. 
[163] 

Cutaneous 

melanoma 
Topical application 

Dacarbazine 

and tretinoin 

Transethosomes and 

liposomes 

Transethosomes contribute for a higher dacarbazine concentration in the 

plasma (in vivo studies). Moreover, this formulation showed higher cytotoxic 

effect when compared to the other one. 

[164] 

Gastric cancer - 
Sorafenib and 

all-trans RA 
SLN 

Sorafenib/all-trans RA-loaded SLN significantly increase a cytotoxic effect 

when compared to an individual drug. 
[166] 

Cancer treatment - 

All-trans RA, 

doxorubicin 

and interleukin 

2 

Lipid-coated biodegradable 

hollow mesoporous silica 

nanoparticles 

All-trans RA/doxorubicin/interleukin-2 co-loaded dHMLB significantly 

decreased tumour growth and inhibited metastasis. 
[165] 

(to be continued) 
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Table 2.1 – The most recent RA controlled delivery systems developed for the treatment of several pathologies (continuation). 

Pathology/Potential 

application 

Administration 

method 
Compound(s) 

Carrier-based system/ 

Encapsulation technique 
Main results Reference 

Glioblastoma - RA Chitosan and SLN 
Trimethyl chitosan-functionalized RA- loaded SLN increased cell death when 

compared with the free drug. 
[167] 

Respiratory tissue 

regeneration 
- All-trans RA 

Collagen-hyaluronate 

scaffolds 

All-trans RA-loaded collagen-hyaluronate scaffolds were capable to increase 

functional epithelialisation in primary tracheobronchial cells. 
[168] 

- 
Intravenous 

administration 
All-trans RA 

Styrene maleic acid 

copolymer 

It was observed RA prolonged blood circulation after intravenous injection of 

all-trans RA-loaded styrene maleic acid copolymer nanoparticles. 
[169] 

Cancer treatment 
Intravenous 

administration 

All-trans RA 

and tributyrin 
NLC 

All-trans RA-tributyrin-loaded NLC was more efficient on inhibition of cell 

viability comparing to the free drug. 
[170] 

- - 
All-trans RA 

and paclitaxel 
Chitooligosaccharide 

Nanoparticles of chitooligosaccharide could be efficiently taken up by HepG2 

cells and transported into the nucleus for all-trans RA and paclitaxel delivery. 
[171] 
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2.5. Concluding remarks  

The requirement of retinoids in health care forced the creation of strategies to maximize retinoids efficiency. In 

fact, current administration of retinoids is a challenge not only because the insufficient retinoid concentration 

which reaches the target cells/tissues (responsible for the brief remission observed in APL patients), but also by 

the several side-effects reported. Encapsulation technology seems to provide the protection and stability 

required for retinoids. Moreover, this strategy might beneficiate these compounds in controlled release studies. 

Accordingly, it is expected to increase the bioavailabity of retinoids in the human body and thus increase 

retinoids efficiency. The ongoing investigation on encapsulation of retinoids counts with numerous studies 

which propose properly carrier-based formulations for retinoids application in the pharmaceutical and medical 

fields. However, the total number of retinoid-controlled delivery systems in clinical trials is still limited, 

whereby it is important to insist in this investigation topic.
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The third chapter starts with the presentation of several innovative food products with interest to the consumers. 

The main carrier-based systems and the encapsulating methods applied to nutraceuticals are further presented. 

In the last section, an overview about the main simulated gastrointestinal digestion and uptake models are 

addressed, as well as studies therein performed with delivery systems are discussed. 
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3.1. Introduction 

Consumers are increasingly aware of the importance to practice a balanced diet, taking advantage of the intake 

of different nutrients for health benefit [172]. A diet rich in plant foods (such as fruits and vegetables) stimulates 

a proper functioning of the human body due to the presence of vitamins, phenolic compounds, phytochemicals 

(all these compounds with antioxidant properties) and minerals. They are of major importance to prevent/reduce 

the risk to develop chronic (i.e. cancer, cardiovascular diseases and diabetes, among others) and 

neurodegenerative (i.e. Alzheimer) diseases. Furthermore, these compounds act on the immune system boost 

[113,144,173]. Dietary supplements can be used as a food complement capable to provide specific dietary 

ingredients (i.e. vitamins, minerals, polyunsaturated fatty acids (omega-3), amino acids and herbs or other 

botanicals [6]) under capsule, pill, tablet or liquid forms.  

The increasing demand for novel and high-quality products to assist and improve human health and wellness 

(beyond basic nutrition) brought some challenges related to their production, sustainability, safety and 

preservation [174]. Current approaches involve the integration of bioactive compounds (recognized as safe 

(GRAS) food ingredients, such as carbohydrates, proteins, fats, vitamins and/or probiotics) into food products 

with the development of functional foods. Some examples of these fortified food products available in the 

market include yogurts capable to improve digestive health, cereals that benefit cardiac health, 

margarines/butters that interfere with cholesterol metabolism and energy/protein bars and drinks addressed to 

reduce hunger [175]. Due to the ability of food-grade bioactive compounds and derived-based food products to 

act on prevention and/or treatment of several disorders, these nutraceuticals have been explored for 

improvement of life quality and expectancy. Another class of food products includes the excipient foods, that 

contain ingredients that are not themselves a bioactive compound but that can improve the efficacy of a 

food-grade bioactive compounds ingested with these ingredients [176]. 

The direct incorporation of certain bioactive compounds into food products for oral ingestion is a current 

challenge due to their highly lipophilic nature and poor chemical stability, as well as the low and/or variable 

bioavailability [101]. The design and development of effective carrier-based delivery systems might improve 

the dispersion of bioactive compounds, protect and beneficiate lipophilic molecules in their controlled release 

and absorption at desired locations within the gastrointestinal tract. The final aim is to increase the 

bioavailability and improve the efficacy of nutraceuticals in the human body.  

During the digestion process, the fraction of bioactive compounds released from food matrix in the 

gastrointestinal tract and that becomes available for absorption (including intestinal epithelium absorption and 

presystemic metabolism (intestinal and hepatic)) defines the bioaccessibility. This concept is therefore 

influenced and determined by the initial concentration of the bioactive compound in the ingested products, the 

composition of ingested products, the physicochemical characteristics of gastrointestinal fluids and the presence 

of enzymes [177]. These last conditions may have impact over the most sensitive bioactive compounds, 

promoting their degradation before they are absorbed. For example, vitamins are known to be chemical unstable 

and might be easily degraded during digestion due to temperature, moisture, pH and enzymes [174]. Moreover, 
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they might exhibit low gastrointestinal absorption [17]. Vitamins can also be damaged during processing and 

storage [35]. Bioaccessibility can be evaluated by simulating gastric and small intestinal digestion (in vitro 

methodologies) and further Caco-2 cells uptake [178].  

The exposition of a bioactive compound to the human body triggers a specific effect, which is termed 

bioactivity. This includes the entrance of bioactive compounds into systemic circulation, tissue uptake and 

subsequent physiological response. Bioactivity can be determined considering in vitro, ex vivo and in vivo 

methodologies [179]. 

Bioavailability is still an unclear term. Broadly, it describes the portion of a bioactive compound from ingested 

product that is absorbed, reaches the systemic circulation and becomes useful. Hence, bioavailability of a 

bioactive compound is determined by bioaccessibility and bioactivity [180]. This parameter is usually evaluated 

thought in vivo methods, considering the fraction of bioactive compounds that is digested, absorbed, 

metabolized and reaches systemic circulation. In fact, the term bioavailability frequently does not include the 

bioactivity of bioactive compound as a strategy to become the analyses easier [179]. Herein, it is revealed by in 

vivo plasma concentration in animals/ humans after the bioactive compound administration as an isolated 

compound or as a compound-containing food [177].  

This review aims to provide an overall discussion about the carrier-based systems for the controlled delivery of 

nutraceuticals, as well as the main encapsulation techniques employed in their formation. Furthermore, the most 

used simulated models for gastrointestinal digestion and uptake are approached. Studies reporting the behaviour 

of the encapsulated products under the selected simulation models are also presented.  

 

3.2. Delivery systems for encapsulation of nutraceuticals 

Nano- and microencapsulation have been increasingly explored for fabrication of controlled delivery systems 

with application in the food sector [101]. Coating or entrapping of nutraceuticals within a continuous film aims 

to protect these compounds against the outside surrounding undesirable conditions (i.e. light, moisture, heat, 

pH, oxygen and shear, among others), preventing the loss of the most sensitive molecules during the processing 

or storage of food products. Moreover, this strategy has been demonstrated to be suitable for the release and 

controlled delivery of bioactive compounds, improving the stability and optimizing the absorption of 

nutraceuticals during digestion in the gastrointestinal tract [35,181]. Accordingly, the development of an 

appropriate delivery system designed for oral ingestion might increase the amount of bioactive compounds 

capable to reach the target cells/tissues in the desired concentrations to improve their effectivity in the human 

body. 

The most promising and widely used carrier-based systems and encapsulating methods in food sector are 

presented and discussed in the following topics (Figure 3.1). 
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Figure 3.1 – Delivery systems designed for encapsulation of bioactive compounds in food sector (adapted from 

[101,174]). 

 

3.2.1. Carrier-based systems  

 

3.2.1.1. Particles and capsules 

The production of particles and capsules as carrier-based systems for the delivery of bioactive compounds have 

been widely described in the literature. Several encapsulating methods are used to produce these small vesicular 

structures, namely spray-drying and coacervation (sections 3.2.2.1. and 3.2.2.3.). Also, various polymers can be 

considered to create a membrane surrounding the bioactive compound, coating (capsules) or entrapping 

(particles) the target bioactive compound, providing an effective protection against few desirable conditions in 

the outside surrounding environment [144]. These structures can be generated at a nano and micro scale. 

Particularly, spray-drying technology enables to obtain particles with an intern matrix morphology and in a 

range between 1 µm and 5 mm [182]. 

 

3.2.1.2. Hydrogels 

Hydrogels consist of a three-dimensional network obtained by gelation methods, wherein hydrophilic polymer 

chains are crosslinked considering covalent or non-covalent interactions [174,183].  

The number, strength, morphology of the structural units and the presence of hydroxyl, carboxyl, ethers, amines 

and sulphate groups, among others, determine the hydrogel characteristics. Those refer to water-holding 

capacity, appearance, texture and reaction to specific changes [174]. In fact, hydrogels are considered relevant 

carrier-based delivery systems due to their ability to react to chemical (e.g. ionic strength, pH and solvent 

composition) and physical (e.g. temperature, light and pressure, among others) stimuli, occurring their swelling 

or shrinking [184,185].  
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3.2.1.3. Emulsions  

Oil-in-water (o/w), water-in-oil (w/o), oil-in-water-in-oil (o/w/o), water-in-oil-in-water (w/o/w), water-in-oil-

in-oil (w/o/o) and water-in-oil-in-oil-in-water (w/o/o/w) can be produced, considering the relative spatial 

organization of water and oil phases. Nanoemulsions (10 - 100 nm, the reason why they appear as transparent) 

and conventional emulsions (0.1 - 100 µm) can be prepared, influenced by the system composition, operating 

conditions in the homogenizer and the homogenization method [186,187]. An increasing structure stability is 

observed from conventional emulsions to nanoemulsions and for microemulsions [101]. 

 

3.2.1.4. Solid lipid nanoparticles (SLN) 

SLN are composed by liquid lipids, water and surfactants (similarly to the composition of nanoemulsions). 

However, liquid lipids are partly or fully solidified in the SLN, which is achieved due to an emulsion controlled 

crystallization process. This lipid-based delivery system does not require the usage of organic solvents and the 

scale-up is ease. However, it is reported low bioactive compound loading capacity, loss of bioactive compounds 

during storage and high water content in SLN emulsions [188]. 

 

3.2.1.5. Nanostructured lipid carriers (NLC) 

NLC are an unstructured solid lipid matrix consisting of liquid and solid lipids and an aqueous phase with 

surfactants and co-surfactants. A solid matrix with high imperfections is created from the lipidic phase and, 

therefore, an increased amount of bioactive compounds can be herein encapsulated. Three different types of 

NLC can be produced, namely imperfect, amorphous and multiple. It was established according to the degree 

of order of the matrix. NLC arose as an alternative to reduce the limitations reported with SLN (section 3.2.1.4.) 

[189]. 

 

3.2.1.6. Liposomes 

Liposomes are spherical vesicles wherein bilayer of lipids are concentric around an aqueous core. The 

phospholipids present in the composition of these structures promote the thermodynamical formation of 

liposomes, while sterols (such as cholesterol) may be integrated for the stabilization of the bilayer of liposomes 

[131]. These carrier-based systems are capable to provide the control release of a bioactive compound at a 

desirable rate, location and times [190].  

 

3.2.2. Encapsulating methods used in food sector  

The most used encapsulating methods for food applications are spray-drying and freeze-drying, coacervation, 

fluidized bed coating, emulsification, liposome entrapment and inclusion complexation [182,191].  
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3.2.2.1. Spray-drying 

Spray-drying technology is based on the atomization of a liquid (a homogenized system – a solution, suspension 

or emulsion – containing the bioactive compound(s) to be encapsulated and the encapsulating agent(s)) 

occurring the formation of a droplet/air contact. The powder formed after water evaporation is separated by a 

cyclone and recovered [192]. Different parameters influence the process efficiency and characteristics of the 

final product obtained. Those include the homogenization, stability, viscosity and temperature of fed solutions, 

as well as the operating conditions implemented during spray-drying process. Particles with variable sizes, 

density, water content, fluidity and tendency to agglomerate [35]. It is a one-step method capable to incorporate 

bioactive compounds into good quality particles at low production cost and easy scale-up. Moreover, it is a 

rapid, continuous and reproducible process [193]. However, it is reported the limiting number of encapsulating 

agents (they must be soluble in water at an acceptable level) [35] and the usage of relatively high inlet and outlet 

air temperatures which might be a limitation for the most heat sensitive bioactive compounds [15].  

 

3.2.2.2. Freeze-drying 

Freeze-drying or lyophilization is an appropriate method for the encapsulation of the most volatile and heat 

sensitive compounds [194], which arises as an advantage regarding spray-drying. The mixture composed by the 

encapsulating agent(s) and the bioactive compound(s) is subjected to freeze and further sublimation. Afterwards, 

it is carried out the desorption and storage of the dry powder [195]. Freeze-drying enables the samples 

preservation for a long time. However, the dehydration process is taken for a long period (around 20 h), whereby 

it is not applied frequently. Moreover, it is reported as an expensive technique [174]. 

 

3.2.2.3. Coacervation 

Coacervation involves electrostatic interactions capable to promote the separation of the liquid phase from one 

(simple coacervation) or many (complex coacervation) encapsulating agents, with the formation of a complex 

composed by two distinct phases. In the phase rich with the encapsulating agent, the liquid drops deposit and 

harden around the bioactive compound, forming the coacervate. Self-sustaining particles are obtained after this 

process. Encapsulation by coacervation is a high efficient process, although it is associated with a high cost 

[196]. 

 

3.2.2.4. Fluidized bed coating 

In the fluidized bed coating the particles to be encapsulated are suspended by an air stream at a selected 

temperature, followed by its spraying with an atomized coating material. The main advantages about this method 

include its good reproducibility, the ability to control of particle size distribution, low energy consumption and 

low cost. However, fluidized bed coating is not recommended for heat sensitive bioactive compounds due to 

the direct exposition to hot air during several cycles [197]. 
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3.2.2.5. Emulsification 

Emulsification has been carried out to produce emulsions, nanoemulsions and microemulsions (section 3.2.1.3.). 

In this process, two or more immiscible fluids are mixed, with the dispersion of one liquid (the dispersed phase 

and wherein the bioactive compound is included) as small droplets within the other liquid (the dispersant 

phase) [113]. The usage of an appropriate mixture of surfactants and co-surfactants aims to promote the 

formation and stabilization of emulsion droplets. They act adsorbing to the droplet surfaces with subsequent 

formation of a thin protective layer around them [173]. According to the emulsion-based delivery systems that 

are produced, different methods are described. Conventional emulsions are formed by a homogenizer (e.g. high 

shear mixer, high pressure homogenizer, membrane homogenizer, sonicator and colloid mill). In turn, the 

production of nanoemulsions involve high-energy and low-energy methods. The first one uses mechanical 

devices to generate intense disruptive forces capable to create tiny oil droplets (e.g. high-pressure valve 

homogenizers, microfluidizers and ultrasonification), while in the second one occurs the spontaneous droplets 

formation  due to the change of the solution or environmental conditions (e.g. phase inversion and solvent 

demixing methods) [112,187].  

 

3.2.2.6. Liposome entrapment 

Considering the structure of a liposome (section 3.2.1.6.), the entrapment of bioactive compounds with 

hydrophilic and lipophilic is enabled. Several methods are described for the liposomes production, including 

Bangham method, ethanol/ether injection, sonication and reverse phase evaporation [101]. Different 

characteristics of liposomes are observed according to the production method implemented (e.g. size, lamellarity 

and encapsulation efficiency) [131].  

 

3.2.2.7. Inclusion complexation 

Cyclodextrins (α-, β-, and γ-) are widely used for encapsulation by inclusion complexation [198]. Their external 

part is hydrophilic, while their internal part is hydrophobic and, therefore, appropriate to incorporate slightly 

polar compounds. 

 

3.3. Behaviour of carrier-based systems under simulated gastrointestinal conditions 

Within the human gastrointestinal tract, the ingested food products are submitted to several physicochemical 

and physiological processes, in a continuous and dynamic approach, until the release of the nutrients and 

bioactive compounds to be absorbed by the body. The knowledge about the main physical and chemical changes 

that occur in the different compartments of human body digestive system (i.e. mouth, stomach, small intestine 

and large intestine) is of great importance for the development of effective delivery systems in the control of 

digestion and, consequently, in the release and absorption of bioactive compounds at target locations of human 

gastrointestinal tract [199].  
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The ingested products are exposed in the mouth to mastication and salivation, occurring the reduction of solid, 

semi-solid food products to small particles with the formation of food bolus [200]. Accordingly, the food 

products deal with dilution and the human body temperature. Saliva has neutral pH and is composed by water 

(99.5%), proteins/enzymes (0.3%, including enzymes capable to hydrolyse carbohydrates – i.e. amylase) and 

electrolytes (such as potassium, calcium, magnesium, sodium, phosphate and bicarbonate) [201], which 

contribute for a low ionic strength. In the stomach, the food products deal with gastric motility as well as acidic 

pH, high ionic strength, dilution and enzymes (gastric lipase and protease which degrade lipids and proteins, 

respectively) due to the composition of the gastric fluid. Afterwards in the small intestine, the partially digested 

food products are subjected to intestinal peristalsis, miceralization with bile salts, neutral pH, high ionic strength 

and dilution. Moreover, proteins, starch and lipids are hydrolysed by protease, amylase and pancreatic lipase, 

respectively. In this compartment, the released bioactive compounds are mainly absorbed in the duodenum. The 

non-absorbed compounds move towards the large intestine, wherein they are exposed to intestinal peristalsis, 

neutral to slightly acidic pH and high ionic strength. Herein, microbiota acts in a fermentation process of 

polysaccharides and proteins [174,199].  

In the line with the topics above, controlled delivery systems are subject to six key processes during digestion 

in the human gastrointestinal tract [199]. The pH changes of the aqueous phase promote changes in the electrical 

charge of surfactants, proteins and polysaccharides that constitute the carrier-based systems. Consequently, their 

composition, structure and interactions are modified [199]. The variation in the type and concentration of ions, 

due to the location of human gastrointestinal tract and/or the nature of the products consumed, may influence 

the electrostatic interactions in the carrier-based systems through electrostatic screening or binding effects [199]. 

The presence of endogenous (e.g. proteins), exogenous (e.g. surfactants) and internally generated (e.g. lipid 

digestion products) surface-active components might lead to alterations in the interfacial composition and 

properties of carrier-based systems [199]. The presence and activity of several enzymes in the human 

gastrointestinal tract may digest the components of carrier-based systems [199]. Changes in the physical state, 

molecular conformation or interactions of specific components can be observed in the carrier-based systems 

due to temperature changes along digestion, which impact their digestibility [199]. At last, the flow/force profile 

to which the carrier-based systems are exposed may trigger the breaking down of their structure [199]. 

The behaviour of bioactive compound-loaded delivery systems under gastrointestinal conditions has been 

assessed considering an in vitro approach. Herein, static and dynamic digestion models are used to provide a 

deeper insight regarding intestinal absorption availability. Further determination of intestinal absorption and 

presystemic metabolism is performed considering cell culture studies. Eventually, the incorporation of gut 

microflora to measure intestinal bioaccessibility might be investigated. In vivo methodologies are also 

considered to evaluate the bioaccessibility and bioavailability of bioactive compounds [179]. An overview about 

these simulated methods is presented in the Table 3.1. These topics are critically reviewed in the following 

sections. Moreover, some studies in this research field with the digestion of carrier-based delivery systems and 

the intestinal absorption of released bioactive compounds are also presented.  
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Table 3.1 – Overview of methodologies used to determine bioaccessibility and bioavailability of bioactive 

compounds. 

 

 

 

 

 

 

 

 

 

 

3.3.1. In vitro digestion models 

Numerous in vitro models have been proposed to mimic the physiological processes carried out during 

gastrointestinal digestion (i.e. duration of each digestion step, pH and enzymes, among others), ranging from 

single static systems to multi-compartmental dynamic systems [177,202]. They are intended to be simple, 

flexible, inexpensive and reproducible in assessing the bioaccessibility of target bioactive compounds [174,177]. 

On the other hand, this strategy enables to reduce the ethic, economic and technique constrains related to the in 

vivo studies [199].  

The current number of total publications related to “in vitro digestion models” reaches 466 and, among these, 

279 are related simultaneously to “in vitro digestion models” and “foods”. Considering this last number, a great 

contribution was made on this topic in the last five years (from 2017 to 2021) with a total number of 138 

publications (source: www.scopus.pt, 8th February 2021). 

 

3.3.1.1. Static models 

Most of in vitro digestion studies (almost 90%) have been performed using static models [202]. They are single 

static systems capable to simulate gastric and/or intestinal phases, whereby mono- or multi-compartmental (a 

succession of stirred vessels is herein used) protocols are considered. A single set of initial biochemical 

conditions (i.e. temperature, pH, concentration of enzymes and bile salts) is stablished to replicate these 

compartments of gastrointestinal tract and that remain constant during the process [201,203]. Stomach is 

reproduced by the pepsin hydrolysis of homogenized food at a certain pH (1-2), temperature (37 °C) and period 

of time (1-3 h). In turn, intestine is simulated by the usage of pancreatic enzymes (with or without bile) at the 

desired pH (6-7) [177].  

Several studies have described the usage of in vitro static digestion models to evaluate the behaviour of different 

delivery systems under the different simulated gastrointestinal conditions. Some of the most recent are compiled 

in Table 3.2. Guo et al. [204] used a simulated gastrointestinal digestion model composed by gastric and 

Analysis under study Methodologies 

Intestinal absorption availability 
In vitro:  gastrointestinal static digestion models and   

gastrointestinal dynamic digestion models 

Intestinal absorption and presystemic metabolism 

In situ: intestinal perfusion in animals 

Ex vivo:  gastrointestinal organs 

In vitro: cell culture (mainly Caco-2 cells) 

Intestinal absorption availability with incorporation gut 

microflora 
In vitro: microbial fermentation models 

Bioactive compound content in the blood plasma  In vivo: rodents, rabbits, pigs and calves 
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intestinal phases to investigate the curcumin release from ternary complexes composed by high methoxyl pectin, 

surfactants (rhamnolipid, tea saponin or ethyl lauroyl arginate hydrochloride) and pea protein isolate. The 

slowest release of curcumin in the simulated gastrointestinal tract was achieved by the ternary complex which 

included rhamnolipid. Moreover, this formulation enabled to ensure the functional attribute of curcumin was 

barely affected in the digestion process. This in vitro digestion study was conclusive to propose a more suitable 

carrier-based delivery system for encapsulation of curcumin with application in commercial food products. In 

turn, Araiza-Calahorra and Sarkar [205] used a static in vitro gastric digestion to validate their proposal on 

coating Pickering emulsions (prepared using whey protein nanogel particles and emulsions) with a dextran 

sulphate layer to reduce the destabilization of these emulsions under gastric conditions. The obtained results 

confirm the production of stable emulsions in gastric medium, which arise as a promising strategy for the 

delivery in the intestine of encapsulated lipophilic compounds. Furthermore, Peanparkdee et al. [206] used a 

static simulation model with oral, gastric and intestinal phases to study the stability of capsules produced with 

two types of gelatin (acid-processed (type A) and alkaline-processed (type B) gelatin) for incorporation of Thai 

Riceberry bran extract. It was concluded that the stability of this bioactive compound during in vitro digestion 

is influenced by net surface charge and particle size of gelatin. Other studies performed differ from those 

reported by the implementation of a general standardized in vitro digestion protocol proposed by COST 

INFOGEST network. In fact, despite of the simplicity, lower cost, high-throughput of in vitro static models, as 

well as their ability to analyse multiple samples [174,199], one of the major challenges regarding this 

methodology are the considerable variations in the digestion parameters that are observed among different 

models and that prevent the comparison of results across research-groups. Those include the amount of product 

sample, pH, the amount and type of enzymes, the amount of bile salts, stirring speed and the duration of each 

stage of digestion, among others [201,207]. Accordingly, the most recent studies usually consider the usage of 

an uniformized protocol [208]. For example, Beltrán et al. [209] produced high oleic palm oil loaded 

nanoliposomes by microfluidization and ultrasound and evaluated how the selected production methods could 

affect the physical stability and intestinal digestibility of these structures. Herein, the standardized protocol 

published by the COST INFOGEST network was implemented. During oral phase digestion no statistically 

significant changes in the nanoliposomes stability were observed. However, gastric phase promoted the 

destabilization of both types of nanoliposomes, while in the intestinal phase the triglycerides that compose the 

nanoliposomes were degraded due to enzymatic activity.  Moreover, Visentini et al. [210] studied the 

physicochemical and structural modifications of two ovalbumin nanoparticles loaded with conjugated linoleic 

acid under gastric and intestinal phases, considering the standard in vitro static gastrointestinal digestion model 

developed by the COST INFOGEST network. The obtained results revealed the high retention of conjugated 

linoleic acid during gastrointestinal simulation. Afonso et al. [211] used the standardized in vitro digestion 

protocol to study the resistance of β-carotene-loaded nanoparticles, individually composed  by zein and 

ethylcellulose, upon gastrointestinal conditions. Both carrier-based delivery systems revealed to be strongly 

insoluble in the digestion medium, whereby the enzymes and salts therein present could not degrade the 
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nanoparticles. Consequently, β-carotene release was avoided even in the gastric phase. The highest 

bioaccessibility of encapsulated β-carotene in the intestinal phase was obtained in zein nanoparticles (37±1%). 

In turn, Ferrado et al. [212] used the INFOGEST procedure (gastric and intestinal phases) to analyse the 

potentialities of bovine serum albumin particles loaded with chrysin to be used as supplements to be introduced 

in functional foods. A high amount of encapsulated chrysin maintains inside the particles during in vitro static 

gastrointestinal digestion, occurring the release of around 14% of this bioactive compound. At last, Zhou et al. 

[213] used the standardized in vitro digestion protocol to evaluate the impact of chitin nanocrystals in the 

digestion of corn oil-in-water emulsions (stabilized with tween 80) and subsequent bioaccessibility of β-carotene 

encapsulated into this lipid-based delivery system. The obtained results showed that nanochitin reduces the β-

carotene bioaccessibility by reducing lipid digestion. Moreover, the authors compared these results to the one 

obtained using a regular static in vitro digestion model (non-INFOGEST) and some differences were found. 

Although the same conclusions had been drawn, it was identified, for example, a lower percentage of total free 

fatty acids released and of carotenoid bioaccessibility (from 68.9 to 99.6 % and from 22.7 to 55.2%, 

respectively) when the non-INFOGEST method was applied. In fact, one of the main differences between both 

models are related to the enzymes activity, calcium contractions and bile salt (the first two factors were 

considered the most relevant for the differences registered). However, the authors reported in their experiments 

a disadvantage about INFOGEST model, namely the need to carry out a back-titration after the small intestine 

phase in order to detect all the free fatty acids released. 

Although static digestion models have been widely used to investigate the digestion of several food products 

(they are designed and developed according to their intended purpose), they are oversimplified and do not 

provide an accurate simulation of the most complex conditions and processes of gastrointestinal tract [174]. In 

fact, biochemical environment is continually changing in the human body and this behaviour cannot be 

mimicked using static model, as previously described. Moreover, large volumes of media are used and the 

implemented continuous stirring does not represent the complexity of peristaltic movements. Also, this 

methodology does not consider gastric emptying [202]. In vitro dynamic digestion models were therefore 

developed to overcome the limitations related to static models.  

 

3.3.1.2. Dynamic models 

In vitro dynamic models emerged in the last decades as an innovative strategy capable to provide an improved 

and more sophisticated digestion simulation method. They may range from single to multi-compartmental 

systems and incorporate the dynamic aspects of the digestion process. Those include the shear, mixing, 

hydration or peristalsis phenomena carried out along the gastrointestinal tract [179]. The aim is the ability of 

dynamic models to simulate variations in the concentration of enzymes, viscosity, pH, particle size and nutrient 

partitioning, transport of digested products and continuous secretions of digestive fluids observed in the 

gastrointestinal tract of human body [179,201]. A better approximation regarding the mechanisms and processes 
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which occur during digestion and the structural changes of food products can be achieved with this 

methodology, as well as a more precise evaluation about the bioaccessibility of specific bioactive compounds. 

Several in vitro dynamic digestion models (with different geometries, physical forces and biochemistry [214]) 

have been developed and presented in the last years. Dynamic gastric model (DGM), human gastric simulator 

(HGS), TNO’s gastrointestinal model (TIM), gastric digestion simulator (GDS), in vitro mechanical gastric 

system (IMGS), simulator of the human intestinal microbial ecosystem (SHIME), dynamic rat stomach-

duodenum system (DRSD) and dynamic human stomach-intestine system (DHIS) are referred as some of the 

most relevant dynamic models [201]. From those, other digestion simulation models have been developed and 

proposed [174]. For the best of our knowledge, the studies published so far related to the behaviour of controlled 

delivery systems of bioactive compounds in dynamic models have been only performed in DGM, HGS, TIM 

and SHIME. Hence, the main characteristics, advantages and disadvantages and the research studies carried out 

with these models using carrier-based delivery systems are discussed below.  

 

3.3.1.2.1. DGM 

The DGM was developed at the Institute of Food Research (Norwich, UK) and consists of a 

monocompartmental model designed to simulate the fundus (proximal stomach, the upper part) and antrum 

(distal stomach, the lower part). Accordingly, two connected compartments/areas were created within a latex 

vessel. In the one corresponding to the fundus (the main body), the partially digested product is submitted to 

slight force due to continuous peristaltic contractions from the cyclical pressurization of water jacket (at 37 °C) 

which involves the main body. Herein are also delivered gastric secretions (gastric acid and enzymes) by 

computer-controlled pumps, according to the changes registered in the pH and volume of fed product. In turn, 

in the area correspondent to the antrum, the digested product is subjected to higher shear and grinding forces 

from the upward and downward movement of the barrel, which promote a high mixing efficiency and ability to 

reduce the particle size. A valve in the DGM enables to simulate the stomach emptying (the residence time is 

calculated by a software and is dependent on the variables size, composition and caloric content of the meal), 

occurring the leaving of the smallest particles, while the bigger ones are refluxed to the top of the vessel to 

continue the digestion process [201,203,214,215]. 

DGM has been widely implemented for food investigation since it enables the usage of complex food matrices 

as the one used in in vivo studies. Accordingly, DGM has been applied to study the structural changes during 

the digestion, with particular interest to understand the impact about the matrix and processing in the hydrolysis 

rate and extent of nutrients [203]. Other advantage reported regarding DGM includes the possibility to stablish 

in vivo correlation. However, in this dynamic model it is not possible to observe the antral processing since the 

compartment is not transparent, the simulation of fluid dynamics and distribution of gastric contents might be 

influenced due to the vertically alignment of main body and antrum, fluctuations in pH can be evidenced and it 

is not feasible the satiety control [203,215]. 
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Table 3.2 – Studies on the behaviour of different bioactive compound-loaded controlled delivery systems when submitted to various in vitro static digestion models 

(continuation). 

Carrier-based 

system/Encapsulation 

technique 

Bioactive compound 

Methodology (Gastrointestinal conditions) 

Reference 

Oral phase Gastric phase Intestinal phase 

Polysaccharide-

surfactant-protein 

ternary complexes 

Curcumin - 

pH: 2.0 

Temperature: 37 °C 

Secretion: Simulated gastric fluid 

(3.2 mg·mL-1 pepsin) 

Agitation: - 

Duration: 1 h 

pH: 7.4 

Temperature: 37 °C 

Secretion: Simulated intestinal fluid (consisting of 2 

mg·mL-1 pancreatin, 13.6 mg·mL-1 monopotassium 

phosphate and 12 mg·mL-1 bile salts) 

Agitation: - 

Duration: 2 h 

[204] 

Corn oil-in-water 

emulsions stabilized 

by tween 80 

β-carotene 

pH: - 

Temperature: 37 °C 

Secretion: Simulated salivary 

fluid (inorganic salts, calcium 

and 3 mg·mL-1 mucin) 

Agitation: - 

Duration: 2 min 

pH: 3.0 (HCl) 

Temperature: 37 °C 

Secretion: 2000 U·mL-1 pepsin 

Agitation: Yes 

Duration: 2 h 

pH: 7.0 (NaOH) 

Temperature: 37 °C 

Secretion: Simulated intestinal fluid (consisting of 

bile salt (10mM in final mixture), CaCl2, trypsin and 

lipase (to ensure 100 U·mL-1 trypsin and 2000 U·mL-1 

lipase) 

Agitation: - 

Duration: 2 h 

[213] 

Zein nanoparticles and 

ethylcellulose 

nanoparticles 

β-carotene 

pH: - 

Temperature: 37 °C 

Secretion: Simulated salivary 

fluid, 0.3 M CaCl2(H2O)2 and 

water 

Agitation: Yes 

Duration: 2 min 

pH: 3.0 (HCl) 

Temperature: 37 °C 

Secretion: Simulated gastric fluid, 

2000 U·mL-1 pepsin, 0.3 M 

CaCl2(H2O)2, 1 M HCL and water 

Agitation: Yes 

Duration: 2 h 

pH: 7.0 

Temperature: 37 °C 

Secretion: Simulated intestinal fluid (consisting of 60 

mg·mL-1 bile salt and 100 U·mL-1 pancreatin), 0.3 M 

CaCl2(H2O)2, 1 M HCL and water 

Agitation: Yes 

Duration: 2 h 

[211] 

(to be continued) 
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Table 3.2 – Studies on the behaviour of different bioactive compound-loaded controlled delivery systems when submitted to various in vitro static digestion models 

(continuation). 

Carrier-based 

system/Encapsulation 

technique 

Bioactive compound 

Methodology (Gastrointestinal conditions) 

Reference 

Oral phase Gastric phase Intestinal phase 

Bovine serum albumin 

particles 
Chrysin - 

pH: 3.0 

Temperature: 37 °C 

Secretion:  Simulated gastric fluid 

(which includes 0.15 mM CaCl2, 

2000 U·mL-1 pepsin and 60 

U·mL-1 gastric lipase) 

Agitation: Yes 

Duration: 2 h 

pH: 7.0 

Temperature: 37 °C 

Secretion:   Simulated intestinal fluid (which includes 

10 mM bile salts and 0.6 mM CaCl2) and pancreatin 

(to ensure 100 U·mL-1 trypsin) 

Agitation: Yes 

Duration: 2 h 

[212] 

Biopolymer-coated 

Pickering emulsions 
- - 

pH: 3.0 

Temperature: 37 °C 

Secretion: Simulated gastric fluid 

(consisting of 0.257 g·L-1 KCl, 

0.061 g·L-1 KH2PO4, 1.05 g·L-1 

NaHCO3, 1.38 g·L-1 NaCl, 0.0122  

g·L-1   MgCl2(H2O)6, 0.024  g·L-1 

(NH4)2CO3) and 2000 U·mL-1 

pepsin 

Agitation: Yes 

Duration: 2 h 

- [205] 

(to be continued) 
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Table 3.2 – Studies on the behaviour of different bioactive compound-loaded controlled delivery systems when submitted to various in vitro static digestion models 

(continuation). 

Carrier-based 

system/Encapsulation 

technique 

Bioactive compound 

Methodology (Gastrointestinal conditions) 

Reference 

Oral phase Gastric phase Intestinal phase 

Nanoliposomes Oleic palm oil 

pH: - 

Temperature: 37 °C 

Secretion: Simulated salivary 

fluid (without adding α-

amylase) 

Agitation: Yes 

Duration: 2 min 

pH: 3.0 (1 M HCl) 

Temperature: 37 °C 

Secretion:  Simulated gastric fluid  

Agitation : Yes (100 rpm) 

Duration : 2 h 

pH: 7.0 

Temperature: 37 °C 

Secretion:   Simulated intestinal fluid (consisting of 

electrolyte stock, bile extract (10mM in final mixture), 

pancreatin and pancreatic lipase (to ensure 100 

U·mL-1 trypsin and 2000 U·mL-1 lipase) 

Agitation: Yes 

Duration: 2 h 

[209] 

Ovalbumin 

nanoparticles 

Conjugated linoleic 

acid 
- 

pH: 3.0 (1 M HCl) 

Temperature: 37 °C 

Secretion:  Simulated gastric fluid 

(consisting of 6.9 mM KCl, 0.9 

mM KH2PO4, 25 mM, NaHCO3, 

47.2 mM NaCl, 0.1 mM MgCl2 

and 0.5 mM (NH4)2CO3), 0.15 

mM CaCl2 (to a final 

concentration of 0.075 mM 

CaCl2) and 2000 U·mL-1 pepsin  

Agitation : Yes (60 rpm) 

Duration : 2 h 

pH : 7.0 

Temperature : 37 °C 

Secretion :   Simulated intestinal fluid (consisting of 

6.8 mM KCl, 0.8 mM KH2PO4, 85 mM NaHCO3, 38.4 

mM NaCl, 0.33 mM MgCl2), 0.3 mM CaCl2 (final 

concentration), 10 mM bile salts (final concentration) 

and pancreatin to ensure 100 U·mL-1 trypsin)  

Agitation : Yes (60 rpm) 

Duration : 2 h 

[210] 

(to be continued) 
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Table 3.2 – Studies on the behaviour of different bioactive compound-loaded controlled delivery systems when submitted to various in vitro static digestion models 

(continuation). 

Carrier-based 

system/Encapsulation 

technique 

Bioactive compound 

Methodology (Gastrointestinal conditions) 

Reference 

Oral phase Gastric phase Intestinal phase 

Gelatin capsules 
Thai Riceberry bran 

extract 

pH: 6.75 

Temperature: - 

Secretion: Simulated salivary 

fluid (consisting of 2.38 g·L-1 

Na2HPO4, 0.19 g·L-1 KH2PO4 

and 8 g·L-1 NaCl) and α-amylase 

(200 U) 

Agitation: - 

Duration: - 

pH: 1.2 (1 M HCl) 

Temperature: - 

Secretion:   0.31% pepsin (from 

porcine gastric mucosa: pepsin A, 

EC 3.4.23.1) and 0.03M NaCl 

Agitation: - 

Duration: - 

pH: 6.0 (0.1 M NaHCO3) 

Temperature: 37 °C 

Secretion:  A mixture composed by 0.05 g of 

pancreatin and 0.3 g of  bile extract porcine dissolved 

in 35 mL of NaHCO3 (0.1M).  

Agitation: - 

Duration: - 

[206] 
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A few studies report the usage of DGM (and of the other dynamic models described in the following) to simulate 

in vitro digestion of controlled delivery systems. For example, Manson et al. [216] used DGM to investigate the 

impact of the polymer content of hydrophilic matrices (between 10 and 30% of hydroxypropyl methylcellulose) 

in the release of caffeine considering fasted and fed dissolution environments. The obtained results showed that 

in the fed state the caffeine release was highly influenced by the presence of a high fat meal. Herein, a delay 

before initial drug release. Moreover, for the highest hydroxypropyl methylcellulose content used (30% (w/w)) 

similar release rates were observed under fasted and fed conditions, while for the lowest content of this polymer 

(10% (w/w)) a faster release was achieved in the fasted state. In this study the erosion mechanisms appeared to 

dominate drug release in the DGM due to the cylindrical forces exerted during simulated antral cycling. The 

results obtained using DGM were compared to the performed using compendial USP I and USP II dissolution 

tests. The last ones enabled to clearly distinguish between the formulations composed by polymer content. In 

turn, DGM test under fasted conditions enabled to group release profiles into three groups, in addition to not be 

able to distinguish between some different formulations. 

 

3.3.1.2.2.  HGS 

HGS was designed and developed with the aim to replicate the peristaltic activity of antrum contraction waves 

and, therefore, to provide an improved simulation regarding the mechanical shear and grinding forces capable 

to generate the disintegration of ingested products and promote the mixing of gastric components [217]. In fact, 

HGS can simulate the peristaltic movements with a comparable amplitude and frequency to the one registered 

in in vivo gastric phase. 

Similarly to DGM, HGS is also a monocompartmental model. It consists of (i) a cylindrical latex chamber in an 

inverted conical shape with a volume of 5.7 L corresponding to the gastric compartment, (ii) a mechanical 

driving system responsible by the reproduction of antral contraction wave action; herein, a set of rollers secured 

on belts pushes the chamber walls driven by motor, (iii) peristaltic pumps to control the delivery rate of the 

simulated gastric juice into the gastric chamber (2.5 mg·mL-1) as well as the simulating stomach emptying (3 

mg·mL-1; the bottom of the gastric compartment contain a thin polyester mesh bag with pore size of around 1.5 

mm to simulate the sieving) and (iv) temperature control systems (at 37 °C) based on two light bulbs and a mini-

fan [201,203,217].  

Some limitations regarding the HGS model are related to secretion and emptying rates of gastric fluid and the 

time of residence do not consider the properties of food products. Moreover, the digestion cannot be observed 

(such as in the DGM) [203]. 

 

3.3.1.2.3.  TIM 

TIM was developed at TNO Nutrition and Food Research (Zeist, The Netherlands). TIM-1 encompasses four 

compartments simulating the stomach, duodenum, jejunum and ileum [203]. Temperature control of each 

compartment is operated by the pumping water (at 37 °C) into the space between the inner and outer walls of 
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glass jackets, which compose these compartments. Flexibility of inner wall enables to replicate peristaltic 

movements due to its consecutive compression and expansion. The connection between the compartments of 

TIM is carried out by peristaltic valve pumps, which enable the chyme to move among them. pH of each 

compartment is computer-monitored and controlled by the usage of pH electrodes. In turn, gastric and duodenal 

secretions are controlled by specific pumps. Membranes with a molecular weight cut off of around 10 kDa are 

connected to jejunum and ileum compartments for removal of water-soluble compounds and further 

bioaccessibility determination [201,203].  

In the line with this overall description, due to ability of TIM to include key parameters of human digestion, this 

in vitro dynamic model is reported to provide a full recreation of gastrointestinal tract.  Hence, TIM  has been 

used to study the digestion of food products [201].  

Lu et al. [218] compared the bioaccessibility of curcumin with and without a controlled delivery system – 

Pickering emulsions stabilized by milled starch particles -  under in vitro digestion using TIM-1 model and in 

vitro pH-stat lipolysis model (the latter has not been described or discussed in this review). Broadly, integration 

of curcumin into milled starch particles resulted in a higher bioaccessibility of this bioactive compound. The 

TIM-1 model was described to enable a good analysis about the digestion of milled starch particles stabilized 

Pickering emulsions in the upper gastrointestinal tract. 

 

3.3.1.2.4. SHIME 

SHIME is reported as the first in vitro multi-compartmental system with almost whole integrated gastrotestinal 

tract (only mouth phase is not included), comprising six double-jacketed vessels which simulate the stomach, 

duodenum/jejunum, ileum, caecum/ascending colon, transverse colon and descending colon [174]. The last five 

vessels are continuously stirred with the usage of a magnetic stirrer. SHIME enables to obtain more reproducible 

results when compared to in vivo methodologies, being specifically developed to investigate the interactions of 

ingested components with human resident microbiota. However, the magnetic stirring provided by this model 

is distinct from the peristaltic movements in vivo, which compromises mechanistic agitation and digestion 

behaviours. Moreover, the human fecal bacteria used is not representative of the in vivo microbial community. 

Also, SHIME does not include absorption methods, the effects of microbiota colonization, the adhesion of 

microorganisms to the vessels and tubing [219]. 

 

3.3.2. Intestinal absorption and presystemic metabolism evaluation 

Before intestinal absorption of bioactive compounds, the hydrolysis products obtained from the digestion of 

carbohydrates, lipids and proteins are still degraded by brush border membrane enzymes at the small intestinal 

epithelium of human body [203]. The activity of these enzymes increases from the proximal duodenum to the 

distal ileum, with the chyme decreases. Different procedures have been used for the simulation of this last step 

of intestinal digestion. One of the most simplified approach is based on isolated brush border membrane vesicles 

[220]. Herein, brush border membrane enzymes are mostly isolated from the jejunum of rat, pig and cow [221]. 
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In fact, a standard protocol is still not currently available for application in this type of studies [220]. It can be 

explained by the lack of consensus about the incubation conditions to be stablished, namely the media 

composition, the ration between enzyme and substrate and pH, among others. On the other hand, it must be 

pointed out the limited availability brush border membrane enzymes, the incomplete data about their activity 

and adequate validation of the used of these enzymes [203]. Accordingly, this step is not included in most of in 

vitro digestion models. Particularly, intestinal digestion seems not to be reported when simulated gastrointestinal 

digestion studies of carrier-based delivery systems loaded with bioactive compounds were performed. 

Methodologies involved in the determination of the amount of target bioactive compounds that are absorbed by 

intestinal wall cells include the usage of in vitro systems that vary from simple membranes to cell cultures, the 

combination of ex vivo (gastrointestinal organs operated under controlled conditions) with in vitro models and 

in vivo models (animals are submitted to intestinal perfusion – in situ method) [177]. Intestinal digestion using 

brush border membrane enzymes can be connected with intestinal absorption [203]. 

Among in vitro systems, the most used cell culture is Caco-2 human colorectal cancer epithelial cell lines [222], 

which is the more realistic model of the human intestinal epithelium. However, other cell cultures might be 

selected for simulation studies regarding intestinal absorption [179]. The selection of cell culture is of major 

importance since each one exhibits specific characteristics regarding its preservation and suitability for the 

expression of transporters. Considering this last topic, changes in the expression of transporters and enzymes 

might trigger an under- or overestimation of intestinal permeability [177]. Cell culture experiments consider a 

simplification of procedure, being assumed that a simple filtration or centrifugation of in vitro digested product 

is enough to quantify the amount of bioactive compounds transported through the intestinal epithelium cells. 

However, it must be tested and validated. Moreover, the amount of bioactive compound present in the 

decantation/centrifugation supernatant and in the residue must be confirmed to correspond to the amount of 

bioactive compound accessible in the small and large intestine, respectively [177]. In fact, 

decantation/centrifugation may not be capable to replicate the separation of the fraction in the intestinal lumen, 

as well as the passage of bioactive compounds into the intestinal epithelium. Herein, a relatively cheap and 

straightforward strategy based on the usage of dialysis membranes can be applied, despite of the impossibility 

to simulate the biochemical phenomena occurring at intestinal cells. Another reported limitation is related to the 

investigation of the bioaccessibility of lipophilic bioactive compounds [177]. They solubilize in the digestion 

after the release from digested products, whereby micellarization of bioactive compounds is a limiting factor. 

To overcome these problems, the bioaccessibility of several bioactive compounds has been studied using a two-

stage in vitro digestion model, which may include ultracentrifugation method. Herein it is assumed that in vitro 

processes become a fraction of the digest containing the absorbable micelles. Accordingly, the amount of 

bioactive compound in the ultracentrifugation supernatant can be used to determine the amount of bioactive 

compounds transferred from the digest to the micelle fraction (micellarization efficiency) [177].  

Various studies are currently published about intestinal absorption of bioactive compounds incorporated into 

carrier-based delivery systems. Liu et al. [223] used Caco-2 cells and monolayers to evaluate the cellular uptake 

and simulated intestinal wall transportation, respectively, of encapsulated (into zein/pectin nanoparticles) and 
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free resveratrol. In vivo methods for the bioavailability analyses were also considered with oral administration 

to rats. The cellular uptake and transmembrane transport were significantly higher in the case of encapsulated 

resveratrol. Furthermore, the usage of a controlled-based delivery system enables to increase the bioavailability 

of resveratrol in rats, as well as to prolong its existence in the plasma. Studies that combine in vitro digestion 

models and cellular uptake of bioactive compounds provide a better understanding about the potentialities of a 

carrier-based system for oral applications. Costa et al. [224] produced alginate and chitosan nanoparticles for 

encapsulation of grape pomace extract. Both delivery systems were subjected to in vitro gastrointestinal 

digestion and the results evidenced the protection of the extract in these conditions, occurring an increase in the 

bioaccessibility of different polyphenols. A reduction in the permeability of bioactive compounds through a 

Caco-2/HT29-MTX co-culture was observed, probably due to an increase in the residence time in the intestine. 

Ex vivo models enable a better representation of the morphological and physiological characteristics of intestine, 

by the inclusion of the most important cell types and architecture and of mucus layer wherein intestinal digestion 

by brush border membrane enzymes can be investigated [225]. Ex vivo models are usually obtained from rats, 

rabbits and pigs (the limited availability from human intestinal tissue must be considered) and they are valuable 

for studies related to the transport (across the epithelium), permeability, absorption and interaction with the 

mucus layer. However, the tissue is viable for a short time (1 to 3 hours) [203].  

 

3.3.3. Incorporation of gut microflora 

A strategy based on in vitro simulation of microbial fermentation has been used to evaluate the impact of gut 

microflora in the intestinal bioaccessibility of bioactive compounds. Herein, an inoculum of colonic microbiota 

is used to determine the colonic metabolism in the non-digestible fraction [177].  

Recently, Santos et al. [177] reviewed some of the methodologies involving in vitro digestion of several food 

products containing phenolic compounds and antioxidants and subsequent gut microflora processing. Broadly, 

some challenges are described regarding the usage of in vitro fermentation models, including the difficulty to 

ensure the functional stability and reproducibility of human gut microbiota in order to conclude that the effects 

on microbial composition and metabolic activity are just explained by the experiment. Furthermore, it is 

considered the absence of a true biological replication in in vitro gut fermentation modelling due to the temporal 

modification of microbiota during consecutive sampling, among others [177].  

This methodology might be eventually incorporated into simulation studies for gastrointestinal digestion of 

encapsulated bioactive compounds.  

 

3.3.4. In vivo methodologies 

In vivo experiments might be performed to evaluate bioavailability of specific bioactive compounds after the 

digestion process under a real gastrointestinal tract. However, several ethical issues might be presented and 

discussed in these circumstances. Rodents, rabbits, pigs and calves are the animals frequently used for in vivo 

studies [174]. For example, Zheng et al. [226] studied the bioaccessibility and bioavailability of lecithin-based 
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nanoemulsion loaded with carnosic acid considering a complementary in vitro and in vivo approach. In vivo 

pharmacokinetic evaluation was performed on rat model (Male Sprague Dawley) and showed that 

bioavailability of encapsulated carnosic acid was 2.2-fold higher when compared to carnosic acid in a 

suspension. Bioavailability can be measured by changes in the blood plasma concentration as a function of time 

(postprandial or after meal), as well as by quantifying the plasma concentration of a target bioactive compound 

over a prolonged period of time of constant feed intake [177]. 

 

3.4. Conclusion 

Several food products that provide a set of bioactive compounds and other relevant molecules capable to 

promote the well-being are currently available in the market. The integration of nutraceuticals into these 

formulations requires to the industries to deal with their exposition to eventual undesirable temperature and 

moisture conditions during processing and storage. Moreover, during digestion processes, the bioactive 

compounds present in the ingested product must be protected from the pH changes and enzymatic activity. 

Accordingly, encapsulation technology has been reported as a suitable strategy to increase the stability of the 

most sensitive bioactive compounds. Additionally, controlled delivery systems are intended to promote the 

release of the bioactive compounds in the target place and at a desirable release rate. With the increase of the 

shelf-life of the obtained final products and of bioactive compounds bioavailability, the activity of bioactive 

compound in the human body is beneficiated. In vitro static models (considering standardized and non-

standardized protocols) have been the most described to evaluate the behaviour of carrier-based delivery 

systems designed for the encapsulation of nutraceuticals under gastrointestinal conditions. The obtained results 

showed to be conclusive about the most resistant formulations according to bioaccessibility data. Regarding the 

in vitro dynamic models, the number of publications in this field is still scarce. Some of the main generated 

conclusions are related to the impact of using simulation of peristaltic phenomena on the release of bioactive 

compounds from the delivery systems. The usage of intestinal absorption models (cell cultures) associated to in 

vitro digestion models is of major importance to more accurately identify the most promising carrier-based 

systems for oral administration capable to enhance the bioavailability of nutraceuticals in the human body. 
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The fourth chapter proposes the inclusion of RA into arabic gum, modified chitosan and alginic acid sodium 

microcapsules using spray-drying technology. 
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4.1. Introduction 

Retinoic acid (RA) is a carboxylic acid and corresponds to the oxidized form of vitamin A (retinol). RA is 

recognized as a successful chemopreventive and therapeutic agent in the treatment of several types of cancer 

[18,50,73,227–229]. Furthermore, it is also used for treatment of some dermatological disorders, such as acne 

vulgaris, psoriasis and photo damaged skin, among others [67,68]. However, the efficacy of RA as a medical 

agent is often compromised, whereby RA administration and delivery is currently a challenge. It has been 

reported for cancer patients that continuous oral administration or intravenous injection significantly reduces 

RA half-life in the blood [25,26], decreasing RA concentration in patients plasma [58]. As a consequence, many 

patients became resistant to RA despite continued treatment. The reduction of RA half-life in continuous 

administration might be explained by three hypothesis, according to Muindi et al. [58] (1) biliary excretion is 

involved for at least in 60% of RA elimination, whereby an unreal malabsorption or a nonspecific binding to 

the intestinal proteins compromised RA oral bioavailability, (2) RAR-α mutations might arise due to the 

continued treatment with RA and (3) the enzymes involved in RA catabolism might be induced as a consequence 

of continuous treatment with this drug. The daily dose of Vesanoid® (trade name of all-trans RA) is 45 mg/m2 

body surface (prescribing information). Other limitations about RA include its short gastrointestinal absorption 

and its rapid metabolism [27]. Moreover, several side effects related to RA administration, including 

hypertriglyceridemia, mucocutaneous dryness and headache, have been described [58–60]. Topical application 

of retinoids (skin treatment) leads to skin irritation (e.g. erythema, peeling and burning at the application site) 

and increased susceptibility to the sunlight which limits RA therapy acceptance by patients [42,73]. At last, RA 

is poorly soluble in aqueous systems due to its low polarity, which favours its inactivity or rapid degradation. 

In the last years, several efforts have been made for development of carrier-based formulations for RA 

administration. The aim is to optimize the absorption and increase RA in the human body considering a sustained 

drug delivery and, consequently, improve the treatment efficiency against several malignancies 

[32,170,230,231]. This procedure might also reduce the side effects described for RA [74,158,160] as well as 

increase the protection and stability of RA [161]. In fact, these formulations expect to be appropriate controlled 

release systems to ensure the delivery of the core material at the target site and at the desirable rate and time.  

The present work proposes the usage of spray-drying technology for the production of RA loaded biopolymer-

based microcapsules. To date, it has been reported encapsulation of RA into liposomes, nanoemulsions, solid 

lipid nanoparticles (SLN), polyethylene glycol-coated poly-lactic-co-glycolic acid copolymer (PLGA) and 

PLGA combined with poly(vinyl alcohol), among others [229,232,233]. However, some of these processes use 

toxic organic solvents (i.e. dichloromethane, chloroform and ethyl acetate), which triggers undesirable reactions 

in the human body due to irritancy and toxicity [229].Accordingly, the main advantage about spray-drying 

technology include the non-usage of organic solvents. Encapsulation by spray-drying is also a rapid, continuous 

and reproducible process. Other advantages of this method include the good quality of microcapsules produced, 

the low production costs and the easy scale up [145,234]. Biopolymers are considered very attractive and even 

ideal materials to be used as encapsulation agents for incorporation of drugs and nutraceuticals [113]. 

Biopolymer-based delivery systems are biodegradable, biocompatible with cells and tissues, non-toxic, stable 
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in blood and non-thrombogenic, whereby different sources of biopolymers are valuable for pharmaceutical, 

medical and food industries [235,236]. Additionally, biopolymers have great mechanical and barrier properties 

[237]. Among the variety of biopolymers described in the literature, gums and carbohydrates constitute excellent 

candidates for RA encapsulation. Vitamin A is absorbed in the small intestinal lumen [83], whereby the 

biopolymers to be used for RA encapsulation must be selected considering their capability to protect RA against 

harsh gastric conditions and to enable RA release in the small intestine. Arabic gum is considered one of the 

most popular encapsulating agent due to its low viscosity, solubility and ability to produce stable emulsions, 

despite of the arabic gum high cost and its low availability [145,234,238,239]. Currently, some studies report 

the usage of arabic gum in formulations for encapsulation of probiotic cells for delivery in the intestine 

[240,241]. 

Alginates enable the production of microcapsules for controlled delivery of active compounds in the ileum or 

colon, considering the chemical nature of microcapsules [113]. In fact, alginates enable the protection of 

bioactive compounds from the acidic stomach environment while provide further release in the basic conditions 

of intestine [242]. However, the disadvantages regarding the usage of this gum include their very porous and 

permeable membranes, the high cost at industrial scale and the difficult scale-up [145]. Modified chitosan 

emerges also as a good strategy for the delivery of drugs into the intestine, as this encapsulating agent can bypass 

the acidic environment of the stomach [243].  

Arabic gum, modified chitosan and alginic acid sodium were individually used to encapsulate RA in order to 

evaluate RA controlled release and its kinetics. Moreover, microcapsules formulations, load and unload with 

RA, were analysed regarding its average size and morphology. The final aim of RA encapsulation is to protect 

and to beneficiate RA in controlled release experiments for further medical application. 

 

4.2. Material and Methods  

 

4.2.1. Materials  

All-trans retinoic acid (≥ 98%, R2625-1G, CAS 302-79-4) and alginic acid sodium (180947-500G, 

Lot#MKBS5877V, CAS 9005-38-3) were purchased from Sigma-Aldrich (Saint Louis, USA). Arabic gum from 

acacia tree (30888-1KG, Lot#BCBK8649V) was obtained from Fluka (Germany). Modified chitosan 

(pharmaceutical grade water-soluble chitosan) was supplied by China Eastar Group (Dong Chen, China) (Batch 

no. SH20091010). Ethanol (99%) was obtained from Valente e Ribeiro, Lda® (Alcanena, Portugal). 1-Octanol 

for synthesis (820931, CAS 111-87-5) was purchased from Merck (Darmstadt, Alemanha). 

 

4.2.2. Preparation of solutions to be fed to the spray-dryer 

Two sets of solutions were prepared and fed to the spray-dryer in order to produce two different types of 

microcapsules: empty microcapsules (only composed by the encapsulating agent and without core material) 

(Mc1) and RA-loaded microcapsules (Mc2). The first set of solutions concerns three aqueous solutions, each 
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one composed by one of the three biopolymers selected as encapsulating agent for RA encapsulation: arabic 

gum, modified chitosan and alginic acid sodium. These solutions were prepared at 1% (w/V) in 100 mL of 

ultra-pure water. Moreover, they were prepared in the day before to be spray-dried (biopolymer hydration 

overnight) and stored until use at 4 °C. In turn, the second set of solutions differs from the first set of solutions 

by the incorporation of RA in the biopolymer solutions previously described. Herein, 7 mL of a RA solution 

prepared in ethanol (99%) and with a concentration of 0.2% (w/V) were dispersed in each encapsulating agent 

solution. The concentration of the encapsulating agents to be used was selected considering the characteristics 

of the encapsulating agents, as well as the restriction of the laboratorial spray-dryer. Alginate is characterized 

by its viscosity, whereby concentrations between 0.5 and 4% of alginate are described for encapsulation [244]. 

Accordingly, 1% was the concentration selected to prepare the alginate microcapsules. Subsequently, this 

concentration was also used to prepare the arabic gum and modified chitosan microcapsules in order to keep the 

same concentration. The RA concentration was selected considering the ratios mass of core material/total mass 

of microcapsules used in a previous work performed by the authors for incorporation of vitamin A into arabic 

gum [245]. RA solution was prepared immediately before the final solutions to be fed to the spray-dryer. All 

the solutions were prepared under stirred conditions. Encapsulating agent solutions and RA solution were 

prepared at 35 °C and at room temperature, respectively. 

 

4.2.3. Spray-drying conditions 

Spray-drying technique was performed using a mini spray-dryer B-290 from BÜCHI (Flawil, Switzerland) with 

a standard 0.5 mm nozzle. The air and solution flow rates, air pressure and inlet temperature were set at 35 m3∙h-1 

(90%), 3.5 mL∙min-1, 5-6 bar and 150 ºC, respectively. The outlet temperature, a parameter influenced by the 

other experimental conditions and the properties of each solution, varied between 81 and 88 ºC. These operating 

conditions were selected considering previous studies about vitamin A encapsulation performed by several 

researchers, including the authors of this research work [245–248].  

The product yield (%) of the obtained microcapsules was determined by the ratio between the mass of dry 

powder recovered in the cyclone and in the collection vessel of spray-dryer and the total mass of materials used 

to prepare the solution fed to the spray-dryer (Eq. 4.1).  

 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑝𝑜𝑤𝑑𝑒𝑟 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑦𝑐𝑙𝑜𝑛𝑒 𝑎𝑛𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑒𝑠𝑠𝑒𝑙 𝑜𝑓𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑝𝑟𝑒𝑝𝑎𝑟𝑒 𝑡ℎ𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟  
× 100 (4.1) 

 

4.2.4. Particle size distribution 

Particle size distribution of the obtained spray-dried powders was assessed by laser granulometry using a Coulter 

LS 230 Particle Size Analyser (Miami, FL, USA). The microcapsules were first dispersed in ethanol and 

exposed to ultrasound radiation (3 to 4 min) in order to prevent their agglomeration. The sizes distribution and 

the average sizes of microcapsules, considering volume and number distributions, were determined for three 30 

s runs (three analyses were performed for each sample and each analysis had the duration of 30 seconds). A 
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number distribution approach considers that each particle has equal weighting once the final distribution is 

calculated. In turn, a volume distribution approach considers the volume of each particle, whereby particles with 

higher volume have a higher contribution.  

 

4.2.5. Scanning electron microscopy (SEM) 

Surface morphology of microcapsules was evaluated by SEM using a Fei Quanta 400 FEG ESEM/EDAX 

Pegasus X4M (Eindhoven, The Netherlands). Herein, a brass stub using double-sided adhesive tape was used 

to fix the microcapsules, which were further coated in vacuum by a thin layer of gold (electrically conductive). 

 

4.2.6. Analytical method validation 

RA concentration was measured through an UV/VIS spectrometer (SPEC RES+, Sarspec, Porto, Portugal) at 

348 ± 5 nm. The validation of analytical method was performed over linearity range, detection limit (LOD), 

quantification limit (LOQ), specificity (regarding the biopolymers used to produce the microcapsules), precision 

(intra-day) and accuracy. Additionally, the global uncertainty associated to the results was determined. 

 

4.2.7. Controlled release experiments 

An appropriate amount of spray-dried powders was used for RA controlled release experiments. This amount 

of microcapsules was estimated by mass balance considering the total amount of RA present in the 

microcapsules, as previously described by Estevinho et al. [249]. Herein, no losses of RA were assumed, as well 

as the proportion of core material/encapsulating agent was considered constant during the spray-drying process. 

RA-loaded microcapsules were placed on top of a cuvette with octanol inside. In turn, the cuvette was placed 

in an external device connected to the UV/VIS spectrometer, which enabled RA controlled release under 

magnetic stirring conditions. Another external device was used to control the heating during RA controlled 

release (at 37 ± 2 ºC). This spectrophotometric method enabled to determinate the amount of RA released from 

the capsules over the time by absorbance (at 348 ± 5 nm) in a continuous mode (intervals of 60 s) and to trace 

the RA controlled release profiles. 

 

4.3. Results and discussion 

Biopolymer-based microcapsules were produced for RA encapsulation using spray-drying technology. Arabic 

gum, modified chitosan and alginic acid sodium were individually used as encapsulating agents in the 

production of empty microcapsules (only composed by the biopolymer and without RA – microcapsules Mc1) 

and RA-loaded microcapsules (microcapsules Mc2). The impact of the usage of these different materials was 

evaluated in terms of microcapsules characterization and RA controlled release. 

The product yield (amount of powder recovered in the spray-dryer regarding to the total mass of materials fed 

to the spray-dryer) varied between 26 and 38% for all the microcapsules produced, the highest value being 

registered for the microcapsules Mc2 composed by alginic acid sodium (Table 4.1). The product yield is a 
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parameter influenced not only by the operating conditions used in the spray-dryer (e.g. inlet temperature) and 

the volume of the solution fed to the spray-dryer, but also by the microcapsules formulation. Briefly, the usage 

of higher inlet temperatures leads to a reduction of the final moisture content in the microcapsules due to the 

increase of microcapsules drying rate [234]. Accordingly, the amount of microcapsules obtained increases, 

which results in a higher product yield. Herein, thermogravimetry studies were not considered on that time 

considering the information existent in the literature for these encapsulating agents and for the spray-drying 

process. In fact, the effect of the temperature is minimized by the short period of time (miliseconds) that the 

microcapsules and the encapsulating agents are exposed to high temperatures during the spray drying process. 

Hence, the spray-drying process is safe for sensitive compounds and as well as for the encapsulating agents. 

Concerning the volume of the solution fed to the spray-dryer, when a small volume is used the obtained product 

yield is compromised. About the effect of the constituents of microcapsules, the main factor associated to the 

product yield differences are associated to the encapsulating agents used and the type of solution fed to the 

spray-dryer. For instance, Gonçalves et al. [245] observed a marked decrease on the product yield of arabic gum 

carrier-based microcapsules (from 2.1 to 5.2. times) when the microcapsules contained coconut oil (loaded or 

unloaded with vitamin A (retinol)) instead of being composed only by the encapsulating agent. In the present 

study, the product yield obtained among all the microcapsules can be discussed and compared based on the 

different biopolymers used as encapsulating agents. Several works report a higher product yield when modified 

chitosan or alginic acid sodium carrier-based microcapsules (between around 30 and 75% and around 42 and 

54%, respectively) are produced by spray-drying process [249–252]. However, for arabic gum carrier-based 

microcapsules the product yield value reported is very similar to the one herein obtained (around 31%) [250].  

Comparing the product yield between microcapsules Mc1 and Mc2, the addition of an RA solution (dissolved 

in ethanol) to the formulations used to produce the microcapsules Mc2 seems to not interfere with the product 

yield. As observed, a similar product yield is obtained when comparing microcapsules Mc2 and microcapsules 

Mc1, whose formulation is only based on the encapsulating agent solutions. 

 

Table 4.1 – Product yield of empty and RA-loaded microcapsules obtained by spray-drying technology using 

different biopolymers as encapsulating agents. 

Microcapsules content Encapsulating agent Product yield (%) 

Mc1 

Arabic gum 30 

Modified chitosan 27 

Alginic acid sodium 31 

Mc2 

Arabic gum 31 

Modified chitosan 26 

Alginic acid sodium 38 

Mc1 – microcapsules composed only by the encapsulating agent and without RA (empty microcapsules). 

Mc2 – RA-loaded microcapsules. 
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4.3.1. Microcapsules analysis 

The average size of microcapsules was assessed considering a differential volume distribution and a differential 

number distribution (Table 4.2). Microcapsules Mc1 exhibited a similar average size for all the encapsulating 

agents used, being registered a differential volume distribution between 2.44 and 2.54 µm. In turn, the average 

size of microcapsules Mc2 did not follow this tendency. The usage of the biopolymers alginic acid sodium, 

arabic gum and modified chitosan resulted in an increase in the average size of microcapsules Mc2 from 3.28 

to 5.35 and 10.88 µm, respectively. Herein, the higher values registered (particularly related to modified 

chitosan carrier-based microcapsules) might be associated to the microcapsules aggregation despite of the 

exposition of microcapsules to the ultrasound radiation (section 4.2.4.) [253]. The presence of RA in the 

microcapsules might be associated to the observed aggregation tendency, considering the bindings formed 

between the encapsulating agents and RA. Regarding differential number distribution, the average size of 

microcapsules Mc1 and Mc2 varied from 0.12 to 0.99 µm. The surface of microcapsules evidenced different 

morphologies according to the biopolymers used as encapsulating agents (Figure 4.1). The presence/absence of 

RA in the microcapsules did not influence their morphology. Arabic gum microcapsules (Figure 4.1 A and D) 

presented a spherical form and rough surface. A similar morphology was observed by Gonçalves et al. [245] 

when vitamin A was encapsulated into arabic gum microcapsules using different concentrations of this 

biopolymer. Also, Estevinho et al. [250] observed the same characteristics in arabic gum microcapsules 

produced for Gulosibacter molinativorax ON4T cells encapsulation. In turn, modified chitosan microcapsules 

(Figure 4.1 B and E) showed a spherical form and smooth surface. This morphology was shown by Estevinho 

et al. [254] and Estevinho et al. [249] when modified chitosan was used for β-galactosidase encapsulation and 

when vitamin B12 and vitamin C were individually incorporated into modified chitosan microcapsules, 

respectively. At last, alginic acid sodium microcapsules (Figure 4.1 C and F) showed a spherical form and 

slightly rough surface when compared to the obtained arabic gum microcapsules. These results are quite 

different from those reported in the literature when the same encapsulating agent was used. For example, in the 

study performed by Gonçalves et al. [255] a regular shape and smooth surface was observed for chlorogenic  

 

Table 4.2 – Average size of all microcapsules formulations produced considering a differential volume 

distribution and a differential number distribution.  

Microcapsules content Encapsulating agent 

Average size of microcapsules 

Differential volume 

distribution (µm) 

Differential number 

distribution (µm) 

Mc1 

Arabic gum 2.49 ± 1.35 0.12 ± 0.17 

Modified chitosan 2.44 ± 1.26 0.99 ± 0.57 

Alginic acid sodium 2.54 ± 1.41 0.70 ± 0.53 

Mc2 

Arabic gum 5.35 ± 5.06 0.17 ± 0.26 

Modified chitosan 10.88 ± 6.72 0.25 ± 0.28 

Alginic acid sodium 3.28 ± 2.31 0.31 ± 0.34 
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Figure 4.1 – SEM images of empty (A, B and C) and RA-loaded polymeric-based microcapsules (D, E and F) 

using arabic gum (A and D), modified chitosan (B and E) and alginic acid sodium (C and F) as encapsulating 

agents. Magnification =10,000 times, beam intensity (HV) 15.00 kV, distance between the sample and the lens 

(WD) around 10 mm.   

 

acid-loaded microparticles prepared with sodium alginate. Moreover, Estevinho et al. [256] reported the 

incorporation of β-galactosidase into sodium alginate microcapsules characterized by a very smooth surface. 

 

4.3.2. RA controlled release 

 

4.3.2.1. Analytical method validation 

The analysis and measurement of RA was accomplished through a spectroscopic method using a linear 

calibration curve validated in the range between 0.0003 mg∙mL-1 and 0.006 mg∙mL-1 (eight standard solutions 

were prepared in octanol) with a correlation coefficient of 0.9952. LOD and LOQ were 0.0003 mg∙mL-1 and 

0.0009 mg∙mL-1, respectively. Precision was determined in terms of repeatability (intra-day) at three 

concentration levels: 0.0003, 0.002 and 0.006 mg∙mL-1. The relative standard deviation obtained for all of these 

solutions (triplicate assays) was lower than 7.5%. Accuracy was calculated by the ratio between the 

concentration obtained for the RA standard solutions and the predictable concentration (recovery factor). The 

percentage of recovery is registered in the Table 4.3 and varied between 88.2 and 111.7%. Specificity was 

evaluated by the interference of the biopolymer solutions (prepared in octanol) with the baseline signal. No peak 

was observed for all the encapsulating agents tested, particularly at the wavelength where RA is detected (348 

[D] [E] [F] 

[A] [B] [C] 
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± 5 nm). However, an increase of the baseline signal was observed which influences the final absorbance values 

analysed.  

 

Table 4.3 – Accuracy of RA at different concentration level. 

RA (mg∙mL-1) Recovery (%) 

3.33x10-4  88.2 

5.00x10-4 99.1 

6.67x10-4 96.6 

1x10-3 99.2 

2x10-3 93.8 

3x10-3 111.7 

5x10-3 97.2 

6x10-3 99.9 

 

Global uncertainty was determined considering the uncertainties associated to the standard preparation (U1), 

calibration curve (U2), precision (U3) and accuracy (U4) [257] (Figure 4.2). 

The global uncertainty was lower than 5% for all the standard solutions concentrations (Figure 4.2 A). Regarding 

the relative weight of each individual source of uncertainty, the uncertainty associated to the calibration curve 

(U2) has the strongest weight in the registered variation. The influence of standard preparation (U1) increases 

with the standard solutions concentration, while the influence of precision (U3) decreases with the standard 

solutions concentration. The impact of accuracy (U4) is very small for all the standard solutions concentration 

(Figure 4.2 B). 

 

Figure 4.2 – Global uncertainty considering the uncertainties associated to the standard preparation (U1), 

calibration curve (U2), precision (U3) and accuracy (U4). (A) Variation of global uncertainty for all the standard 

solutions concentrations. (B) Relative weight of each individual source of uncertainty for all the standard 

solutions concentration. 
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4.3.2.2. Controlled release profiles 

RA controlled release studies were carried out in octanol, an organic solved widely used to simulate the 

possibility of this lipophilic molecule to cross the lipid membranes of living system [258,259]. The amount of 

RA released from all biopolymer-based microcapsules enabled to draw the RA release profiles, expressed as 

the percentage of cumulative RA over time (Figure 4.3).  

Modified chitosan microcapsules enabled the fastest RA release when compared to the other microcapsules 

formulations used. In fact, a very fast release of RA to octanol was observed in the first 7 min of the experiment, 

its stabilization occurring 92 min after. For arabic gum and alginic acid sodium microcapsules very similar RA 

release profiles were obtained in the first 36 min. Afterwards, a slower RA release was registered with alginic 

acid sodium formulation, which prolonged for more than 7 h. In turn, arabic gum microcapsules provided a RA 

controlled release for 102 min. Considering the final aim of achieving a RA release in the last part of digestion 

(in the small intestine), a slow release in the ideal medium is desired. The final aim is to maximize RA absorption 

and improve RA action as a medical agent as well as decrease RA side-effects. 

The obtained results demonstrate the effect of the encapsulating agent in the controlled release of target active 

compounds. The same evidences were reported by Estevinho et al. [249], which compared the release profiles 

of vitamin B12 and vitamin C, each one individually encapsulated in different biopolymer-based formulations. 

The authors observed a complete release of both vitamins in around 10, 15 and 120 min when modified chitosan, 

sodium alginate and chitosan were used as encapsulating agents, respectively. Furthermore, comparing these 

stabilization times with the one obtained in the present work, different results are obtained particularly regarding 

to modified chitosan. This suggests the effect of the release media in the outside surrounding environment of 

microcapsules. A recent number of studies have been carried out to analyse the RA controlled release profiles 

from different carrier-based systems in order to validate their application. Castleberry et al. [150] propose  

polyvinyl alcohol bound to all-trans RA for controlled transdermal delivery. They demonstrated the active all-

trans RA for out to ten days (in vitro experiments). Moreover, in vivo experiments showed that pro-drug 

formulation reduces the inflammation in the application site, in addition to retain the drug at the application site 

for measurement for up to six days. Akanda et al. [162] optimized RA-loaded solid lipid nanoparticles for 

prostate anticancer treatment. After almost 40% of RA was released in the first 10 h, a sustained release was 

followed for five days. 

Preliminary studies related to RA stability for at least three months storage were also performed in the present 

work. The samples were conserved in the fridge at 4 ºC and protected from light with aluminium foil. A 

spectrophotometric method was used to compare the amount of RA present in the new and the old 

microcapsules. The obtained results suggested the total loss of RA in the arabic gum-based microcapsules after 

this period of time. Moreover, for the modified chitosan and alginic acid sodium formulations a significant loss 

of RA was observed (data not shown). The percentage of loss of RA was around 48 and 83% from modified 

chitosan and alginic acid sodium, respectively. These results inform about the microcapsules resistance over 

time. Accordingly, an improvement on microcapsules formulation might be required considering its eventual 

further commercialization. 
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Figure 4.3 – RA release profiles obtained from different biopolymers-based systems using arabic gum (●), modified chitosan (▲) and alginic acid sodium (■) as 

encapsulating agents. Results are presented as the average and standard deviation of three independent assays. 
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4.3.2.3. Kinetic models 

Several release mechanisms are described in the literature, namely statistical methods, model dependent 

methods and model independent methods [260]. They are influenced by the encapsulation methods applied, the 

kind and amount of encapsulating agent(s) used and the conditions selected for the release experiments [145]. 

Furthermore, the physicochemical phenomena involved in the drug /bioactive compound release from the 

carrier-based system include the individual or combined action of diffusion-controlled, barrier-controlled, 

pressure-activated, solvent-activated, osmotically-controlled, pH-controlled, temperature-sensitive and 

melting-activated processes [145].  

The main mathematical models related to the model dependent methods were used to describe the controlled 

release profiles obtained from the RA biopolymer-based release systems developed in this work. Those include 

zero-order, first-order, Higuchi, Korsmeyer-Peppas and Weibull models [260–262].  

The kinetics of zero-order (Eq. 4.2) describes a slow and constant release rate. Moreover, it is observed when 

the core material is a pure compound and its release from the carrier-based system is also carried out as a pure 

compound [145,263,264]. Although kinetics of zero-order designates ideal release behaviour in theory, in 

practice it is very difficult to achieve due to the short adjustment factors equated by the model [262].  

  

 𝑄𝑡 =  𝑄0 + 𝐾0𝑡 (4.2) 

where Qt  is the cumulative amount of the drug/active compound released at the time t, Q0 is the initial amount 

of the drug/active compound  in solution (usually Q0 = 0) and  K0 is the zero-order release constant. 

 

In the present work, the adjustment of the kinetics of zero order to the RA controlled release profiles presented 

a correlation coefficient which varied between 0.948 for the modified chitosan-based microcapsules, 0.996 for 

the alginic acid sodium-based microcapsules and 0.997 for the arabic-based microcapsules (Table 4.4). The 

zero-order release constant, K0, registered the lowest value with the usage of arabic gum as encapsulating agent 

(8.0x10-5 mg∙min-1) (Table 4.4). For the microcapsules composed by alginic acid sodium and by modified 

chitosan, this parameter increased to 2.0x10-4 and 5.0x10-4 mg∙min-1 (Table 4.4), respectively. This tendency of 

results is in the agreement with an increase of RA release rate in the same conditions.  

 

The kinetic of first-order (Eq. 4.3) is observed when the core material is in a solution [145,263,264]. 

Accordingly, this model was not applied to the experimental results obtained in this work, since the 

encapsulating method used leads to the production of solid RA-loaded biopolymer-based microcapsules (a 

powder). 

 

 𝑄𝑡 =  𝑄0𝑒−𝐾1𝑡   (4.3) 

where K1 is the first-order release constant. 
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Higuchi, Korsmeyer-Peppas and Weibull are more complex models when compared to the above presented. 

They include several factors that might be involved in the release of active compounds [262].  

Considering Higuchi model (Eq. 4.4) the correlation coefficient obtained from the adjustment of the model to 

the registered experimental results varied between 0.820 and 0.858 (Table 4.4). The Higuchi constant, KH, 

followed the same tendency when compared to the zero-order release constant, K0, influenced by the RA release 

rate. KH changed between 5.0x10-4 and 1.2x10-3 mg∙min-1 (Table 4.4).  

 

 𝑄𝑡 =  𝐾𝐻 √𝑡 (4.4) 

where KH is the Higuchi constant. 

 

The Korsmeyer-Peppas model (Eq. 4.5) provides information related to the structural and geometric 

characteristics of the dosage form (Korsmeyer constant, KK). Furthermore, it enables to identify the major 

mechanism responsible for the active compound controlled release (release exponent – diffusional, n) 

[145,264,265].  

The Korsmeyer-Peppas model was adjusted to the linear RA controlled release profiles considering the Qt⁄Q∞ is 

lower than 0.6 [262]  and the correlation coefficients obtained changed between 0.702 and 0.997 (Table 3.4.). 

The parameter n was higher than 0.85 for the arabic gum microcapsules (n = 1.1) (Table 4.4), suggesting a drug 

transport mechanism based on a super case-II transport and a tn-1 rate as a function of time [145]. In turn, for 

modified chitosan and alginic acid sodium formulations the parameter n changed between 0.43 and 0.85 (n = 

0.4 and n = 0.7, respectively) (Table 4.4), whereby an anomalous transport and a tn-1 rate as a function of time 

was evidenced  for these microcapsules [145]. The Korsmeyer constant, KK, increased from the arabic gum-

based microcapsules (9.3x10-3 min-n) to alginate acid sodium-based microcapsules (0.1 min-n) and to modified 

chitosan-based microcapsules (0.2 min-n) (Table 4.4). Again, this parameter increased with the increase of RA 

release rate.  

 

 
𝑄𝑡

𝑄∞⁄ =  𝐾𝐾 𝑡𝑛 (4.5) 

where Qt⁄Q∞ is the fraction of active compound released until time t and KK is the Korsmeyer constant. 

 

Weibull model (Eq. 4.6) is reported as the most appropriate model to describe the active compound release 

profiles from a matrix-based delivery system [260]. Since the powders obtained by spray-drying technology are 

microcapsules with a matrix morphology [266], it is expected that the Weibull model will fully fit to the RA 

release profiles obtained in the present work. 

 

 𝑀𝑡 =  𝑀∞ [1 − 𝑒
−(

𝑡−𝑡0
τd

)
𝛽

] (4.6) 
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where Mt is the dissolution/release (%) of the active compound at time t, M∞ is the dissolution/release (%) of 

the active compound at infinite time, t0 is the lag-time of the dissolution (usually t0=0), β indicates the shape 

parameter of the curve and τd is the time when 63.2% of M has been dissolved/released [260,262,267]. 

 

The correlation coefficients obtained from the adjustment of the Weibull model to the registered experimental 

results was 0.993, 0.995 and 0.983 for the RA-loaded microcapsules composed by arabic gum, modified 

chitosan and alginic acid sodium, respectively (Table 4.4). The β parameter, which provides information 

regarding the shape of the release curve, registered a value higher than 1 for the RA release profiles obtained 

from arabic gum-based microcapsules (β = 1.4) (Table 4.4). In this case, the shape of the curve gets sigmoidal 

with a turning point [262]. In turn, for the other biopolymer-based microcapsules the β was lower than 1 (β = 

0.5 for modified chitosan and β = 0.9 for alginic acid sodium) (Table 4.4), whereby the shape of the curve would 

show a steeper increase regarding the shape of the release curve that corresponds exactly to the shape of an 

exponential profile [262]. The τd parameter, calculated from the RA release profiles when 63.2% of the active 

compound was released, showed different values for all the encapsulating agents used. The lowest value was 

registered for RA-loaded modified chitosan microcapsules (6.9 min) while the highest one was obtained for 

RA-loaded alginic acid sodium microcapsules (67.4 min) (Table 4.4).  

 

Table 4.4 – Parameters and correlation coefficients of the kinetics of zero-order, Higuchi, Korsmeyer-Peppas 

and Weibull applied to the experimental RA release profiles. 

Parameters 

Biopolymers (encapsulating agents) 

Arabic gum 
Modified 

chitosan 

Alginic acid 

sodium 

K
in

et
ic

 m
o

d
el

s 

Zero-order 

K0 (mg∙min-1) 8.0x10-5 5.0 x10-4 2.0x10-4 

Q0 (mg) -7.0x10-5*) 2.0x10-5 1.0x10-4 

R2 0.997 0.948 0.996 

Higuchi 
KH (mg∙min-0.5) 5.0x10-4 1.2x10-3 1.1x10-3 

R2 0.820 0.823 0.858 

Korsmeyer-Peppas 

Kk (min-n) 9.3x10-3 0.2 0.1 

n 1.1 0.4 0.7 

R2 0.997 0.702 0.887 

Weibull 

τd (min) 43.4 6.9 67.4 

β 1.4 0.5 0.9 

R2 0.993 0.995 0.983 

*) Consider Q0 ≥ 0. 

 

Among the models used in the present work, the Weibull model is the best capable to describe the RA controlled 

release profiles obtained from the different microcapsules formulations used. However, several studies related 

to this topic suggest other suitable mathematical models for the same active compound. Jeong et al. [268] 
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observed that  all-trans RA released from core-shell type nanoparticles of poly(ε-caprolactone)/poly(ethylene 

glycol) diblock copolymer considering a almost pseudo-zero-order kinetic. Also, Dinarvand et al. [269] 

observed a Higuchi kinetics and a zero order release profile for the all-trans RA release from gelatin 

microspheres and from a cream formulation (in vitro studies), respectively. 

 

4.4. Conclusion  

In this study, biopolymer-based delivery systems were produced for RA encapsulation using the spray-drying 

technology. Controlled release studies evidence the impact of the encapsulating agent on the RA release profiles. 

The fastest release was observed in 99 min and it was registered for the modified chitosan-based formulation. 

In turn, alginic acid sodium microcapsules enabled the longer RA release period, which took place for more 

than 7 h. The most appropriate kinetic model capable to describe the RA release profiles considering the carrier-

based systems proposed is the Weibull model. 
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The fifth chapter proposes oil-in-water emulsions to produce RA-loaded biopolymer-based delivery systems 

applying spray-drying technology. Alginic acid sodium, modified chitosan, arabic gum, xanthan gum and 

gelatin were individually used as encapsulating agents. 
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5.1. Introduction 

The treatment of several types of cancer has been carried out by retinoic acid (RA), a metabolite of vitamin A 

(retinol). RA acts against malignant cells by the regulation of gene transcription mediated through their bind 

mostly to RA receptors (RARs), members of the nuclear receptor superfamily [97]. Consequently, cellular 

proliferation, migration and invasion are inhibited, while cell differentiation and apoptosis are promoted 

[232,270–273]. Particularly, for the treatment of acute promyelocytic leukaemia (APL) the only effective 

approach is based on chemopreventive and/or chemotherapeutic action of all-trans RA [274].  

Clinical use of RA handles with several challenges, such as the poor solubility in water and physicochemical 

instability of this retinoid [275]. Furthermore, the major drawback about RA oral administration is the 

significant decrease of RA half-life in blood due to its continuous repetitive administration. Consequently, a 

marked decrease of RA concentration is detected in the plasma [25,26,58,276] and the patients become resistant 

to RA (relapses have occurred in many patients with APL) despite of the continued treatment. This behaviour 

is related, among other factors, to the cytochrome P450 activity. These enzymes regulate the cellular levels of 

RA, being induced even at a low amount of this bioactive compound. Accordingly, repeated RA administration 

promotes the degradation of this retinoid and its levels are not possible to be maintained in the plasma [277]. 

The design and development of an appropriate carrier-based system for a slow and continuous RA controlled 

delivery may beneficiate its anticancer activity, preventing repetitive administration of this retinoid and 

subsequently reducing the activity of cytochrome P450. This strategy aims to increase the RA bioavailability in 

the human body. Moreover, the severe side-effects related to high levels of RA administration (i.e. nausea, 

headache, abdominal pain and retinoid acute resistance, among others [28,58–60]) might be minimized. 

Encapsulation by spray-drying is hypothesized as a promising strategy for incorporation of RA into biopolymer-

based microparticles to treat patients with APL and other types of cancer. The advantages about this technology 

compared to others already investigated for RA encapsulation (i.e. solid lipid nanoparticles (SLN), liposomes, 

nanoemulsions and poly-lactic-co-glycolic acid copolymer (PLGA), among others [229,232]) include the non-

usage of toxic organic solvents, as well as the rapid, continuous and reproducible production of microparticles 

with good quality, at low cost and easy scale up [145,234].  

In our previous work, biopolymer-based microparticles were prepared for RA encapsulation (RA solution was 

prepared in ethanol) considering the individual usage of alginic acid sodium, modified chitosan and arabic gum 

as encapsulating agents (prepared in ultra-pure water) [278]. RA controlled release in octanol prolonged for 

more than 7 h from alginic acid sodium-based microparticles. In the present work, oil-in-water emulsions 

containing RA in the oily phase, a surfactant (tween 80) and a biopolymer (polysaccharides or a protein for the 

entrapment of the core material) in the aqueous phase were proposed to be fed to the spray-dryer to produce 

loaded microparticles. The same encapsulating agents used in the previous work were individually used herein, 

in addition to gelatin and xanthan gum. The biopolymers to be used in the formulation of microparticles for RA 

oral administration must ensure the protection of this retinoid during passage through the stomach and enable 

its release and absorption in the intestine. Accordingly, most of the biopolymers were selected as encapsulating 

agents considering the information described in the literature for the release of the active compounds in the 
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intestine. Moreover, biopolymers with high emulsifying and film forming properties are of major importance. 

However, a better understanding of the real effect of body fluids (namely, saliva) on the stability of RA loaded 

biopolymer-based microparticles produced might be analysed in gastrointestinal simulation studies. The 

production of microparticles coated with chitosan might be considered to improve the final product 

characteristics [252]. Alginate [242] and modified chitosan [243] are resistant to the acidic stomach 

environment, arising as a good solution for the bioactive compound release in the intestine. Arabic gum has a 

great ability to produce stable emulsions with several oils and over a wide range of pH, in addition to present 

low viscosity [234,239]. Gelatin is recognized by the high emulsifying and stabilizing activity, having the 

tendency to form a fine dense structure upon drying [279]. At last, xanthan gum is very stabilizing, thickening 

and emulsifying agent [280]. Moreover, it is resistant to enzymatic degradation and pH variations, being stable 

at low pHs [281]. Screening of the the most appropriate formulations for medical use was carried out based on 

characterization of RA-loaded microparticles (i.e. encapsulation efficiency, morphology, particle size and 

controlled release studies) (preliminary studies). 

 

5.2.  Material and Methods  

 

5.2.1. Materials  

All-trans RA (≥ 98%, R2625-1G, CAS 302-79-4), alginic acid sodium salt (180947-500G, Lot#MKBS5877V, 

CAS 9005-38-3, MW: between 120,000 and 190,000 g·moL-1, ratio of mannuronic acid to guluronic acid (M/G 

ratio): 1.56, country of manufacture: United Kingdom), arabic gum from acacia tree (30888-1KG, 

Lot#BCBK8649V, country of manufacture: Germany), gelatin tested according to Ph. Eur. (48723-500G-F, 

Lot#BCBM9678V, CAS 9000-70-8, biological origin: animal (species of animal: bovine (Ruminant-Cow, Ox, 

Buffalo) and porcine (swine, pig), tissue type: hide/bones), country of manufacture: Germany), xanthan gum 

from Xanthomonas campestris (G1253-100G, Lot#SLCC2817, CAS 11138-66-2, country of manufacture: 

USA), coconut oil from Cocos nucifera (C1758-500G, Lot#MKCK3631, CAS 8001-31-8) and tween 80 

(P1754-1L, Lot#BCBT8094, CAS 9005-65-6) were purchased from Sigma-Aldrich. Modified chitosan 

(pharmaceutical grade water-soluble chitosan) was supplied by China Eastar Group (Dong Chen, China) (Batch 

no. SH20091010). It was obtained by carboxylation and had a deacetylation degree of 96.5% and a viscosity of 

5 mPa·s (1%; 25 °C). 1-Octanol for synthesis (820931, CAS 111-87-5) was obtained from Merck (Darmstadt, 

Alemanha). Ethanol (99%) was purchased from Valente e Ribeiro, Lda® (Alcanena, Portugal). 

 

5.2.2. Emulsions preparation 

Aqueous phase of emulsions was composed by encapsulating agents’ solutions. Biopolymers (modified 

chitosan, alginic acid sodium, arabic gum, gelatin and xanthan gum) were individually dissolved in ultra-pure 

water (1% (w/v)) 24 h before being emulsified and spray-dried to ensure the fully hydration of compounds. In 

turn, the oily phase was composed by a RA solution prepared in coconut oil (0.1% (w/v)). All the solutions were 
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prepared under stirred conditions and at 35 ± 2 ºC. Tween 80 surfactant was added to the RA solution (0.5% 

(w/v) regarding to this oily solution) and the obtained final mixture was dispersed with each encapsulating agent 

solution at 12000 rpm for 5 min (the emulsion prepared with xanthan gum was produced at 20000 rpm for 10 

min due to the properties of this biopolymer), using a mechanical homogenizer (CAT, Germany). The 

proportion of encapsulating agent and coconut oil was 2.77 g·g-1. This parameter was optimized considering 

previous studies performed by the authors [245,278]. The emulsions produced were immediately fed to the 

spray-dryer for the microparticles production. The pH value of emulsions was 7.41, 7.42, 5.31, 5.73 and 5.13, 

when modified chitosan, alginic acid sodium, arabic gum, gelatin and xanthan gum were used, respectively. 

 

5.2.3. Spray-drying technology 

A mini spray-dryer B-290 from BÜCHI (Flawil, Switzerland) with a standard 0.5 mm nozzle and a standard 

cyclone was used for drying the emulsions and the production of RA loaded-biopolymer-based microparticles. 

Three inlet air temperatures were tested for drying modified chitosan-based emulsions – 115, 130 and 150 ºC – 

and the best condition identified was selected to dry the other emulsions, individually composed by alginic acid 

sodium, arabic gum, gelatin and xanthan gum. Atomization air flow rate and air pressure were set at 35 m3∙h−1 

(90%) and 5-6 bar, respectively. Emulsion feed flow rate varied between 2 and 6 mL∙min−1 to enable outlet air 

temperatures kept in the range between 60 and 70 ºC. Outlet temperature is influenced by the properties of the 

fed system, as well as the other operating conditions implemented in the spray-dryer. The starting point for the 

operating conditions herein used relies on vitamin A encapsulation studies previously reported [245–248,278]. 

The obtained microparticles (dry powder) were recovered in the cyclone and in the collection vessel of spray-

dryer and stored under refrigeration and protected from the light with aluminium foil until further analysis. The 

product yield (%) was determined according to the Eq. 5.1. 

 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =
𝐷𝑟𝑦 𝑝𝑜𝑤𝑑𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑦𝑐𝑙𝑜𝑛𝑒 𝑎𝑛𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑒𝑠𝑠𝑒𝑙 𝑜𝑓𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑝𝑟𝑒𝑝𝑎𝑟𝑒 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚𝑠 𝑓𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟  
× 100 (5.1) 

5.2.4.  Emulsions viscosity 

Emulsions viscosity was evaluated from steady-shear flow curves using an Anton Paar MCR 92 rheometer 

(Austria). Analyses were performed in triplicate at 25 ºC, with an increasing shear rate from 1 to 100 s-1, using 

a measuring plate PP50 (Part No.: 79045, Serial No.: 55422, Cat No.: 79045, Del No.: 80352243, Anton Paar) 

with 50 mm of diameter and a gap of 0.5 mm. Flow curves with a total number of 50 points were obtained for 

each sample.  

 

5.2.5. Emulsions zeta potential 

Zeta potential (a good indication of droplet surface electrical charge) of emulsions was measured by dynamic 

light scattering using a Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK). Measurements were 

performed in triplicate. 
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5.2.6. Droplet and particle size distribution 

Emulsions droplet size and particle size of microparticles obtained by spray-dryer were assessed by laser 

granulometry using a Coulter LS 230 Particle Size Analyser (Miami, FL, USA). A suspension of microparticles 

dispersed in ethanol was used for the analyses, considering particle size measurements. These parameters were 

reported as the average of droplet mean diameter, considering volume and number distributions. A volume 

distribution considers the volume of each particle (particles with a higher volume have higher contribution), 

while in a number distribution each particle has equal weight. Measurements were performed in triplicate and 

each analysis had the duration of 30 seconds. 

 

5.2.7. Microparticle morphology 

Scanning electron microscopy was performed with a Fei Quanta 400 FEG ESEM/EDAX Pegasus X4M 

(Eindhoven, The Netherlands) to evaluate the surface morphology of microparticles. Microparticles were fixed 

into a brass stub with double-sided adhesive tape and further coated in vacuum by a thin layer of gold-palladium 

using a SPI module sputter coater. 

 

5.2.8. Encapsulation efficiency and loading capacity 

Encapsulation efficiency (%) was determined by the ratio between the mass of RA present in the microparticles 

and the mass of RA used to prepare the oily phase of emulsions fed to the spray-dryer, adapting the method 

described by Côrrea-Filho et al. [282]. A suspension of microparticles prepared in octanol (the fluid considered 

for controlled release studies (section 5.2.9.)) was stirred at 2000 rpm during 2 min and kept at room temperature 

overnight. Afterwards, the suspension was again stirred at 2000 rpm during 5 min to ensure the microparticles 

break, put on a bath at 37 ± 2 ºC for 3 h and then centrifuged (Centromix mod.  S-549, Porto, Portugal) at 50000 

rpm during 20 min. Supernatant was recovered and RA concentration was determined using an UV/VIS 

spectrometer (SPEC RES+, Sarspec, Porto, Portugal) at 352 ± 8 nm. A calibration curve with a correlation 

coefficient of 0.9973 was validated in a concentration range between 0.00005 and 0.01200 mg∙mL−1. LOD and 

LOQ were 0.0002 mg∙mL−1 and 0.0007 mg∙mL−1, respectively. 

Loading capacity of microparticles was calculated by the ratio between the mass of RA and microparticles 

weight. 

 

5.2.9. Controlled release experiments 

RA controlled release studies were performed according to the method described by Gonçalves et al. [278]. 

Briefly, RA loaded-biopolymer-based microparticles were placed on top of a cuvette with octanol, an organic 

solvent referred as a good mimic of phospholipids membrane characteristics due to its amphiphilic nature 

[258,259,283,284]. RA controlled release was performed at 37 ± 2 ºC and under magnetic stirring conditions. 

Monitorization of RA release profiles was carried out using an UV/VIS spectrometer (section 5.2.8.) by 

absorbance (at 352 ± 8 nm) in a continuous mode (intervals of 2 min). The main mathematical models related 
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to the model dependent methods (zero-order (Eq. 5.2), Higuchi (Eq. 5.3), Korsmeyer-Peppas (Eq. 5.4) and 

Weibull (Eq. 5.5) [260–262,267]) were fitted to the obtained controlled release profiles. 

  

 𝑄𝑡 =  𝑄0 + 𝐾0𝑡 (5.2) 

where Qt  is the cumulative amount of the drug/active compound released at the time t, Q0 is the initial amount 

of the drug/active compound  in solution (usually Q0 = 0) and  K0 is the zero-order release constant. 

 

 𝑄𝑡 =  𝐾𝐻 √𝑡 (5.3) 

where KH is the Higuchi constant. 

 

 

 
𝑄𝑡

𝑄∞⁄ =  𝐾𝐾 𝑡𝑛 (5.4) 

where Qt⁄Q∞ is the fraction of active compound released until time t and KK is the Korsmeyer constant. The 

parameter n is the release exponent (diffusional), a parameter that defines the release mechanism. 

 

 𝑀𝑡 =  𝑀∞ [1 − 𝑒
−(

𝑡−𝑡0
τd

)
𝛽

] (5.5) 

where Mt is the dissolution/release (%) of the active compound at time t, M∞ is the dissolution/release (%) of 

the active compound at infinite time, t0 is the lag-time of the dissolution (usually t0=0), β indicates the shape 

parameter of the curve and τd is the time when 63.2% of M has been dissolved/released. 

 

5.2.10. Statistical analysis 

Apparent viscosity and droplet size of the emulsions produced was evaluated regarding the biopolymer 

individually used. Moreover, encapsulation efficiency and particle size distribution were compared for each 

inlet air temperature operated in the spray-dryer. Also, particle size distribution was analysed among all 

microparticle formulations prepared at the inlet air temperature of 130 °C. At last, encapsulation efficiency and 

loading capacity were evaluated for the RA-loaded microparticles composed by different biopolymers as 

encapsulating agents. One-way analysis of variance (ANOVA) at p < 0.05 and subsequent Tukey test were 

conducted by Minitab® 19 software. 

 

5.3. Results and discussion 

 

5.3.1. Emulsions characterization 
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5.3.1.1. Viscosity 

Rheological properties of an emulsion play an important role in determining encapsulation efficiency and oil 

retention. Increasing emulsions viscosity up to an optimal value deals with a decrease of oscillation and internal 

droplets circulation, contributing to improve both parameters. In turn, emulsions with high viscosity may 

compromise the encapsulation efficiency and oil retention due to the slower droplet formation and longer 

exposition during atomization [285]. Also, rheological properties enable to predict the droplet and particle sizes. 

Emulsions with lower viscosities exhibit smaller droplets and enable the production of particles with smaller 

size [286].  

The emulsions prepared with the biopolymers alginic acid sodium, arabic gum, modified chitosan and gelatin 

evidenced characteristics relatively close of a Newtonian fluid. Shear stress linearly increased with shear rate 

(in the case of the arabic gum-based emulsion, this behaviour was registered for a shear rate higher than 9.08 s-1) 

(Figure 5.1). Apparent viscosity of these emulsions varied between 17.6 ± 0.2, 1.5 ± 0.3, 3.53 ± 0.06 and 2.77 

± 0.06 mPa·s, respectively, considering a shear rate of 100 s-1 (Table 5.1). Consistency index (k) and flow 

behaviour index (n) (parameters from the Ostwald–de Waele power law (Eq. 5.6), which are used to describe 

the behaviour of non-Newtonian fluids [287]), were also determined. Consistency index informs about the flow 

properties of the system (mixture) [288]. For the described emulsions, this parameter increased from 0.0020 ± 

0.0003 (arabic gum-base emulsion) to 0.018 ± 0.001 (alginic acid sodium-based emulsion) mPa·sn (Table 5.1), 

providing an indication about the increasing of emulsion viscosity (from 1.5 ± 0.3 to 17.6 ± 0.2, respectively 

(Table 5.1)). The viscosity of emulsions is related to the chemical structure and molecular weight of biopolymers 

used as encapsulating agents, whereby molecules with long chains and high molecular weights increase the 

viscosity of emulsions due to the increase of resistance of the aqueous phase to flow [285,286]. In turn, flow 

behaviour index increased from 0.91 ± 0.01 to 0.99 ± 0.01 with the usage of gelatin, arabic gum, modified 

chitosan and alginic acid sodium, by this order. Parameter n provides an indication about how close the system 

is to a Newtonian fluid, whereby n < 1 indicates a system with pseudoplastic behaviour,  n = 1 evidence a system 

with Newtonian behaviour and n > 1 show a system with dilatant behaviour [288,289]. The emulsions produced 

with the mentioned biopolymers revealed, therefore, to be systems close to a Newtonian fluid, as already 

previously referred. 

 

 𝜏 =  𝐾 (
𝑑µ

𝑑𝑦
)

𝑛

 (5.6) 

Where τ is the shear stress, K is the consistency index, 
𝑑µ

𝑑𝑦
 is the shear rate and n is the flow behaviour index. 

 

An increase of shear rate resulted in the apparent viscosity decrease for the emulsion composed by xanthan gum 

(from 6228 ± 63 to 99.3 ± 0.2 mPa·s), whereby it showed to be non-Newtonian fluid (Figure 5.2). Goëlo et al. 

[290] also characterized xanthan-based solutions (without the bioactive compound, with curcumin and with 

turmeric powder) as non-Newtonian fluids. The flow behaviour index and consistency index were 0.109 ± 0.001 
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and 6.06 ± 0.02 (mPa·sn), respectively, for the xanthan emulsion produced in this work. Accordingly, this system 

was indicated as pseudoplatic fluid. In fact, pseudoplastic fluids usually refer to polymer solutions with high 

molecular weight compounds. Xanthan gum is a high molecular weight polysaccharide with a molecular weight 

probably of the order of 2 million but could also be as high as 13-50 million. At low shear rates, it occurs for 

these systems the formation of shear stress with reordering of the molecules to reduce the overall stress. A higher 

degree of order in the system enables to reduce the shear stress, with observation of the nonproportionality 

between the shear rate and the shear force (data not shown) [291]. 

 

Figure 5.1 – Relation between shear stress and shear rate for the emulsions prepared with modified chitosan 

(◼), arabic gum (▲), alginic acid sodium (⚫), gelatin (⧫). Results are presented as the average and standard 

deviation of three independent assays 

 

Figure 5.2 – Viscosity curve of the emulsion prepared with xanthan gum. Results are presented as the average 

and standard deviation of three independent assays. 
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Table 5.1 – Rheological parameters, apparent viscosity, zeta potential and droplet size of emulsions prepared with different biopolymers. 

Emulsions 

(biopolymeric 

composition) 

Rheological parameters 

Apparent viscosity at 

100 s-1 (mPa·s) 
Zeta potential (mV) 

Droplet mean diameter 

Consistency index, k 

(mPa·sn) 

Flow behaviour index, 

n 

Differential volume 

distribution (µm) 

Differential number 

distribution (µm) 

Modified Chitosan 0.0041 ± 0.0007 0.97 ± 0.04  3.53 ± 0.06b -38 ± 6 3.80 ± 0.02a 0.75 ± 0.03a 

Arabic gum 0.0020 ± 0.0003 0.92 ± 0.02 1.5 ± 0.3d -25.8 ± 0.2 1.93 ± 0.09b 0.5 ± 0.3ab 

Alginic acid sodium 0.018 ± 0.001 0.99 ± 0.01 17.6 ± 0.2a -59 ± 9 2.3 ± 0.7b 0.706 ± 0.004a 

Gelatin 0.0043 ± 0.0002 0.91 ± 0.01 2.77 ± 0.06c 3.1 ± 0.2 4.8 ± 0.9a 0.13 ± 0.01b 

Xanthan gum 6.06 ± 0.02 0.109 ± 0.001 - 0.3 ± 0.6 1.65 ± 0.09b 0.65 ± 0.01a 

Different letters in the same column indicate significant differences (p<0.05) 
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5.3.1.2. Stability of colloidal systems 

Stability of colloidal systems fed to the spray-dryer is commonly evaluated by the analyses of the 

percentage of emulsion separation (creaming index) generally 24 h after its preparation [292,293]. This 

parameter is influenced by the addition of surfactants, as well as the emulsifying properties and viscosity 

of biopolymers present in the emulsion formulations [293]. In this study, the high proportion of aqueous 

phase when compared to the oily phase of emulsions prevented the accurate measurement regarding the 

percentage of emulsion separation. Accordingly, only the zeta potential of emulsions was measured. 

Zeta potential is referred as a magnitude index of the interaction among colloidal particles, being used 

to investigate the stability of colloids by measuring the electrokinetic potential of droplets 

[294].Broadly, particles with a zeta potential value above of │30│ mV are normally considered stable 

[294]. Among the evaluated emulsion, only the one composed by alginic acid sodium (-59 ± 9 mV) and 

modified chitosan (-38 ± 6 mV) fulfil this requirement (Table 5.1). The second higher zeta potential 

value was revealed for arabic gum-based emulsions (-25.8 ± 0.2 mV) (Table 5.1). 

The most unstable emulsions were shown to be related to the presence of biopolymers gelatin (3.1 ± 

0.2 mV) and xanthan gum (0.3 ± 0.6 mV) (Table 5.1). Stability of emulsions is referred to be related to 

the encapsulation efficiency of microparticles produced, although in this study this may not be the factor 

that most influences the encapsulation efficiency. Accordingly, emulsions with a lower stability result 

in a lower bioactive retention during spray-drying [295]. In this work, modified chitosan- and alginic 

acid sodium-based microparticles evidenced the higher RA encapsulation efficiency (65 ± 6 and 62 ± 

5%, respectively). A lower encapsulation efficiency was registered for arabic gum-, xanthan gum- and 

gelatin-based microparticles (49 ± 4, 48 ± 2 and 27 ± 1%, respectively)) (section 5.3.6., Table 5.4). 

 

5.3.1.3. Droplet size distribution 

Emulsions droplet size is another indication about stability of colloids, influencing the retention of 

bioactive compounds in the carrier-based delivery systems [285,295]. Generally, larger emulsion 

droplets are related to a decrease in the encapsulation efficiency [295]. The emulsions produced in this 

work with the biopolymers alginic acid sodium, arabic gum, modified chitosan, gelatin and xanthan 

gum exhibited an average droplet diameter that ranged from 1.65 ± 0.09 to 4.8 ± 0.9 µm (differential 

volume distribution) and from 0.13 ± 0.01 to 0.75 ± 0.03 µm (differential number distribution) (Table 

5.1). Arabic gum and gelatin have good emulsifier properties, as previously described (section 5.1.), 

resulting in the production of emulsions with the smaller droplets (differential number distribution) 

(Table 5.1). In turn, modified chitosan, alginic acid sodium and xanthan gum contributed for the larger 

droplets obtained. These results did not enable to deduce about the encapsulation efficiency of 

microparticles produced. In fact, the higher encapsulating efficiency was achieved for the microparticles 

composed by modified chitosan and the microparticles composed by alginic acid sodium (65 ± 6 and 

62 ± 5%, respectively) and the lower encapsulating efficiency was observed for the microparticles 

composed by gelatin (27 ± 1%) (section 5.3.6., Table 5.4).  
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5.3.2. Optimization of the spray-drying inlet air temperature 

Poor solubility of retinoids in aqueous systems and their high instability under heat, light and oxidant 

conditions are some of the major concerns regarding these compounds, as previously mentioned 

[17,76]. Particularly, RA is extremely sensitive to air, oxidizing agents and UV light (product 

information from Sigma Aldrich). The operational conditions to be used in the spray-dryer for RA 

encapsulation must be selected considering these properties of the core material. 

Previous studies about vitamin A microencapsulation using spray-drying process report the usage of 

inlet air temperatures in a range between 120 and 200 ֯C [246–248,296]. Although one of the advantages 

of this method is the relatively short drying contact time (a few seconds) [15,266], the relatively high 

temperatures used for the sample drying (usually, inlet and outlet air temperatures are 150-200 ºC  and 

50-80 ֯C, respectively [297]) might compromise the properties of most heat sensitive compounds [15]. 

For example, Quek et al. [298] encapsulated watermelon juice into maltodextrin at four different inlet 

air temperatures (145, 155, 165 and 175 ֯C). The content of β-carotene and lycopene in the spray-dried 

watermelon particles decreased with the inlet air temperatures increase.  

Inlet air temperature is considered the most relevant parameter influencing the properties of 

microparticles obtained by spray-drying. Its optimization is therefore of great importance to produce 

microparticles with the an appropriate moisture content, water activity, fluidity and density, considering 

their final purpose [234]. Higher inlet air temperature increases the drying rate and reduces the moisture 

content of final microparticles [234]. Consequently, the product yield, encapsulation efficiency, 

morphology and particle size of microparticles are also affected. 

 

5.3.2.1. Product yield 

The product yield of modified chitosan microparticles loaded with RA ranged between 15 and 20% 

with the inlet air temperature increase (Table 5.2). As the moisture content of microparticles decreases, 

the amount of microparticles remaining in the cylinder or/and on the cyclone wall is lower, moving 

towards the recovery vessel of spray-dryer [254]. The relationship existing between these two variables 

was reported by other authors, such as Santhalakshmy et al. [299] when they spray-dried jamun juice 

using maltodextrin (with 20 DE). Herein, the highest product yield (8.25%) was registered at 150 ºC.  

 

Table 5.2 – Product yield and physical properties of RA loaded-modified chitosan-based microparticles 

produced at different inlet air temperatures. 

Inlet air 

temperature ( ֯C) 

Product 

yield (%) 

Encapsulation 

efficiency (%) 

Particle mean diameter 

Differential volume 

distribution (µm) 

Differential number 

distribution (µm) 

115 

130 

150 

15 48 ± 4b 1.712 ± 0.004c 0.641 ± 0.006a 

18 65 ± 6a 12.9 ± 0.3a 0.59 ± 0.04a 

20 56 ± 5b 11.7 ± 0.6b  0.38 ± 0.01b 

Different letters in the same column indicate significant differences (p<0.05) 
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Also, Jog and Burgess [300] recorded an increased product yield of spray-dried nanocrystalline zileuton 

(≥ 75%) with the increase of the inlet air temperature (> 115 ºC ). 

 

5.3.2.2. RA retained in the microparticles 

RA content effectively retained in the microparticles produced (encapsulation efficiency) was 

significantly influenced by the inlet air temperature (p<0.05). The increasing inlet air temperature from 

115 to 130 ºC benefited modified chitosan-based microparticles with the significant increase of the 

encapsulation efficiency (p<0.05) from 48 ± 4 to 65 ± 6% (Table 5.2). In fact, the highest encapsulation 

efficiency was recorded for the microparticles produced at the inlet air temperature of 130 ֯C. This 

condition increased the droplets drying rate, occurring the rapid formation of a particle crust with a firm 

membrane due to the higher water evaporation rate [234,301]. Accordingly, the core material composed 

by oily phase with RA is prevented to leak from the microparticles formed. Aghbashlo et al. [301] 

registered a similar behaviour when encapsulated fish oil into several formulations using different 

drying air temperatures (140, 160 and 180 ºC). On the other hand, the lower moisture content of 

microparticles obtained reduces the RA exposition against feasible damaging conditions. The increase 

of inlet air temperature up to 150 ºC significantly decreased the encapsulation efficiency from 65 ± 6 to 

56 ± 5% (Table 5.2). An over water evaporation might have been occurred with the formation of 

microparticles with a fragile membrane [234,302]. Consequently, the RA release might have been 

induced. Furthermore, considering that RA is a heat sensitive compound, its exposition to higher 

temperatures may have favoured the thermal and/or oxidative degradation of this retinoid. 

 

5.3.2.3. Morphology 

Modified chitosan-based microparticles loaded with RA produced at different inlet air temperatures 

exhibited a surface structure overall similar (Figure 5.3). They are characterized as small spheres with 

small concavities overall distributed, which gives the microparticles the rough appearance. Other 

studies report a different morphology for microparticles also composed by modified chitosan as 

encapsulating agent [249,303]. In these cases, modified chitosan microparticles present a very smooth 

surface. The formulation composition used in the present work (section 5.2.2.) may have affected the 

final aspect of surface of the microparticles obtained. The increase of inlet air temperatures in 

microparticles production had some impact on their morphology. The microparticles produced at 115 

֯C of inlet air temperature exhibited a slightly unstructured appearance when compared to the ones 

obtained at 130 ºC (Figure 5.3 A, B, D and E). In turn, microparticles formed at 150 ºC showed to be 

the most unstructured, in addition to show some cracks on the surface (Figure 5.3 C and F). These 

characteristics can be related to the drying process involved in the microparticles formation at different 

inlet air temperatures, as previously referred [234]. Santiago-Adame et al. [304] used maltodextrin for 

the production of cinnamon Infusions loaded microparticles by spray-drying at 140, 160 and 180 ºC of 
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inlet air temperature. Microparticles with more defined and smoother surfaces were obtained with the 

inlet air temperature increase. 

 

Figure 5.3 – Surface morphology of RA-loaded-modified chitosan-based microparticles produced at 

115 ֯C (A and D), 130 ֯C (B and E) and 150 ֯C (C and F) of inlet air temperature. Magnification =10,000 

(A, B and C) and 20,000 (D, E and F) times, beam intensity (HV) 15.00 kV, distance between the 

sample and the lens (WD) around 10 mm. 

 

5.3.2.4. Particle size 

Particle mean diameter of modified chitosan-based microparticles significantly varied with the inlet air 

temperatures tested (p<0.05) (differential volume distribution) (Table 5.2). Particularly, with the 

increase of inlet air temperature from 115 to 130°C and from 115 to 150 °C, the particle size increased 

from 1.712 ± 0.004 to 12.9 ± 0.3 µm and from 1.712 ± 0.004 to 11.7 ± 0.6 µm, respectively (Table 5.2). 

Zare et al. [305] observed the same tendency when produced sour orange powder at constant air flow 

rate and increased the inlet air temperature conditions. Regarding the differential number distribution, 

the lowest particle mean diameter of microparticles was registered at 150 °C of inlet air temperature. 

Accordingly, the increase of inlet air temperature seems to promote the production of microparticles 

with higher volume (it can be explained by the aggregation of microparticles) under the evaluated inlet 

air temperature conditions, which explains the discrepancy of particle mean diameter showed in terms 

of volume and number distribution.  

 

 

 

[D] [E] [F] 

[A] [B] [C] 
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5.3.2.5. Controlled release profiles 

The fastest RA controlled release was observed from modified chitosan-based microparticles produced 

at 130 ֯C of inlet air temperature. The release profile stabilized (i.e. the cumulative amount of RA present 

in the surrounding environment (octanol) reached a constant value due to its complete release) 138 min 

after the beginning of the assay (Figure 5.4). For microparticles composed with the same encapsulating 

agent but produced at 115 ºC and 150 ºC, similar RA release profiles were registered and they prolonged 

for 178 and 232 min, respectively (Figure 5.4). The higher amount of RA retained in the microparticles 

produced at 130 ֯C (Table 2) may have impacted the increased release rate of RA to the surrounding 

environment. 

In the line with these topics discussed, 130 ºC is the most appropriate inlet air temperature for drying 

the emulsions and the production of RA loaded biopolymer-based microparticles. This condition was 

selected for further experiments, wherein arabic gum, alginic acid sodium, gelatin and xanthan gum 

were investigated for RA encapsulation. 

 

Figure 5.4 – Cumulative RA release from modified chitosan-based microparticles produced at 115 ֯C 

(⚫), 130 ֯C (◼) and 150 ֯C (▲) of inlet air temperature. Results are presented as the average and standard 

deviation of three independent assays. Weibull model was fitted to the obtained controlled release 

profiles: 115 ֯C (⚫), 130 ֯C (◼) and 150 ֯C (▲). 

 

5.3.3. Biopolymer-based microparticles characterization 

Microparticles only composed by the encapsulating agent (unloaded microparticles – microparticles 

MpE), loaded with coconut oil and tween 80 (microparticles MpOT) and loaded with RA dissolved in 

coconut oil and mixed with tween 80 (microparticles MpRA) were produced using different 

biopolymers as encapsulating agents. Product yield varied from 28 to 41% among microparticles MpE, 

12 to 26% among microparticles MpOT and 18 to 30% among microparticles MpRA (Table 5.3). 

Product yield is influenced by the volume and the composition of the system fed to the spray-dryer, in 

addition to the operational conditions implemented in the spray-dryer as previously discussed 

(section 5.3.2.1.). 
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Table 5.3 – Product yield, emulsion volume and particle diameter of microparticles produced using 

different formulations. 

Microparticles content Particle mean diameter Product 

yield 

(%) 

Emulsion 

volume used in 

the spray-dryer 

(mL) 
Formulation 

Encapsulating 

agent 

Differential volume 

distribution (µm) 

Differential number 

distribution (µm) 

MpE 

Modified Chitosan 4.95 ± 0.02d 0.168 ± 0.006h 41 100 

Arabic gum 4.3 ± 0.4ef 0.628 ± 0.006d 29 100 

Alginic acid sodium 2.87 ± 0.04gh 0.15 ± 0.01h 39 100 

Gelatin 3.89 ± 0.02f 0.29 ± 0.04g 32 200 

Xanthan gum 3.30 ± 0.03g 0.529 ± 0.005f 28 200 

MpOT 

Modified Chitosan 2.97 ± 0.02gh 0.92 ± 0.02bc 18 100 

Arabic gum 3.31 ± 0.02g 0.61 ± 0.01de 26 100 

Alginic acid sodium 2.79 ± 0.01h 1.03 ± 0.02a 17 100 

Gelatin 4.4 ± 0.1e 0.121 ± 0.003h 12 200 

Xanthan gum 2.90 ± 0.02gh 0.99 ± 0.04ab 16 200 

MpRA 

Modified Chitosan 12.9 ± 0.3a 0.59 ± 0.04def 18 200 

Arabic gum 7.9 ± 0.2b 0.54 ± 0.02ef 27 200 

Alginic acid sodium 5.9 ± 0.2c 1.045 ± 0.005a 30 200 

Gelatin 7.8 ± 0.1b 0.60 ± 0.04de 30 300 

Xanthan gum 5.5 ± 0.2c 0.62 ± 0.41c 24 500 

Different letters in the same column indicate significant differences (p<0.05) 

 

A larger volume used increases the product yield. In turn, the encapsulating agent’ properties and the 

type of formulation fed to the spray-dryer are the main factors affecting the product yield. In this work, 

for all the microparticles produced (MpE, MpOT and MpRA) a larger volume of xanthan gum- (200, 

200 and 500 mL, respectively) and gelatin-based emulsions (200, 200 and 300 mL, respectively)  was 

required to increase and obtain a product yield closer to the one recorded when alginic acid sodium-, 

modified chitosan- and arabic gum-based emulsions, prepared with a lower volume (100, 100 and 200 

mL to produce microparticles MpE, MpOT and MpRA, respectively), were fed to the spray-dryer 

(Table 5.3). The properties of biopolymers used as encapsulating agents may have influenced the 

amount of powder that was possible to be collected in the spray-dryer. High viscosity of xanthan gum-

based solutions and also xanthan gum-based emulsions clearly led to the preparation of the largest 

emulsion volume to produce microparticles MpRA (Table 5.3). Regarding microparticle formulations, 

the addiction of coconut oil to the system fed to the spray-dryer (to produce an emulsion together with 

the encapsulating agent solutions, with and without the core material) decreased the product yield. This 

behaviour is less evident for the microparticles MpRA due to the preparation of a larger volume of 

emulsions (in most of the cases, double or more than double of the volume) when compared to the 

volume of emulsions and solutions considered to produce the microparticles MpOT and MpE, 
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respectively (Table 5.3). Other studies reported show a more pronounced reduction of this parameter 

due to the usage of an oily-based formulation to encapsulate liposoluble bioactive compounds [245]. 

 

5.3.4. Surface morphology of microparticles 

Microparticles MpE showed to be spherical structures with different morphologies due to the 

biopolymers used in their formulation (Figure 5.5 – A, B, C, D and E). Modified chitosan-based 

microparticles exhibited a very smooth surface (Figure 5 – A), while alginic acid sodium showed a 

smooth surface with scarce concavities (Figure 5.5– C). As previously described, some studies report 

the production of microparticles with a similar morphology when modified chitosan was used as 

encapsulating agent [249,303]. Moreover, Chaumun et al. [306] produced different types of 

microparticles using alginate for incorporation of Laurus nobilis L. extract, but therein the 

microparticles evidenced several concavities, which provided a slightly rough surface. In turn, 

microparticles composed by arabic gum and microparticles composed by gelatin evidenced a rough 

surface (Figure 5.5 – B and D, respectively). Di Battista et al. [307] produced arabic gum-based 

microparticles for encapsulation of phytosterols, which evidenced a similar rough surface. Also, 

Estevinho et al. [308] observed this morphology when they produced folic acid-loaded microparticles 

using arabic gum. However, Li et al. [309] produced a novel gelatin microcapsule to benefit ibuprofen, 

which showed a smooth surface. At last, xanthan-based microparticles evidenced a high rough and 

irregular surface (Figure 5.5 – E).  

The inclusion of an oily phase (coconut oil, with or without RA) and surfactant to the encapsulating 

agent solution resulted in several changes regarding the morphology of several microparticles. 

Microparticles MpOT and MpRA composed by modified chitosan (Figure 5.5 – F and K, respectively) 

and alginic acid sodium (Figure 5.5 – H and M, respectively) gained relief by the presence of several 

concavities on their surface. In turn, arabic gum-based microparticles (Figure 5.5– G and L) evidenced 

a smoother surface.However, microparticles with gelatin (Figure 5.5– I and N) as well as with xanthan 

gum (Figure 5.5– J and O) do not evidence modifications on their morphology. These results point out 

the effect of microparticles composition in their surface structure.  

 

5.3.5. Microparticle particle size measurement 

Microparticles MpE and MpOT showed a particle mean diameter between 2.79 ± 0.01 and 4.95 ± 

0.02 µm (Table 5.3), considering a differential volume distribution. Incorporation of RA into the 

biopolymer-based formulations resulted in microparticles with a higher size, which ranged between 5.5 

± 0.2 (with xanthan gum) and 12.9 ± 0.3 µm (with modified chitosan) (Table 5.3). Differential number 

distribution evidenced an overall particle mean diameter between 0.121 ± 0.003 and 1.045 ± 0.005 µm 

(Table 5.3). Herein, the smaller and higher size refer to microparticles MpOT composed by gelatin and 

microparticles MpRA composed by alginic acid sodium, respectively.
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Figure 5.5 – Surface morphology of MpE (A, B, C, D and E), MpOT (F, G, H, I and J) and MpRA (K, L, M, N and O) microparticles composed by modified chitosan 

(A, F and K), arabic gum (B, G and L), alginic acid sodium (C, H and M), gelatin (D, I and N) and xanthan gum (E, J and O). Magnification = 20,000 times, beam 

intensity (HV) 15.00 kV, distance between the sample and the lens (WD) around 10 mm. 
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5.3.6. Encapsulation efficiency and loading capacity 

Encapsulation efficiency and loading capacity varied from 27 to 65% and from 0.0078 to 0.019%, respectively 

(Table 5.4). An increase in both parameters was registered in the order of gelatin, xanthan gum, arabic gum, 

alginic acid and modified chitosan. Encapsulation efficiency was significantly higher for modified chitosan- 

and alginic acid sodium-based microparticles (65 ± 6% and 62 ± 5%, respectively) (p<0.05) (Table 5.4). The 

ability of microparticles to retain the core material is largely dependent on the encapsulating agent composition 

[234]. Polysaccharides provide an effective encapsulation efficiency due to their large molecular structure. The 

presence of different reactive groups in their structure promotes the interaction with several molecules. 

Moreover, it must be pointed out the high stability of polysaccharides, while proteins can be denatured during 

processing at high temperatures. However, both polysaccharides and proteins have been reported as good 

carrier-based delivery systems [310]. Other studies using spray-drying technology report general higher values 

of encapsulation efficiency when the same biopolymers were used as encapsulating agents. Chaumun et al. 

[306] encapsulated gallic acid and Laurus nobilis L. extract into modified chitosan- and alginate-based 

microparticles with an efficiency between 95.4 ± 3.5 – 97.6 ± 3.3 and 90.2 ± 1.5– 99.3 ± 0.6%, respectively. In 

turn, arabic gum enabled an encapsulation efficiency of 72.9 ± 6.7% for gallic acid and 96.1 ± 3.7% for L. 

nobilis L. extract. On the other hand, Carlan et al. [311] reached a full encapsulation when incorporated vitamin 

B1 into xanthan-based microparticles. At last, Aguiar et al. [312] obtained an encapsulation efficiency of orange 

essential oil into gelatin between 9.37 and 97%. 

 

Table 5.4 – Encapsulation efficiency and loading capacity of RA-loaded microparticles obtained using different 

encapsulating agents. 

Encapsulating agent Encapsulation efficiency (%) Loading capacity (%) 

Modified Chitosan 65 ± 6a 0.019 ± 0.002a 

Arabic gum 49 ± 4bc 0.014 ± 0.001bc 

Alginic acid sodium 62 ± 5ab 0.018 ± 0.001ab 

Gelatin 27 ± 1d 0.0078 ± 0.0004d 

Xanthan gum 48 ± 2c 0.0141 ± 0.0007c 

Different letters in the same column indicate significant differences (p<0.05) 

 

5.3.7. Drug controlled release assay 

The release behavior of RA from microparticles composed by different biopolymers was performed in octanol 

at 37 ֯C. The aim is to understand the ability of RA to cross the lipid membranes of the living system 

[258,259,283]. For this study it was considered that RA-loaded microparticles remain relatively intact until 

reaching the intestine. However, the effective behaviour of microparticles along gastrointestinal tract only can 

be achieved in gastrointestinal simulation studies. These studies are of major importance for the microparticles 

that show a greater prospective for the treatment of acute promyelocytic leukaemia. An improvement in the 

microparticles formulation might be eventually required.
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Figure 5.6 – Cumulative RA release from biopolymer-microparticles individually composed by modified chitosan (◼), arabic gum (▲), alginic acid sodium 

(×), gelatin (⧫) and xanthan gum (⚫). Results are presented as the average and standard deviation of three independent assays. Weibull model was fitted to the 

obtained controlled release profiles: modified chitosan (◼), arabic gum (▲), alginic acid sodium (×), gelatin (⧫) and xanthan gum (⚫).   
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Controlled release profiles obtained by cumulative percentage of RA over time are presented in Figure 5.6. 

Xanthan gum- and arabic gum-based microparticles enabled the fastest release of RA to the surround 

environment, which occurred in 48 and 94 min, respectively. A slightly slower release was obtained from 

microparticles composed by modified chitosan and gelatin. Herein, RA controlled release profile stabilization 

was observed 138 and 156 min (more than 2 h) after the beginning of the experiment. The slowest release of 

core material was recorded when the microparticles formulation included alginic acid sodium, prolonging for 

almost 8 h. Within the scope of APL treatment, the proposal of a slower drug controlled delivery system is the 

most appropriate to reduce the activation of cytochrome P450. 

Other studies report the impact about the formulation composition in the drug controlled release behaviour, but 

also of the release media used. For instance, Ribeiro et al. [313] produced elderberry extract-loaded 

microparticles using modified chitosan, sodium alginate and arabic gum as encapsulating agents, considering a 

spray-drying method. The faster release in deionised water was achieved with modified chitosan (600 s), 

followed by arabic gum (1000 s) and sodium alginate (1140 s). Moreover, and considering a recent study about 

RA encapsulation, Gonçalves et al. [278] investigated the incorporation of RA (dissolved in ethanol) into arabic 

gum, alginic acid sodium and modified chitosan microparticles also using the spray-drying technology. An 

increase of RA controlled release rate was observed with the usage of alginic acid sodium (more than 7 h), 

arabic gum (36 min) and modified chitosan (7 min) as encapsulating agents.  

 

5.3.8. Kinetic models 

A correlation coefficient in a range from 0.911 and 0.990 was obtained when the kinetics of zero order (describes 

a slow and constant release rate) was fitted to the RA controlled release profiles (Table 5.5). The zero-order 

release constant, K0, increased from 5.0x10-6 to  8.0x10-5 mg∙min-1, considering the usage of alginic acid sodium, 

gelatin, modified chitosan, arabic gum  and xanthan gum as encapsulating agents (Table 5.5). This behaviour is 

in agreement with an increase of RA release rate in the same conditions. For Higuchi model the Higuchi 

constant, KH, followed the same tendency of K0, varying from 9.0x10-5 and 3.0x10-4 mg∙min-0.5 (Table 5.5). 

Herein, the correlation coefficient varied from 0.982 to 0.992. 

Korsmeyer-Peppas model was fitted to the linear RA controlled release profiles considering the Qt⁄Q∞ is lower 

than 0.6 [262]. For all the biopolymer-based microparticles the parameter n varied between 0.43 and 0.85 (n = 

0.5 for alginic acid sodium and gelatin formulations, n = 0.6 for modified chitosan formulations and n = 0.7 for 

arabic gum and xanthan gum formulations (Table 5.5), suggesting an anomalous transport which results from 

the combination of diffusion mechanisms and swelling release (case II transport) and a tn-1 rate as a function of 

time was evidenced  for these microparticles [145,262]. The Korsmeyer constant, KK, increased from 0.04 

(considering alginic acid sodium-based microparticles) to 0.1 min-n (for all the other biopolymer-based 

microparticles) in the same line with the increase of RA release rate (Table 5.5). The correlation coefficients 

with Korsmeyer-Peppas model varied from 0.831 to 0.938 (Table 5.5).
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Table 5.5 – Parameters and correlation coefficients of the models of zero-order, Higuchi, Korsmeyer-Peppas and Weibull applied to the experimental RA 

release profiles. 

Parameters 
 Encapsulating agents 

Modified chitosan Arabic gum Alginic acid sodium Gelatin Xanthan gum 

K
in

et
ic

 m
o

d
el

s 

Zero-order 

K0 (mg∙min-1) 2.0x10-5 5.0x10-5 5.0x10-6 2.0x10-5 8.0x10-5 

Q0 (mg) 4.0x10-4 1.0x10-4 2.0x10-4 7.0x10-5 6.0x10-5 

R2 0.911 0.940 0.990 0.931 0.984 

Higuchi 
KH (mg∙min-0.5) 2.0x10-4 2.0x10-4 9.0x10-5 9.0x10-5 3.0x10-4 

R2 0.992 0.986 0.989 0.992 0.982 

Korsmeyer-Peppas 

Kk (min-n) 0.1 0.1 0.04 0.1 0.1 

n 0.6 0.7 0.5 0.5 0.7 

R2 0.937 0.831 0.920 0.860 0.938 

Weibull 

τd (min) 46 19 143 35 11 

β 0.8 1.03 0.9 0.6 1.02 

R2 0.937 0.884 0.916 0.966 0.986 
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Weibull model was fitted to the RA controlled release profiles with correlation coefficients varying from 0.884 

to 0.986 (Table 5.5). The β parameter was lower than 1 for modified chitosan- (β = 0.8), alginic acid sodium- 

(β = 0.9) and gelatin-based microparticles (β = 0.6) (Table 5.5). Accordingly, the shape of the curve would show 

a steeper increase regarding the shape of the release curve that corresponds exactly to the shape of an exponential 

profile [262]. In turn, for arabic gum- and xanthan gum-based microparticles the β parameter was higher than 1 

(β = 1.03 and β = 1.02, respectively) (Table 5.5), suggesting the shape of the curve gets sigmoidal with a turning 

point [262]. Τd parameter was determined from RA release profiles when 63.2% of the active compound was 

released. It varied from 11 min to 143 min, when xanthan gum and alginic acid sodium were used as 

encapsulating agents, respectively (Table 5.5).  

Weibull model enabled a full fitting of the RA controlled release profiles obtained from all the microparticles 

produced in this work. In fact, it is described as the most appropriate model to describe the release of an active 

compound from a matrix-based delivery system [260], the typical morphology of powders produced by spray-

drying technology [266]. Gonçalves et al. [278] also reported the Weibull model as the most capable to 

characterize the RA release profiles from biopolymer-based microparticles obtained by spray-drying. 

 

5.4. Conclusion  

Microparticles composed by alginic acid sodium, modified chitosan, arabic gum, gelatin and xanthan gum were 

successfully produced from oil-in-water emulsions by spray-drying technology for controlled delivery of RA. 

Inlet air temperature of spray-dryer significantly interferes with the encapsulation efficiency, being achieved 

the highest RA retention for the modified chitosan-based microparticles produced at 130 °C (65 ± 6%). The 

usage of different biopolymers in the formulations influences the characteristics of the emulsions (i.e. viscosity, 

stability and droplet size) as well as the product yield and the main characteristics of carrier-based systems 

produced, including their morphology and RA controlled release profiles. Xanthan gum and arabic gum-based 

microparticles enable the faster release of RA, while the slower RA release was obtained from alginic acid 

sodium-based microparticles (almost 8 h). 
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Chapter 6 – Microencapsulation of retinoic acid by 

atomization into biopolymeric matrices: binary and 

ternary blends of alginic acid sodium, xanthan gum 

and modified chitosan 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

The sixth chapter presents binary and ternary blends of biopolymers – xanthan gum + alginic acid sodium, 

modified chitosan + alginic acid sodium, modified chitosan + xanthan gum and modified chitosan + xanthan 

gum + alginic acid sodium – to prepare oil-in-water emulsions for the preparation of RA-loaded biopolymer-

based delivery systems using spray-drying technology. 
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6.1. Introduction 

Encapsulation technology has been requested for the development of carrier-based systems capable to improve 

the chemopreventive and chemotherapeutic action of retinoic acid (RA) in the treatment of several pathologies 

[17]. Low aqueous solubility, high instability under unfavourable conditions (i.e. moisture, pH, oxygen, heat 

and light, among others) and gastrointestinal malabsorption of RA contribute to decrease the bioavailability of 

this retinoid in the human body. Moreover, in the treatment of acute promyelocytic leukaemia (APL), 

continuous repetitive oral administration of RA is associated to a significant decrease of RA half-life in blood, 

occurring a notable decrease of RA concentration in the plasma [25,26,58]. Some hypothesis were proposed to 

explain this behaviour [58], one of which is related to the activation of cytochrome P450 enzymes. They are 

involved in the regulation of cellular levels of RA, triggering the catabolism of this bioactive compound even 

when it is present in a small amount [277]. Although RA is the only effective strategy to treat APL [274], 

patients ultimately become resistant to this retinoid despite of the continued treatment.  

The usage of a formulation for oral RA administration oriented towards a drug controlled delivery system might 

promote the stabilization of RA until its release at the target site (in the intestine) and at an appropriate rate 

reducing the activity of cytochrome P450 enzymes. RA absorption can be therefore optimized with a consequent 

improvement of RA bioavailability in APL patients, contributing for a more efficient treatment. Furthermore, 

this strategy might also beneficiate the patients decreasing the side-effects related to the administration of this 

antitumor agent (i.e. headache, nausea, abdominal pain and retinoid acute resistance, among others [28,58–60]). 

Spray-drying technique has been explored by the authors for the encapsulation of RA into biopolymer-based 

microparticles for therapeutic applications, particularly related to the treatment of APL. It is a one-step method 

recognized as a rapid, continuous (continuous batch), reproducible, low cost and of easy scale up process [193]. 

Microparticles with good quality are produced by spray-drying without resorting to organic solvents. Gonçalves 

et al. [278] incorporated RA (dissolved in ethanol) into microparticles individually composed by alginic acid 

sodium, modified chitosan and arabic gum as encapsulating agents (prepared in ultra-pure water). The RA 

release rate slightly decreased from modified chitosan- to arabic gum-based microparticles (from 99 to 102 

min). The slowest RA release was verified from alginic acid sodium-based microparticles and lasted for more 

than 7 hours. Afterwards, Gonçalves et al. [314] spray-dried oil-in-water emulsions composed by RA dissolved 

in coconut oil (oily phase), a surfactant (tween 80) and a biopolymer aqueous solution (alginic acid sodium, 

modified chitosan, arabic gum, gelatin and xanthan gum were individually used as encapsulating agents). For 

the modified chitosan- and alginic acid sodium-based microparticles the encapsulation efficiency was 

significant higher (65 and 62%, respectively) when compared to the one obtained for the other microparticles 

formulations loaded with RA. Regarding RA controlled release studies, the fastest release was achieved from 

xanthan- and arabic gum-based microparticles (48 and 94 min, respectively), while the alginic acid sodium-

based microparticles enabled the slowest release for almost 8 hours. 

In the present work, biopolymers blends-based delivery systems for RA encapsulation were proposed, attending 

to the biopolymers that individually enabled the production of RA-loaded microparticles with the most 

advantageous characteristics (of which, encapsulation efficiency and RA release rate were evaluated so far) for 
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further RA oral administration in the treatment of APL – alginic acid sodium, xanthan gum and modified 

chitosan – [314]. Binary and ternary blends (xanthan gum + alginic acid sodium, modified chitosan + alginic 

acid sodium, modified chitosan + xanthan gum and modified chitosan + xanthan gum + alginic acid sodium) 

were considered to prepare oil-in-water emulsions for the RA-loaded microparticles formation using 

spray-drying technology. The obtained formulations were compared to each other, as well as compared 

regarding to the formulations wherein these encapsulating agents were individually used. An updated screening 

of the most satisfactory microsystems for the delivery of RA into APL patients was accomplished. Data on 

encapsulation efficiency, morphology, particle size and RA controlled release were herein considered.  

 

6.2. Material and Methods 

 

6.2.1. Materials 

All-trans RA (≥ 98%, R2625-1G, CAS 302-79-4), coconut oil from Cocos nucifera (C1758-500G, 

Lot#MKCK3631, CAS 8001-31-8), tween 80 (P1754-1L, Lot#BCBT8094, CAS 9005-65-6), alginic acid 

sodium salt (180947-500G, Lot#MKBS5877V, CAS 9005-38-3, MW: between 120,000 and 190,000 g·moL-1, 

ratio of mannuronic acid to guluronic acid (M/G ratio): 1.56, country of manufacture: United Kingdom) and 

xanthan gum from Xanthomonas campestris (G1253-100G, Lot#SLCC2817, CAS 11138-66-2, country of 

manufacture: USA) were purchased from Sigma-Aldrich (Saint Louis, USA). Modified chitosan 

(pharmaceutical grade water-soluble chitosan, obtained by carboxylation, deacetylation degree of 96.5%, 

viscosity of 5 mPa·s (1%; 25 °C)) was obtained by China Eastar Group (Dong Chen, China) (Batch no. 

SH20091010). 1-Octanol for synthesis (820931, CAS 111-87-5) was supplied from Merck (Darmstadt, 

Alemanha). Ethanol (99%) was obtained from Valente e Ribeiro, Lda® (Alcanena, Portugal). 

 

6.2.2. Preparation of emulsions 

Emulsions were prepared using a proportion of encapsulating agents and coconut oil of 2.77 g·g-1 (optimized in 

a previous study regarding the maximum amount of coconut oil that was possible to incorporate in the 

microparticles without their quality being compromised) and following the method described by Gonçalves et 

al. [314]. Binary and ternary biopolymers blends (xanthan gum + alginic acid sodium (50%-50%), modified 

chitosan + alginic acid sodium (50%-50%), modified chitosan + xanthan gum (50%-50%) and modified chitosan 

+ xanthan gum + alginic acid sodium (33.3%-33.3%-33.3%)) were used to prepare solutions of encapsulating 

agents in ultra-pure water (final concentration of 1% (w/v)). Coconut oil was used to dissolve RA (0.1% (w/v)) 

and to the obtained solution the surfactant tween 80 was added (0.5% (w/v)). Oil-in-water emulsions were 

produced by dispersing this final mixture with each encapsulating agents blending solution at 20000 rpm for 10 

min (the emulsion prepared with modified chitosan + alginic acid sodium was prepared at 12000 rpm for 5 min) 

using a mechanical homogenizer (CAT, Germany).  
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6.2.3. Spray-drying technique 

Emulsions were dried using a mini spray-dryer B-290 from BÜCHI (Flawil, Switzerland) with a standard 

cyclone and a standard 0.5 mm nozzle. For the microparticles production, inlet air temperature, air pressure and 

atomization air flow rate were set at 130 ºC, 5-6 bar and 35 m3∙h−1 (90%), respectively. These conditions were 

previously optimized, particularly regarding the inlet air temperature [314]. Feed flow rate varied between 3 

and 5 mL∙min−1 to maintain the outlet air temperatures close to 70 ºC. The obtained dry powder with 

encapsulated RA was recovered from the cyclone and the collection vessel of spray-dryer, covered with 

aluminium foil (protection against light exposition) and stored under refrigeration until further analysis. The 

product yield (%) was determined according to Eq. 6.1. 

 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑀𝑖𝑐𝑟𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑦𝑐𝑙𝑜𝑛𝑒 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑒𝑠𝑠𝑒𝑙 𝑜𝑓𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑝𝑟𝑒𝑝𝑎𝑟𝑒 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚𝑠 𝑓𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟  
× 100 (6.1) 

6.2.4.  Emulsions viscosity 

Steady-shear flow curves were used to assess the emulsions viscosity. Flow curves with a total number of 50 

points were obtained using an Anton Paar MCR 92 rheometer (Austria). The shear rate was increased from 1 to 

100 s-1 using a measuring plate PP50 (Part No.: 79045, Serial No.: 55422, Cat No.: 79045, Del No.: 80352243, 

Anton Paar) with 50 mm of diameter and a gap of 0.5 mm. The experiment was performed in triplicate at 25 ºC. 

 

6.2.5. Emulsions zeta potential 

Emulsions zeta potential was measured by dynamic light scattering using a Zetasizer Nano-ZS90 (Malvern 

Instruments, Worcestershire, UK). Analyses were performed in triplicate. 

 

6.2.6. Emulsions droplet size and microparticle size 

The size distribution of emulsion droplets and dry powder obtained by spray-drying was evaluated by laser 

granulometry using a Coulter LS 230 Particle Size Analyser (Miami, FL, USA). For the microparticle size 

measurements, the dry powder was first dispersed in ethanol. Measurements were performed in triplicate and 

each analysis had a run of 30 seconds. The obtained results express the average of droplet mean size and the 

average of particle mean size (volume and number distributions). Volume distribution considers the volume of 

each particle, whereby particles with a higher volume have higher contribution. In a number distribution each 

particle has equal weight. 

 

6.2.7. Morphology of microparticles 

Microparticles surface morphology was performed by scanning electron microscopy using a Fei Quanta 400 

FEG ESEM/EDAX Pegasus X4M (Eindhoven, The Netherlands). The dry powder was fixed into a brass stub 

with double-sided adhesive tape and then coated in vacuum by a thin layer of gold-palladium using a SPI module 

sputter coater. 
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6.2.8. Encapsulation efficiency and loading capacity 

Encapsulation efficiency (%) was calculated by the ratio between the mass of RA detected in the microparticles 

formed and the mass of RA used to prepare the oily phase of emulsions fed to the spray-dryer, considering the 

method carried out by the authors in a previous work. Briefly, an appropriate amount of RA-loaded 

microparticles was dispersed in octanol and maintained at room temperature overnight. The suspension was 

further vigorously stirred, put on a bath at 37 ± 2 ºC and centrifuged. The amount of RA present in the 

supernatant was measured using an UV/VIS spectrometer (SPEC RES+, Sarspec, Porto, Portugal) at 352 ± 7 

nm. Calibration curve was validated in a concentration range between 0.000250 and 0.005000 mg∙mL−1 with a 

correlation coefficient of 0.9928. LOD and LOQ were 0.0002 mg∙mL−1 and 0.0008 mg∙mL−1, respectively. 

Loading capacity was determined by the ratio between the mass of RA and mass of microparticles. 

 

6.2.9. Controlled release assays 

The experiments performed for RA controlled release from biopolymers blend-based microparticles were 

carried out considering the methodology described in previous works of the authors Gonçalves et al. [278,314]. 

RA-loaded microparticles were placed on top of a cuvette with octanol (this organic solvent attempts to mimic 

the phospholipids membrane characteristics, considering the amphiphilic nature of octanol) [258,259,283,284]) 

under magnetic stirring conditions and at 37 ± 2 ºC. An UV/VIS spectrometer (section 6.2.8.) was used to assess 

the RA release profiles in a continuous mode (intervals of 2 min) by absorbance (at 352 ± 7 nm). The models 

of zero-order (Eq. 6.2), Higuchi (Eq. 6.3), Korsmeyer-Peppas (Eq. 6.4) and Weibull (Eq. 6.5) [260,262] were 

further applied to these experimental release profiles. 

 

 𝑄𝑡= 𝑄0+𝐾0𝑡 (6.2) 

where Qt  is the cumulative amount of the drug/active compound released at the time t, Q0 is the initial amount 

of the drug/active compound  in solution (usually Q0 = 0) and  K0 is the zero-order release constant. 

 

 𝑄𝑡 =  𝐾𝐻 √𝑡 (6.3) 

where KH is the Higuchi constant. 

 

 
𝑄𝑡

𝑄∞⁄ =  𝐾𝐾 𝑡𝑛 (6.4) 

where Qt⁄Q∞ is the fraction of active compound released until time t, and KK is the Korsmeyer constant and the 

parameter n is the release exponent (diffusional) that defines the release mechanism. 
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 𝑀𝑡 =  𝑀∞ [1 − 𝑒
−(

𝑡−𝑡0
τd

)
𝛽

] (6.5) 

where Mt is the dissolution/release (%) of the active compound at time t, M∞ is the dissolution/release (%) of 

the active compound at infinite time, t0 is the lag-time of the dissolution (usually t0=0), β indicates the shape 

parameter of the curve and τd is the time when 63.2% of M has been dissolved/released. 

 

6.2.10. Statistical analysis 

The effect of using different biopolymers blends in the preparation of emulsion was evaluated in terms of the 

droplet size of these colloidal systems. Moreover, particle size distribution was compared among all the 

microparticle formulations produced. RA-loaded microparticles were further assessed regarding encapsulation 

efficiency and loading capacity. One-way analysis of variance (ANOVA) at p < 0.05 and subsequent Tukey test 

were conducted by Minitab® 19 software.  

A statistical simplex centroid experimental design with three components was used to evaluate encapsulation 

efficiency, loading capacity and release times (response variables) of RA-loaded microparticles produced 

regarding the blends of biopolymers used as encapsulating agents. Herein, a triangular diagram is built wherein 

the three points at the vertices correspond to each one of biopolymers, i.e. modified chitosan, xanthan gum and 

alginic acid sodium. Each midpoint of the sides of the triangle corresponds to 1:1 binary blend of the 

biopolymers. At last, the center point of the triangle represents a three-biopolymer blend of equal portions. 

 

6.3. Results and discussion 

 

6.3.1. Emulsions characterization 

 

6.3.1.1. Viscosity 

The emulsion with an aqueous phase composed by the modified chitosan + alginic acid sodium blend exhibited 

characteristics relatively close of a Newtonian fluid (Table 6.1). Apparent viscosity of this emulsion was 7.9 ± 

0.4 mPa·s for a shear rate of 100 s-1 (Table 6.1), which is close to an intermediate value between the apparent 

viscosities verified for emulsions prepared with the same oily phase and surfactant, but wherein modified 

chitosan and alginic acid sodium were individually used in the formulations. Herein, apparent viscosities of 

modified chitosan- and alginic acid sodium-based emulsions were 3.53 ± 0.06 and 17.6 ± 0.2 mPa·s, 

respectively [314]. Consistency index (provides information about the flow properties of the system, informing 

about the emulsion viscosity [288]) and flow behaviour index (indicates how close the system is to a Newtonian 

fluid [288]) were also determined (Table 6.1). Gonçalves et al. [314] verified that emulsions individually 

composed by modified chitosan and alginic acid sodium also showed being relatively close of Newtonian fluids  
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Figure 6.1 – Increase between shear stress and shear rate for the emulsion composed by the modified chitosan 

+ alginic acid sodium blend. Results are presented as the average and standard deviation of three independent 

assays. 

 

Figure 6.2 – Viscosity curves of the emulsions prepared with different biopolymers blends (xanthan gum + 

alginic acid sodium (⚫), modified chitosan + xanthan gum (◼) and modified chitosan + xanthan gum + alginic 

acid sodium (▲)). Results are presented as the average and standard deviation of three independent assays 

 

(n = 1). For the emulsions containing xanthan gum in the blend of biopolymers (i.e. xanthan gum + alginic acid 

sodium, modified chitosan + xanthan gum and modified chitosan + xanthan gum + alginic acid sodium) the 

increase of shear rate decreased the apparent viscosity (Figure 6.2). Accordingly, these systems are non-
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Newtonian fluids. Other studies revealed xanthan gum-based systems as non-Newtonian fluids [290]. 

Consistency index ranged from 0.98 ± 0.01 to 2.042 ± 0.005 mPa·sn (Table 6.1) among these emulsions, while 

flow behaviour index varied from 0.215 ± 0.001 to 0.306 ± 0.002 indicating the emulsions containing xanthan 

in the encapsulating agents blend as pseudoplatic fluids (n < 1) [288]. In fact, pseudoplastic fluids commonly 

refer to polymer solutions with high molecular weight compounds, the case of the polysaccharide xanthan gum. 

 

6.3.1.2. Stability of colloids 

Stability of colloidal systems is usually analysed through the percentage of emulsion separation (creaming 

index) 24 h after its preparation [292,293]. However, due to the high proportion of aqueous phase regarding the 

oily phase of emulsions prepared in this work, this methodology showed not being the most appropriate. 

Alternatively, the stability of emulsions can be determined by zeta potential, measuring the electrokinetic 

potential of droplets [294]. 

The only stable emulsion (zeta potential value above of │30│ mV [294]) was composed by the modified 

chitosan + alginic acid sodium blend (-51 ± 5 mV) (Table 6.1). The individual usage of these biopolymers also 

generates stable emulsions [314]. Among the other emulsions produced in the present work, zeta potential 

decreased with the usage of the modified chitosan + xanthan gum, xanthan gum + alginic acid sodium and 

modified chitosan + xanthan gum + alginic acid sodium blends, by this order (Table 6.1). Previous studies 

reported that xanthan gum-based emulsions are highly unstable (around 0.3 mV) [314], whereby the addition of 

this biopolymer to an original stable emulsion may have contributed to produce an unstable final emulsion. 

 

6.3.1.3. Droplet size distribution 

In addition to zeta potential, emulsions droplet size also indicate the stability of colloids [285]. In fact, larger 

emulsion droplets are related to a lower encapsulation efficiency [295]. In this work, the droplet mean diameter 

of the emulsions produced varied between 1.290 ± 0.007 and 2.69 ± 0.01µm (differential volume distribution) 

and 0.0651 ± 0.0002 and 0.146 ± 0.007 µm (differential number distribution) (Table 6.1). The biopolymers 

blend composed by xanthan gum + alginic acid sodium resulted in an emulsion with the smaller droplets (0.068 

± 0.005% considering differential number distribution) (Table 6.1), which is in agreement with the higher 

encapsulation efficiency obtained for the microparticles composed by these encapsulating agents (section 6.3.5.) 

(76 ± 4%) (Table 6.2). Moreover, the higher droplet size was registered for the emulsion composed by modified 

chitosan + alginic acid sodium (2.69 ± 0.01% considering differential volume distribution) (Table 6.1), dealing 

with the obtainment of the lower encapsulation efficiency among all the microparticles produced (section 6.3.5.) 

(27.1 ± 0.9%) (Table 6.2). Emulsions individually composed by modified chitosan, alginic acid sodium and 

xanthan gum evidenced larger droplets diameter (3.80 ± 0.02 and 0.75 ± 0.03, 2.3 ± 0.7 and 0.706 ± 0.004, and 

1.65 ± 0.09 and 0.65 ± 0.01, respectively, considering differential volume and number distributions) [314] when 

compared to the droplets of the emulsions herein produced from several blends of these biopolymers.  
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Table 6.1 – Rheological parameters, apparent viscosity, zeta potential and droplet size of emulsions prepared with different blends of alginic acid sodium, 

xanthan gum and modified chitosan. 

Emulsions 

(biopolymeric 

composition) 

Rheological parameters 

Apparent viscosity at 

100 s-1 (mPa·s) 
Zeta potential (mV) 

Droplet mean diameter 

Consistency index, k 

(mPa·sn) 

Flow behaviour index, 

n 

Differential volume 

distribution (µm) 

Differential number 

distribution (µm) 

Xanthan gum + Alginic 

acid sodium 
1.89 ± 0.02 0.262 ± 0.001 - 14.8 ± 0.4 1.41 ± 0.02c 0.068 ± 0.005c 

Modified chitosan + 

Alginic acid sodium 
0.0087 ± 0.0004 0.980 ± 0.04 7.9 ± 0.4  -51 ± 5 2.69 ± 0.01a 0.121 ± 0.002b 

Modified chitosan + 

Xanthan gum 
2.042 ± 0.005 0.215 ± 0.001 - 17.2 ± 0.9 1.290 ± 0.007d 0.0651 ± 0.0002c 

Modified chitosan + 

Xanthan gum + Alginic 

acid sodium 

0.98 ± 0.01 0.306 ± 0.002 - 2.73 ± 0.04 1.95 ± 0.02b 0.146 ± 0.007a 

Different letters in the same column indicate significant differences (p<0.05)
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6.3.2. Biopolymers blends-based microparticles production 

Formulations based on biopolymers blends (modified chitosan, alginic acid sodium and xanthan gum) were 

considered to produce unloaded microparticles (empty microparticles only composed by the encapsulating 

agents - microparticles BBMpE), microparticles loaded with coconut oil and tween 80 (microparticles 

BBMpOT) and microparticles loaded with RA dissolved in coconut oil and mixed with tween 80 (microparticles 

BBMpRA). The selection of the biopolymers to be blended was based on the study carried out by Gonçalves et 

al. [314]. Herein, the amount of RA retained in the microparticles was significantly higher for modified chitosan- 

and alginic acid sodium-based microparticles (65 and 62%, respectively, as previously referred). Moreover, the 

slower release rate (for several hours) was obtained when alginic acid sodium was used as encapsulating agent. 

The most relevant benefits about xanthan gum might be further evaluated in the simulation gastrointestinal 

digestion studies, wherein the presence of this biopolymer shall provide high resistance to enzymatic 

degradation and pH variations to microparticles produced. In fact, xanthan gum is recognized by its stability at 

low pHs. 

Product yield ranged between 28 and 41% for microparticles BBMpE, while for microparticles BBMpOT and 

BBMpRA it ranged between 16-21% and 21-36%, respectively (Table 6.2). The volume and the properties of 

the system content to be spray-dried highly influence the product yield. Moreover, the operational conditions to 

be used in the spray-dryer (e.g. inlet air temperature) also interfere with the product yield. In the present work, 

the production of microparticles containing an oily phase due to the incorporation of coconut oil (with or without 

RA dissolved) resulted in an overall slight decrease of the product yield, except for the microparticles BBMpRA 

composed by the modified chitosan + alginic acid sodium blend, wherein a higher product yield was registered 

(36%). The product yield was slightly higher for microparticles BBMpRA composed by xanthan gum when 

compared to microparticles BBMpOT also composed by this polysaccharide, probably due to the larger volume 

of emulsion prepared and fed to the spray-dryer (500 and 200 mL, respectively). 

Several works related to the encapsulation of lipophilic bioactive compounds by spray-drying technology 

describe a higher or lower decrease in the product yield of loaded microparticles due to their increased adhesion 

to the walls of spray-dryer [245,290,315]. Particularly, Gonçalves et al. [314] registered similar values of 

product yield to the one obtained in this work when modified chitosan-, alginic acid sodium- and xanthan gum-

based microparticles were produced at 130 ֯C of inlet air temperature, considering unloaded microparticles (41, 

39 and 28%, respectively), microparticles loaded with coconut oil and tween 80 (18, 17 and 16%, respectively) 

and microparticles loaded with RA dissolved in coconut oil and mixed with tween 80 (18, 30 and 24%, 

respectively). 

 

6.3.3. Particle size distribution 

Diameter (considering differential volume distribution) of biopolymer blends-based microparticles decreased 

with the incorporation of coconut oil and surfactant (comparison between microparticles BBMpE and 

BBMpOT) and decreased even more with the incorporation of RA dissolved in coconut oil and surfactant  
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Table 6.2 – Product yield, RA encapsulation efficiency, RA loading capacity and particle diameter of microparticles produced using different formulations. 

Microparticles content 
Product 

yield (%) 

RA 

encapsulation 

efficiency (%) 

RA Loading 

capacity (%) 

Particle mean diameter 

Formulation Encapsulating agents blend 
Differential volume 

distribution (µm) 

Differential number 

distribution (µm) 

BBMpE 

Xanthan gum + Alginic acid sodium 30 - - 4.70 ± 0.05de 0.934 ± 0.008c 

Modified chitosan + Alginic acid sodium 41 - - 4.04 ± 0.04fgh 0.465 ± 0.003d 

Modified chitosan + Xanthan gum 28 - - 6.2 ± 0.3b 0.110 ± 0.003g 

Modified chitosan + Xanthan gum + Alginic acid sodium 32 - - 6.9 ± 0.4a 0.156 ± 0.004fg 

BBMpOT  

Xanthan gum + Alginic acid sodium 19 - - 3.60 ± 0.02h 1.1323 ± 0.0006a 

Modified chitosan + Alginic acid sodium 21 - - 5.0 ± 0.4d 0.41 ± 0.01d 

Modified chitosan + Xanthan gum 16 - - 4.22 ± 0.04fg 1.082 ± 0.005ab 

Modified chitosan + Xanthan gum + Alginic acid sodium 18 - - 4.49 ± 0.04ef 1.064 ± 0.003b 

BBMpRA 

Xanthan gum + Alginic acid sodium 24 76 ± 4a 0.022 ± 0.001a 2.923 ± 0.002i 0.938 ± 0.007c 

Modified chitosan + Alginic acid sodium 36 27.1 ± 0.9c 0.0080 ± 0.0003c 5.76 ± 0.03c 0.29 ± 0.04e 

Modified chitosan + Xanthan gum 21 49 ± 2b 0.0144 ± 0.0007b 3.75 ± 0.09gh 0.19 ± 0.07f 

Modified chitosan + Xanthan gum + Alginic acid sodium 21 54 ± 5b 0.016 ± 0.001b 2.88 ± 0.01i 0.925 ± 0.009c 

Different letters in the same column indicate significant differences (p<0.05)
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(comparison between microparticles BBMpOT and BBMpRA) in the formulations (Table 6.2). Accordingly, 

particle mean diameter varied between 2.923 ± 0.002 and 4.70 ± 0.05 µm among microparticles composed by 

the xanthan gum + alginic acid sodium blend, 3.75 ± 0.09 and 6.2 ± 0.3µm among microparticles composed by 

the modified chitosan + xanthan gum blend and 2.88 ± 0.01 and 6.9 ± 0.4 µm among microparticles composed 

by the modified chitosan + xanthan gum + alginic acid sodium blend. For the microparticles composed by the 

modified chitosan + alginic acid sodium blend the particle diameter increased from 4.04 ± 0.04 to 5.0 ± 0.4 and 

to 5.76 ± 0.03 µm when microparticles BBMpE, BBMpOT and BBMpRA were produced, respectively. 

Considering a differential number distribution, an overall particle mean diameter between 0.110 ± 0.003 

(microparticles BBMpE composed by the modified chitosan + xanthan gum blend) and 1.1323 ± 0.0006 µm 

(microparticles BBMpOT composed by the xanthan gum + alginic acid sodium blend) was registered (Table 

6.2). 

 

6.3.4. Microparticles morphology 

All the microparticles produced (BBMpE, BBMpOT and BBMpRA) evidenced a spherical form (Figure 6.3). 

Microparticles BBMpE composed by the xanthan gum + alginic acid sodium, modified chitosan + xanthan gum 

and modified chitosan + xanthan gum + alginic acid sodium blends were characterized by a rough surface with 

several concavities (Figure 6.3 – A, C and D). In turn, microparticles BBMpE composed by the modified 

chitosan + alginitic acid sodium blend showed a smooth surface with only one apparent concavity (Figure 

6.3 – B). The surface morphology exhibited by these biopolymers blends-based microparticles is in agreement 

with a combination of the structures typically observed in microparticles individually composed by modified 

chitosan, xanthan gum and alginic acid sodium. In fact, Gonçalves et al. [314]  produced modified chitosan- and 

alginic acid-based microparticles with a very smooth and a smooth surface with few concavities, respectively. 

Moreover, xanthan-based microparticles were produced evidencing a high rough and irregular surface. In the 

present work, the microparticles containing xanthan gum in their formulations presented an evident less rough 

surface certainly influenced by the presence of modified chitosan and/or alginic acid sodium biopolymers. 

Similar conclusions regarding the impact of using biopolymers blends in the morphology of microparticles 

produced was reported by Ribeiro et al. [316] when binary and ternary blends were prepared with the 

biopolymers gum arabic, starch and maltodextrin for encapsulation of vitamin A (retinol). Microparticles 

BBMpOT and BBMpRA revealed alterations regarding the morphologies exhibited by microparticles BBMpE, 

whereby the microparticles loaded with coconut oil (with or without RA) and surfactant impacted their surface 

structures. Microparticles BBMpOT composed by the xanthan gum + alginic acid sodium blend appeared with 

small protuberances on their surface (Figure 6.3 – E). For all the other microparticles BBMpOT and BBMpRA 

produced (Figure 6.3 – F, G, H, I, J, K and L), it was observed the presence of several concavities (in a higher 

or lower number) with an appreciable smaller size when compared to the dimension of the concavities observed 

among microparticles BBMpE. This morphological change observed in the microparticles composed by the  
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Figure 6.3 – Surface morphology of BBMpE (A, B, C and D), BBMpOT (E, F, G and H) and BBMpRA (I, J, K and L) microparticles composed by xanthan 

gum + alginic acid sodium blend (A, E and I), modified chitosan + alginic acid sodium blend (B, F and J), modified chitosan + xanthan gum blend (C, G and 

K) and modified chitosan + xanthan gum + alginic acid sodium blend (D, H and L). Magnification = 20,000 times, beam intensity (HV) 15.00 kV, distance 

between the sample and the lens (WD) around 10 mm. 

[E] [F] [G] [H] 

[I] [J] [K] [L] 

[A] [B] [C] [D] 



Microencapsulation of retinoic acid by atomization into biopolymeric matrices: binary and ternary blends of alginic acid sodium, 

xanthan gum and modified chitosan 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

________________________________________________________________________________________
103 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(B) 

 

Figure 6.4 – Response surfaces of encapsulating efficiency (A) and loading capacity (B) based on a simplex 

centroid design. 
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modified chitosan + alginic acid sodium blend resulted in the production of microparticles with a rough surface 

(Figure 6.3 – F and J). 

 

6.3.5. Encapsulation efficiency and loading capacity 

Encapsulation efficiency and loading capacity were highly influenced by the biopolymers blends used in the 

microparticles formulation. A significant higher amount of RA was effectively incorporated in the 

microparticles composed by the xanthan gum + alginic acid sodium blend (76 ± 4%) (p<0.05) (Table 6.2 and 

Figure 6.4  - A). This value was even higher when compared to the encapsulation efficiency obtained for xanthan 

gum- and alginic acid sodium-based microparticles [314] (Figure 6.4 – A). However, incorporation of modified 

chitosan in biopolymers blends seems to not benefit the microparticles regarding this parameter (Figure 6.4 – 

A). Herein, encapsulation efficiency decreased from 54 ± 5 to 49 ± 2 and to 27.1 ± 0.9% when microparticles 

composed by the modified chitosan + xanthan gum + alginic acid sodium, modified chitosan + xanthan gum 

and modified chitosan + alginic acid sodium blends were produced, respectively (Table 6.2). Particularly, the 

amount of RA retained in the microparticles composed by modified chitosan + alginic acid sodium blend was 

highly lower when compared to the one registered for the microparticles individually composed by modified 

chitosan and alginic acid sodium biopolymers [314]. In turn, for the other microparticles formulations 

containing modified chitosan in the biopolymers blend, the encapsulation efficiency showed to be relatively 

close to an intermediate value regarding the encapsulation efficiency values obtained for alginic acid sodium-, 

modified chitosan- and xanthan gum-based microparticles [314]. In fact, modified chitosan only provided a high 

encapsulation efficiency when this biopolymer is individually used as encapsulating agent [314] (Figure 6.4 – 

A). 

Loading capacity varied from 0.0080 ± 0.003 to 0.022 ± 0.001% (Table 6.2). This parameter was influenced by 

the biopolymers used (individually or as a blend) in the production of microparticles in a behaviour similar to 

the observed for the encapsulation efficiency (Figure 6.4 – B). 

In other works, RA encapsulation using different encapsulation methods registered higher values of 

encapsulation efficiency when compared to this work. Schultze et al. [151] obtained lipid-core nanocapsules by 

interfacial deposition of polymer with an encapsulation efficiency higher than 80%. Also, Akanda et al. [162] 

registered an encapsulation efficiency of 90.5 ± 1.2% when RA-loaded solid lipid nanoparticles (SLN) were 

produced. 

 

6.3.6. Controlled release  

Cumulative percentage of RA released over time from different biopolymers blends-based microparticles is 

presented in Figure 6.5. Microparticles composed by the xanthan gum + alginic acid sodium and modified 

chitosan + xanthan gum + alginic acid sodium blends enabled the highest release times, promoting RA release 

in 416 and 414 min, respectively (almost 7 h). Herein, a slightly faster RA release was observed in the first 

hours when the modified chitosan + xanthan gum + alginic acid sodium blend was used. However, an overall 
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slower release was observed for this formulation when compared to the microparticles composed by the xanthan 

gum + alginic blend. Globally, microparticles with lower diameter (0.19 ± 0.07 and 0.29 ± 0.04 µm in the case 

of microparticles composed by modified chitosan + xanthan gum and composed by modified chitosan + alginic 

acid sodium, respectively (Table 6.2) enable the faster release of bioactive compound. The individual usage of 

alginic acid sodium has been associated to the longest release times in controlled release studies of RA 

[278,314]. Particularly, microparticles composed by the same core material and alginic acid sodium as 

encapsulating agent enabled a RA release time of almost 8 h [314]. Accordingly, RA release times from the 

biopolymers blends-based microparticles previously described slightly decreased possibly by the interference 

of the lower release times associated to the biopolymers modified chitosan and xanthan gum (138 and 48 min, 

respectively) [314] (Figure 6.6). The modified chitosan + alginic acid sodium blend evidenced the fastest RA 

release from microparticles, contrary to the expected RA slow release due to the presence of alginic aid sodium. 

It might be due to the eventual creation of a porous network that promoted the RA release from microparticles. 

At last, RA release prolonged for 218 min (more than 3 h) from microparticles composed by modified chitosan 

+ xanthan gum. Individual usage of this biopolymers resulted in a lower release time from microparticles as 

described above [314] (Figure 6.6).  

Ribeiro et al. [316] also evaluated the impact of using biopolymers blends on retinol release times. The ternary 

blend of biopolymers (composed by gum arabic, starch and maltodextrin) enabled an intermediate release time 

due to the contribution of the three encapsulating agents.  

The most suitable biopolymers blends-based microparticles to regulate RA catabolism in APL patients are the 

microparticles composed by the xanthan gum + alginic acid sodium and modified chitosan + xanthan gum + 

alginic acid sodium blends. They evidenced a slow RA release profile and higher encapsulation efficiency.  

Studies involving other methods for RA encapsulation report longer release profiles when compared to the one 

obtained in this work. Narvekar et al [161] produced a polymer-oil nanostructured carrier composed by oil and 

poly(lactic-co- glycolic) acid (PLGA) for incorporation of all-trans RA, using an emulsification-solvent 

evaporation technique. This nanoparticle formulation, aiming to act against ovarian cancer, evidenced a 5-day 

controlled release profile in PBS at pH 7.4. Moreover, Akanda et al [162] optimized RA-loaded SLN 

nanoparticles with potential to be used in the treatment of prostate cancer. Herein, 40% of the bioactive 

compound was released in the first 10 h and release was also registered for 5 days. It was performed in a mixture 

of double-distilled water and ethanol (50:50, v/v). 
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Figure 6.5 – Cumulative RA release from microparticles composed by modified chitosan + alginic acid sodium blend (pink triangles), modified chitosan + 

xanthan gum blend (green filled crosses), modified chitosan + xanthan gum + alginic acid sodium blend (blue circles) and xanthan gum + alginic acid sodium 

blend (orange squares). Results are presented as the average and standard deviation of three independent assays. Weibull model was fitted to the obtained 

controlled release profiles: modified chitosan + alginic acid sodium blend (black triangles), modified chitosan + xanthan gum blend (black filled crosses), 

modified chitosan + xanthan gum + alginic acid sodium blend (black circles) and xanthan gum + alginic acid sodium blend (black squares).
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Figure 6.6 – Response surface of RA release times based on a simplex centroid design. 

 

6.3.7. Kinetic models 

Zero-order release constant, K0, increased from 5.0x10-6 to 2.0x10-5 mg∙min-1 with the increase of RA release 

rate observed for biopolymer blends-based microparticles composed by modified chitosan + xanthan gum + 

alginic acid sodium, xanthan gum + alginic acid sodium, modified chitosan + xanthan gum and modified 

chitosan + alginic acid sodium blends, by this order. Kinetics of zero order was fitted to RA release profiles 

with a correlation coefficient between 0.968 and 0.991 (Table 6.3). 

Higuchi constant, KH, varied from 6.0x10-5 to 8.0x10-5 mg∙min-1/2, corresponding to the slower (from 

microparticles composed by the modified chitosan + xanthan gum + alginic acid sodium blend) and fastest (from 

microparticles composed by the modified chitosan + alginic acid sodium blend) RA release rate. A correlation 

coefficient for Higuchi model between 0.899 and 0.962 was achieved (Table 6.3). 

Korsmeyer-Peppas model was fitted to the RA release profiles considering the Qt⁄Q∞ is lower than 0.6 [262]. 

Korsmeyer constant, KK, increased from 3.6x10-6 (for the microparticles composed by the xanthan gum + alginic 

acid sodium blend) to 1.4x10-2 (for the microparticles composed by the modified chitosan + alginic acid sodium 

blend) min-n. For Korsmeyer-Peppas model the correlation coefficients varied from 0.767 to 0.935 (Table 6.3). 

Parameter n was higher than 0.85 among all the microparticles formulations (n = 1.1 for the modified chitosan 

+ alginic acid sodium blend, n = 1.4 for the modified chitosan + xanthan gum + alginic acid sodium blend, n = 

2.2 for the xanthan gum + alginic acid sodium blend and n = 3.0 for the modified chitosan + xanthan gum blend 

(Table 6.3), whereby a super case-II transport and a tn-1 rate as a function of time was suggested [145]. 

Correlation coefficients between 0.825 and 0.988 enabled to fit the Weibull model to RA release profiles (Table 

6.3). β parameter was higher than 1 for the microparticles produced (1.4, 1.6, 2.4 and 3.1 for the modified 

chitosan + alginic acid sodium, modified chitosan + xanthan gum + alginic acid sodium, xanthan gum + alginic 

acid sodium and modified chitosan + xanthan gum blends, respectively (Table 6.3). Accordingly, it was
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Table 6.3 – Application of the models of zero-order, Higuchi, Korsmeyer-Peppas and Weibull to the experimental RA release profiles. 

Parameters 

Encapsulating agents blends 

Xanthan gum + Alginic acid 

sodium 

Modified chitosan + Alginic 

acid sodium 

Modified chitosan + Xanthan 

gum 

Modified chitosan + Xanthan gum 

+ Alginic acid sodium 

K
in

et
ic

 m
o

d
el

s 

Zero-order 

K0 (mg∙min-1) 7.0x10-6 2.0x10-5 8.0x10-6 5.0x10-6 

Q0 (mg) -5.0x10-4*) 8.0x10-7 -3.0x10-4*) -9.0x10-5*) 

R2 0.978 0.968 0.991 0.989 

Higuchi 
KH (mg∙min-1/2) 8.0x10-5 8.0x10-5 7.0x10-5 6.0x10-5 

R2 0.899 0.959 0.917 0.945 

Korsmeyer-Peppas 

Kk (min-n) 3.6x10-6 1.4x10-2 4.3x10-7 3.0x10-4 

n 2.2 1.1 3.0 1.4 

R2 0.767 0.909 0.864 0.935 

Weibull 

τd (min) 276 34 132 213 

β 2.4 1.4 3.1 1.6 

R2 0.825 0.963 0.892 0.988 

*) Consider Q0 ≥ 0. 
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suggested the shape of the curve gets sigmoidal with a turning point [262]. τd parameter was determined from 

RA release profiles when 63.2% of this retinoid was released and varied between 34 (for the xanthan gum + 

alginic acid sodium blend) and 236 (for the xanthan gum + alginic acid sodium blend) min (Table 6.3). 

Weibull model enabled the better fitting to the RA release profiles obtained in this work. Similar results were 

previously obtained by the authors considering the production of different biopolymer-based microparticles also 

addressed for RA encapsulation [278,314]. Weibull model is reported as the most appropriate model to describe 

a bioactive compound release from a matrix-based delivery system [260]. 

 

6.4. Conclusions  

Binary and ternary blends of biopolymers (modified chitosan, xanthan gum and alginic acid sodium) were 

considered for development of RA-loaded delivery systems from oil-in-water emulsions using spray-drying. 

The biopolymers used in the biopolymers blends affect the viscosity, stability and droplet size of emulsions, as 

well as the overall characteristics of microparticles. The highest encapsulation efficiency was registered when 

the xanthan gum + alginic acid sodium blend was used (76 ± 4%). Biopolymers blends-based microparticles 

containing alginic acid sodium enable slower RA release, which extends for almost 7 h. As exception, 

microparticles composed by the modified chitosan + alginic acid sodium blend enable a fast release of RA (100 

min).  
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Chapter 7 - Application of ethyl cellulose and ethyl 

cellulose + polyethylene glycol for the development 

of polymer-based formulations by spray-drying 

technology for retinoic acid encapsulation 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

The seventh chapter proposes EC-based microparticles, with and without the incorporation of PEG as a second 

encapsulating agent, prepared by spray-drying process for the encapsulation of RA. 
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This chapter is in the form of submitted paper: 

Gonçalves, A; Rocha, F; Estevinho, B N. Application of ethyl cellulose and ethyl cellulose + polyethylene 

glycol for the development of polymer-based formulations by spray-drying technology for retinoic acid 

encapsulation. 
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7.1. Introduction 

Retinoic acid (RA) is a natural derivative of vitamin A considered as a chemopreventive and/or 

chemotherapeutic agent [17]. To treat several malignances, this signalling molecule is involved in inhibition of 

cellular proliferation, migration and invasion and the triggering of differentiation, apoptosis and cellular cycle 

arrest in pre malignant and malignant cells. These processes are carried out by gene transcription regulation due 

to RA binding predominantly to RARs (RA receptors) [97,232,270–273]. 

Despite high efficacy of all-trans RA to treat acute promyelocytic leukemia (APL) (induction agent), the 

concentration of this retinoid that reach and is therefore maintained in the target cells and tissues may not be in 

the required amount to activate target genes [317]. Consequently, therapeutic efficiency is compromised with 

patients becoming resistant to RA. Moreover, as a result of continuous repetitive RA oral administration, a high 

decline in the RA half-life in blood and further reduction in the concentration of this retinoid in the plasma of 

patients is reported [25,26,58,276]. Muindi et al. [58] presented some hypotheses for this reduction of RA half-

life, including (1) a marked elimination of RA by biliary excretion (at least 60%); herein, a nonspecific binding 

to the intestinal proteins or an unreal malabsorption decreased oral bioavailability of RA, (2) RAR-α mutations 

and (3) the induction of RA catabolism due to the continued treatment with RA. Considering this last possibility, 

the regulation of cellular levels of RA is related to cytochrome P450 enzymes. They are activated for low 

amounts of this retinoid, whereby repeated RA administration may stimulate RA degradation with the formation 

of 4-oxo-all-trans RA [17,277].  

In the line with these topics, incorporation of RA into proper carrier-based delivery systems for its slow and 

continuous release is of major importance to boost the treatment of APL. Repetitive RA administration is herein 

avoided which enables to decrease the activity of cytochrome P450 enzymes and thus improve the 

bioavailability of RA. This approach also may help to deal with inactivity or rapid degradation of RA due to its 

poor aqueous solubility and high physicochemical instability (e.g. under oxidant and heat conditions). Also, 

minimization of RA side-effects due to high amount of RA administrated might be achieved [318]. 

Development of polymeric microparticles using spray-drying for RA encapsulation has been proposed by the 

authors as a strategy to treat patients with APL. Gonçalves et al. [278] evaluated the incorporation of RA 

(ethanolic solution) into alginic acid sodium-, modified chitosan- and arabic gum-based microparticles. Alginic 

acid sodium-based microparticles evidenced a RA release for more than 7 h. Afterwards, oil-in-water emulsions 

containing RA (solutions prepared in coconut oil), tween 80 and biopolymers (individually used [314] and 

combined in advantageous binary and ternary blends [319]) resulted in RA-loaded microparticles with variable 

characteristics. The higher encapsulation efficiency was registered for alginic acid sodium-, modified chitosan- 

and xanthan gum + alginic acid sodium- based microparticles (62, 65 and 76%, respectively). Also, RA 

controlled release prolonged for almost 8 h for alginic acid sodium-based microparticles and for almost 7 h for 

the majority of microparticles with alginic acid sodium in the biopolymers blends (the exception refers to 

microparticles composed by the modified chitosan + alginic acid sodium blend, wherein RA release was carried 

out in 100 min).  
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Spray-drying is a one-step procedure that enables the continuous (continuous batch), rapid and reproducible 

production of microparticles as carrier-based delivery systems at low cost. It is also an easy scale up process 

and enables the production of microparticles  with good quality [13]. In the present work, two synthetic polymers 

– ethyl cellulose (EC) and polyethylene glycol (PEG) – were considered to design microparticle formulations 

for RA oral administration and provide its controlled delivery in the intestine. These materials are hypothesized 

as an approach to prepare carrier-based systems to be fed to the spray-dryer with a significantly higher mass of 

RA when compared to the maximum mass of RA that was possible to add to the biopolymer-based systems 

previously designed by the authors [278,314,319]. Moreover, the possibility to increase the encapsulation 

efficiency using synthetic polymer-based microparticles is also considered. This step is of major importance to 

ensure that the microparticles produced have a suitable amount of RA for the treatment of APL. The usual daily 

dose of Vesanoid® is 80 mg for one adult (patient information leaflet). EC-based microparticles and 

microparticles composed by the EC + PEG blend were produced. EC is a cellulose-derived polymer with 

biocompatible, non-allergic, non-irritant, tasteless and non-biodegradable properties. It is not water soluble, but 

soluble in several organic solvents (e.g. alcohols). EC is generally recognized as safe (GRAS) and has been 

widely explored in the pharmaceutical industry for the development of a drug carrier for preparation of 

microparticles capable to provide a sustained-release. In fact, EC has been described as a retardant of drug 

release despite of the acidity of the medium, being therefore used in the composition of oral delivery systems 

[320,321]. In turn, PEG is biocompatible and presents water solubility. Accordingly, the PEG inclusion in an 

EC formulation is carried out to increase drug release rate due to solubilization of PEG during gastrointestinal 

tract. The concentration of EC and PEG can be used to manage and reach a desired release rate [322]. 

 

7.2. Material and Methods  

 

7.2.1. Materials  

All-trans RA (≥ 98%, R2625-1G, CAS 302-79-4) and EC tested according to Ph. Eur. (28244-250G, 

Lot#BCBQ4872V, CAS 9004-57-3, viscosity: 10 mPa.s, ethoxy groups (dried substances): 48.0-49.5%, country 

of manufacture: USA) were obtained from Sigma-Aldrich. PEG 4000 for synthesis (807490-1KG, 

LOT#5191687, average molecular mass: 3500 - 4500) and 1-octanol for synthesis (820931, CAS 111-87-5) 

were supplied by Merck (German). Absolute ethanol (83813.360, Lot 21B104029, CAS 64-17-5) was acquired 

from VWR BDH Chemicals. 

 

7.2.2. Formulation of RA loaded-polymer-based microparticles by spray-drying technology 

EC was used individually (EC, 100%) and as a blend of materials (EC+PEG, 50%-50%) to prepare solutions in 

absolute ethanol (1% (w/v)). RA was added to the polymer-based solutions 24 h after their preparation (after 

fully hydration of polymers) in a final concentration of 0.1% (w/v). Each solution was prepared at 35 ± 2 ºC and 

under stirring conditions and immediately fed to the spray-dryer. A mini spray-dryer B-290 from BÜCHI 
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(Flawil, Switzerland) with a standard cyclone and a standard 0.5 mm nozzle, coupled to an Inert Loop B-295 

also from BÜCHI (Flawil, Switzerland), was used to produce microparticles for RA encapsulation. Nitrogen 

pressure, aspiration rate and solution feed flow were set at 2 bar, 36 m3∙h−1 (100%) and 4 mL∙min−1, respectively. 

Inlet air temperature was set at 95 °C and outlet temperature varied between 41 and 51 °C. The temperature of 

Inert Loop B-295 was set to −5 °C. The microparticles produced were collected from the cyclone and the 

collection vessel of spray-dryer. Then the dry powder was stored under refrigeration and covered with 

aluminium foil until further analysis. The product yield (%) was determined based on Eq 7.1. 

 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =
𝐷𝑟𝑦 𝑝𝑜𝑤𝑑𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑦𝑐𝑙𝑜𝑛𝑒 𝑎𝑛𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑒𝑠𝑠𝑒𝑙 𝑜𝑓𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑝𝑟𝑒𝑝𝑎𝑟𝑒 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚𝑠 𝑓𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟  
× 100 (7.1) 

7.2.3. Microparticle morphology 

A Fei Quanta 400 FEG ESEM/EDAX Pegasus X4M (Eindhoven, The Netherlands) was used to assess 

microparticles morphology by scanning electron microscopy. Herein, microparticles were placed into a brass 

stub with double sided adhesive tape and subsequently coated in vacuum by a thin layer of gold-palladium using 

a SPI module sputter coater. 

 

7.2.4. Particle size distribution 

Mean diameter of microparticles was assessed using a Coulter LS 230 Particle Size Analyser (Miami, FL, USA) 

by laser granulometry. A suspension of microparticles was prepared in water and analysed regarding volume 

and number distributions. The volume of each particle is considered in volume distribution, whereby a higher 

contribution is attributed to particles with a higher volume. In turn, in number distribution each particle has 

equal weight. Measurements were performed in triplicate and each analysis had the duration of 30 s. 

 

7.2.5. Encapsulation efficiency and loading capacity 

Encapsulation efficiency (%) was evaluated by the ratio between the mass of RA evidenced in the microparticles 

and the mass of RA added to the polymer-based solutions prior their feeding to the spray-dryer, considering the 

approach implemented by Gonçalves et al. [314,319] and adapted from Côrrea-Filho et al. [282]. RA loaded 

microparticles were suspended in octanol, stirred (2000 rpm, 2 min) and maintained on the laboratory bench 

overnight. Then the suspension was stirred again (2000 rpm, 5 min), put on a bath at 37 ± 2 ºC for 3 h and 

centrifuged. The quantification of RA in the supernatant was assessed by an UV/VIS spectrometer (SPEC RES+, 

Sarspec, Porto, Portugal) at 352 ± 7 nm. Calibration curve was validated in a concentration range between 

0.00008 and 0.006 mg∙mL−1 with a correlation coefficient of 0.9927. LOD and LOQ were 0.0002 mg∙mL−1 and 

0.0007 mg∙mL−1, respectively. 

Loading capacity was determined by the ratio between the mass of RA and mass of microparticles used. 
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7.2.6. Controlled release experiments 

Loaded microparticles were put on a beaker with octanol (an organic solvent capable to imitate the 

characteristics of phospholipids membrane, considering its amphiphilic nature) [258,259,283,284]) at 37 ± 2 ºC 

and under magnetic stirring conditions. At appropriate time intervals samples were recovered, analysed in an 

UV/VIS spectrometer (section 2.5.) by absorbance (at 350 nm) and returned to the beaker. With the data 

obtained, RA release profiles from each type of microparticles were drawn. The models of zero-order (Eq. 7.2), 

Higuchi (Eq. 7.3), Korsmeyer-Peppas (Eq. 7.4) and Weibull (Eq. 7.5)  [260–262,267]) were fitted to the obtained 

controlled release profiles. 

  

 𝑄𝑡 =  𝑄0 + 𝐾0𝑡 (7.2) 

where Qt  is the cumulative amount of the drug/active compound released at the time t, Q0 is the initial amount 

of the drug/active compound  in solution (usually Q0 = 0) and  K0 is the zero-order release constant. 

 

 𝑄𝑡 =  𝐾𝐻 √𝑡 (7.3) 

where KH is the Higuchi constant. 

 

 
𝑄𝑡

𝑄∞⁄ =  𝐾𝐾 𝑡𝑛 (7.4) 

where Qt⁄Q∞ is the fraction of active compound released until time t and KK is the Korsmeyer constant. The 

parameter n is a parameter that defines the release mechanism and is the release exponent (diffusional). 

 

 𝑀𝑡 =  𝑀∞ [1 − 𝑒
−(

𝑡−𝑡0
τd

)
𝛽

] (7.5) 

where Mt is the dissolution/release (%) of the active compound at time t, M∞ is the dissolution/release (%) of 

the active compound at infinite time, t0 is the lag-time of the dissolution (usually t0=0), β indicates the shape 

parameter of the curve and τd is the time when 63.2% of M has been dissolved/released. 

 

7.2.7. Statistical analysis 

Particle size of microparticles was evaluated for all the microparticle formulations. Moreover, encapsulation 

efficiency and loading capacity was analysed for RA-loaded microparticles with different polymers on their 

composition. One-way analysis of variance (ANOVA) at p < 0.05 and consequent Tukey test were performed 

in Minitab® 19 software. 

 

7.3. Results and discussion 

EC-based microparticles and microparticles composed by the EC+PEG blend were designed as RA controlled 

delivery systems considering spray-drying technology. PEG-based microparticles were also produced. 

However, the solution composed by RA and PEG dissolved in absolute ethanol fed to the spray-dryer resulted 

in microparticles with a crystalline appearance that remained adhered to the cyclone of spray-dryer. 
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Accordingly, RA-loaded PEG microparticles were not possible to be recovered. Product yield of unloaded 

microparticles (microparticles MpPE – only composed by the polymer(s) as encapsulating agent(s)) and RA-

loaded microparticles (microparticles MpPRA) changed between 12 and 28% (Table 7.1). This parameter is 

mostly affected by the formulation (i.e. solution, suspension or emulsion) fed to the spray-dryer and the 

properties of the materials used as encapsulating agents. Moreover, the volume of formulation prepared and the 

conditions used in the spray-drying technique also influence the product yield. In this work, spray-dryer was 

operated based on conditions previously used by some of the authors [323]. All the solutions were prepared 

with 100 mL, varying their composition in terms of the polymers used and the presence/absence of bioactive 

compound. The usage of EC as an individual encapsulating agent or in a blend with PEG resulted in a similar 

product yield among microparticles MpPE (Table 7.1). In turn, incorporation of RA in the microparticles 

decreased the product yield of EC-based microparticles, while increased the product yield of EC + PEG-based 

microparticles (Table 7.1). The type of polymers used seems to not interfere with product yield. However, the 

impact of the encapsulating agents’ properties in the product yield is clear in several studies. For example, the 

high viscosity of xanthan gum requires the preparation of a higher volume of solutions/emulsions based on this 

polysaccharide when compared to the one used to prepare solutions/emulsions composed of low viscosity 

biopolymers, in order to obtain a similar product yield [314]. Furthermore, the product yield of polymer-based 

microparticles obtained in this work was lower when compared to the biopolymer-based microparticles 

produced in other works using the same encapsulating method [290,324,325]. Herein, a great amount of EC- 

and EC + PEG-based microparticles remained deposited on the cyclone of spray-dryer, which compromised the 

recovery of the dried powder. Several authors report the production of EC-based microparticles with a product 

yield mostly higher than 40%. Waghulde and Naik [326] produced EC microparticles by spray-drying technique 

for vildagliptin (an antihyperglycemic drug) encapsulation with a product yield between 40.85 and 75.73%. 

This experiment was carried out considering a two-factor three-level factorial design wherein the surfactant 

concentration (span-80, between 0.3 and 0.8 % w/v) and mass of EC (between 0.5 and 1.5 g) were selected as 

independent variables. EC solutions were prepared in methanol. The obtained particles exhibited a mean size of 

1.026 µm. Also, Stocker et al. [327] and Tsolaki et al. [328] spray-dried active pharmaceutical ingredients-ionic 

liquids into EC with a product yield that ranged between 67.9 and 87.8% (only in two cases the product yield 

was 24.8% and 29.9%), using a mini spray-dryer combined with the B-295 inert loop and two-fluid nozzle (1.5 

mm cap and 0.7 mm tip). The EC concentration used was 2.5% (w/v). 

 

7.3.1. Surface morphology of microparticles 

Microparticles MpPE and MpPRA, both composed by EC and by the EC + PEG blend, exhibited an irregular 

form that varied between a spherical and elliptic structure (Figure 7.1). Moreover, they evidenced several 

concavities that determined a rough surface. In this case, the production of microparticles with different 

formulations did not result in different microparticle morphologies. Waghulde and Naik [326] also evaluated  
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Table 7.1 – Characterization of polymer-based microparticles for RA encapsulation: product yield, particle diameter, encapsulation efficiency and loading 

capacity. 

Microparticles content 

Product yield (%) 

Particle mean diameter 

Encapsulation efficiency (%) Loading capacity (%) 

Formulation Encapsulating agent 
Differential volume 

distribution (µm) 

Differential number 

distribution (µm) 

MpPE 
EC 19 22 ± 2bc 0.090 ± 0.002c - - 

EC + PEG 21 6.0 ± 0.1c 0.54 ± 0.02a - - 

MpPRA 
EC 12 44 ± 8a 0.13 ± 0.01b 107 ± 23a 10 ± 2a 

EC + PEG 28 31 ± 13ab 0.0987 ± 0.0004c 109 ± 19a 10 ± 2a 

Different letters in the same column indicate significant differences (p<0.05)
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the morphology of microparticles produced, being very similar to the one registered for the microparticles 

obtained in this work. On the other hand, Wagh et al. [329] obtained by spray-drying EC micro-/nanospheres 

loaded with ketorolac tromethamine that showed a spherical form and a very slight rough surface. In the 

preparation of micro-/nanospheres the drug and polymer were dissolved in a mixture of dichloromethane and 

acetone along with magnesium stearate. 

 

 

Figure 7.1 – Surface morphology of MpPE (A and B) and MpPRA (C and D) microparticles composed by EC 

(A and C) and EC + PEG blend (B and D). Magnification = 20,000 times, beam intensity (HV) 15.00 kV, 

distance between the sample and the lens (WD) around 10 mm. 

 

Figure 7.2 – Particle size distribution of microparticles MpPE composed by EC + PEG blend, considering 

differential volume distribution: replicate 1 - grey circles, replicate 2 - dark grey circles, replicate 3 – black 

circles. 

[A] [B] 

[C] [D] 
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7.3.2. Microparticle particle size 

Mean diameter of all microparticle formulations ranged between 0.090 ± 0.002 and 0.54 ± 0.02 µm (Table 7.1) 

(differential number distribution). In other studies, the usage of spray-drying technology to produce 

microparticles composed by different biopolymers (individual or as a blend) for the controlled delivery of 

several bioactive compounds resulted in a powder with a mean size higher than 0.100 µm [278,303,316]. In 

turn, differential volume distribution showed an overall particle mean diameter between 6.0 ± 0.1 and 44 ± 8 

μm, being the smaller size related to microparticles MpPE composed by EC + PEG blend (Table 7.1). These 

results suggest the aggregation of microparticles, which was identified on volume weighted size distribution 

(Figure 7.2). This explains the marked divergence of particle mean diameter exhibited comparing volume and 

number distribution. Waghulde and Naik [326] obtained EC microparticles by spray-drying with a mean size of 

1.026 µm, as previously described (section 7.3.). 

 

7.3.3. Encapsulation efficiency and loading capacity 

Encapsulation efficiency was experimentally calculated as 107 ± 23 and 109 ± 19% for EC- and EC + PEG- 

based microparticles, while loading capacity was 10 ± 2% for both types of microparticles (Table 7.1). In this 

work, the production of polymer-based delivery microparticles capable to incorporate the total mass of RA used 

to formulate the systems fed to the spray-dryer is a major achievement. It must be pointed out the usage of an 

increased amount of RA up to a suitable amount for the treatment of APL. With an encapsulation efficiency of 

100%, the amount of EC- and EC+PEG- based microparticles capable to incorporate the current daily amount 

of RA administrated for APL is less than 1 g. 

In previous studies, biopolymer-based microparticles produced by spray-drying technology for RA 

encapsulation were designed by mixing a RA solution (prepared in coconut oil at 0.1% (w/v)), tween 80 (0.5% 

(w/v) regarding to RA solution) and each encapsulating agent solution. Herein, the higher encapsulation 

efficiency was 65 ± 6% using modified chitosan-based microparticles [314] and 76 ± 4% for microparticles 

composed by the xanthan gum + alginic acid sodium blend [319]. 

The encapsulating agents used in the microparticle production highly influence the bioactive compound content 

effectively retained in the carrier-based systems [234]. Waghulde and Naik [326] registered an encapsulation 

efficiency between 71.42 and 89.87% for the vildagliptin loaded microparticles composed by EC. In turn, Wagh 

et al. [329] observed an encapsulation efficiency between 70.74 and 79.68% for the ketorolac tromethamine-

loaded micro-/nanospheres also composed by EC.  

 

7.3.4. Drug controlled release 

RA release from EC-based microparticles and microparticles composed by the EC + PEG blend was performed 

at 37 ֯C in octanol. This solvent will enable to assume about RA ability to cross the lipid membranes 

[258,259,283]. Carrier-based delivery systems composed by EC are resistant to acidic environments and enable 

to prolong the drug release for a long time, as previously referred (section 7.1.) [320,321]. In turn, the EC + 
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PEG blend arises as a strategy to increase the drug release due to PEG solubilization [322]. Accordingly, in this 

study it was assumed that the microparticles produced are not significantly damaged until they reach the 

intestine, wherein the release and absorption of RA is carried out in contact with lumen membrane. 

The obtained cumulative RA release profiles are presented in Figure 7.3.  

 

 

Figure 7.3 – Cumulative RA release from polymer-microparticles composed by EC (pink circles) and by the 

EC + PEG blend (blue triangles). Results are presented as the average and standard deviation of three 

independent assays. 

 

The release RA behaviour from both types of microparticles was very similar and is characterized by a fast 

release of this drug to the surrounding environment. Complete RA release was achieved in 40 min when the 

polymer EC and the EC + PEG blend were considered as encapsulating agents. Several studies report the 

influence of different controlled release conditions in the drugs release rate from EC-based microparticles. For 

example, Waghulde and Naik [326] registered a continuous and constant release rate of vildagliptin from spray-

dried EC microparticles in a phosphate buffer (pH 7.4) up to 12 h. At the end of 12 h between 89.45 and 97.4% 

of the drug was released. Wagh et al. [329] also used a phosphate buffer (pH 6.8) to investigate the release of 
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ketorolac tromethamine from EC microparticles obtained by spray-drying. Herein, drug release varied from 

32.68 to 45.48% considering 12 h of experiment. de Francisco et al. [330] evaluated the fluoride release from 

EC microparticles and a fast release of sodium fluoride, sodium monofluorophosphate and aminofluoride in 

purified water was evidenced in the first 30 min. 

 

7.3.5. Kinetic models 

Kinetics of zero order (considers a slow and constant release rate) was adjusted to the RA controlled release 

profiles obtained from EC- and from EC + PEG-based microparticles with a determination coefficient of 0.774 

and 0.751, respectively (Table 7.2). The zero-order release constant, K0, was 7.1x10-3 and 7.2x10-3 mg∙min-1, 

suggesting a similar release rate of RA from both types of microparticles.  

Regarding the Higuchi model, the Higuchi constant, KH, registered the values 3.6x10-2 and 3.7x10-2 when the 

polymer EC and the EC + PEG blend were used in the microparticle formulations, respectively. Furthermore, 

the determination coefficient was 0.977 and 0.972.  

The Korsmeyer-Peppas model was fitted to the RA controlled release profiles for Qt⁄Q∞ lower than 0.6 [262]. 

Again, for all the microparticles produced the parameter n was lower than 0.43 (n = 0.02 for EC-based 

microparticles and n = 0.004 for the microparticles composed by the EC + PEG blend (Table 7.2), whereby a 

Fickian diffusion (case I transport) and a rate as a function of time of t-0.57 is suggested [145,262]. The Korsmeyer 

constant, KK, and the determination coefficients were 9.1x10-1 and 9.8x10-1, and 0.809 and 0.875, for the EC 

and the EC + PEG microparticles, respectively (Table 7.2).  

 

Table 7.2 – Parameters and correlation coefficients of zero-order, Higuchi, Korsmeyer-Peppas and Weibull 

models fitted to the experimental RA release profiles. 

Parameters 
Encapsulating agents 

EC EC + PEG 

K
in

et
ic

 m
o

d
el

s 

Zero-order 

K0 (mg∙min-1) 7.1x10-3 7.2x10-3 

Q0 (mg) 2.2x10-2 2.4x10-2 

R2 0.774 0.751 

Higuchi 
KH (mg∙min-0.5) 3.6x10-2 3.7x10-2 

R2 0.977 0.972 

Korsmeyer-Peppas 

Kk (min-n) 9.1x10-1 9.8x10-1 

n 0.02 0.004 

R2 0.809 0.875 

Weibull 

τd (min) 0.2 0.0004 

β 0.3 0.2 

R2 0.841 0.768 
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Weibull model was adjusted to the controlled release profiles with determination coefficients of 0.841 and 0.768 

for EC-based microparticles and microparticles composed by the EC + PEG blend, respectively (Table 7.2). 

The β parameter was lower than 1 for both types of microparticles (β = 0.3 for EC-based microparticles and β 

= 0.2 for EC + PEG-based microparticles (Table 7.2), indicating that the shape of the curve would show a 

steeper increase regarding the shape of the release curve that corresponds exactly to the shape of an exponential 

profile [262]. At last, τd parameter was 0.2 and 0.0004 min when the polymer EC and the EC + PEG blend were 

used as encapsulating agents, respectively (Table 7.2). 

Weibull was the most appropriate model to describe the release of RA from all polymer-based microparticles 

proposed in this work. It is explained by the internal morphological structure of spray-dried microparticles 

[260]. Gonçalves et al. [278,314,319] observed that this model also enabled the best fit to the obtained RA 

controlled release profiles from different formulations of biopolymer-based microparticles produced by spray-

drying. 

 

7.4. Conclusion  

The synthetic polymers EC and PEG were successfully used to produce RA-loaded microparticles by spray-

drying. Herein, controlled delivery systems individually composed by EC and composed by the EC + PEG 

blend were developed. All the formulations enabled to obtain microparticles with a global small size (differential 

number distribution) and similar surface morphology. Loaded microparticles incorporated the total amount of 

RA fed to the spray-dryer, obtaining an encapsulation efficiency of around 100%. At last, both EC- and 

EC+PEG-based microparticles enabled a very fast complete release of RA (in 40 min). The incorporation of 

PEG in the EC-based microparticles did not change the RA release profiles. 
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Chapter 8 - In vitro bioaccessibility and intestinal 

transport of retinoic acid in ethyl cellulose-based 

microparticles and impact of meal co-ingestion 

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

The eighth chapter proposes the evaluation of RA bioaccessibility after in vitro static digestion of RA loaded 

synthetic polymer-based microparticles (composed by EC and the EC + PEG blend), with and without co-

ingestion of a reference diet. Moreover, the study of RA intestinal transport was presented considering an 

intestinal absorption model (Caco-2 cells). 
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This chapter is in the form of submitted paper: 

Gonçalves, A; Viegas, O; Faria, M; Ferreira, I M.P.L.V.O.; Rocha, F; Estevinho, B N. In vitro bioaccessibility 

and intestinal transport of retinoic acid in ethyl cellulose-based microparticles and impact of meal co-ingestion 
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8.1. Introduction 

Retinoic acid (RA) is a naturally occurring endogenous retinoid recognized for its anticancer activity [17]. This 

chemopreventive and chemotherapeutic agent acts in the regulation of gene transcription (involvement of a 

family of nuclear receptors comprising RA receptors (RARs)) [331], inhibiting the proliferation, migration and 

invasion of cells and promoting the differentiation, apoptosis and cellular cycle arrest [49,332–335]. 

The only effective strategy in the treatment of acute promyelocytic leukaemia (APL) is based on the usage of 

all-trans RA [274]. However, routine oral administration of this retinoid to the patients has been a challenge. 

Continuous repetitive RA administration leads to a marked reduction of RA half-life, occurring a high decrease 

of RA concentration in the plasma [25,26,58,276]. The concentration of RA reaching the target cells/tissues 

may therefore be insufficient to activate target genes. Moreover, the patients become resistant to this retinoid. 

For these reasons, the efficiency of RA as a pharmacological agent may be compromised. 

The reasons for the RA half-life decrease are pointed out by Muindi et al. [58] and include the elimination of 

RA by biliary excretion (at least 60%), RAR-α mutations and the triggering of RA catabolism as a result of the 

continued treatment with this retinoid. Cytochrome P450 is involved in the RA cellular levels regulation, 

promoting the degradation of this retinoid with the production of 4-oxo all-trans RA. These enzymes are 

activated even in the presence of a low amount of RA, whereby the repeated RA administration during APL 

treatment promotes RA conversion and does not enable to maintain the RA levels in the plasma [17,277]. In the 

line with these topics, the development of a carrier-based system for oral administration capable to provide a 

slow and sustained release of RA in the small intestine might beneficiate the activity of this retinoid. This 

approach aims to avoid RA repetitive administration with impact on the reduction of the activity of cytochrome 

P450. Encapsulation of RA can also minimize the severe side-effects due to the high amount of RA 

administration as well as protect RA from the undesirable conditions in the gastrointestinal tract [318].  

Spray-drying technology has been explored for RA encapsulation into several biopolymer-based microparticles 

formulations addressed for the treatment of APL [278,314,319,336]. It is a one-step, rapid, continuous 

(continuous batch), reproducible, low cost and of easy scale up method [193]. In our most recent work, 

microparticles composed by ethyl cellulose (EC) and the EC + polyethylene glycol (PEG) blend were proposed 

for RA oral administration and the controlled release and absorption in the intestine [336]. EC is described as a 

synthetic polymer used in oral delivery systems to protect the drugs from the acidity of the medium and retard 

the release [320,321]. The incorporation of PEG into EC formulations can be used to increase the drug release 

rate due to the solubilization of PEG in gastrointestinal tract [322]. The obtained carrier-based delivery systems 

were characterized in terms of encapsulation efficiency, morphology, particle size and controlled release studies. 

The best achievement was the production of RA-loaded microparticles with an encapsulation efficiency of 

100%. These particles can incorporate an amount of RA, comparable to the recommended dose of Vesanoid® 

currently used in the treatment of APL, in a reasonable volume. The present work configures the next logical 

step in the study of the developed particles which involves its evaluation and validation to be used for RA oral 

administration. Carrier-based systems addressed for RA oral administration must be resistant to the stomach 

harsh environment and enable the RA delivery in the small intestinal lumen wherein vitamin A is absorbed [83]. 
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This strategy also protects RA against the gastrointestinal aqueous environment and oxidant conditions [17,76]. 

Within the scope of APL treatment, the selection of the polymers to be used in the microparticles formulation 

is therefore of major importance. The aim of this work was thus to evaluate EC- and EC+PEG (ECP)-based 

microparticles loaded with RA towards its applicability by in vitro simulation of gastrointestinal digestion 

coupled to an intestinal absorption model (Caco-2 cells). The influence of digesting these microparticles with 

and without meal (following a western diet) was evaluated regarding RA bioaccessibility (gastric and intestinal 

phases) and RA intestinal transport. Several in vitro models are currently described to mimic the physiological 

processes performed in the gastrointestinal digestion [337]. In vitro static models are simple, low cost and 

reproducible in the evaluation of bioaccessibility [174,177]. Moreover, they are not usually used to evaluate the 

bioaccessibility of drugs. In this study, a general standardized in vitro digestion protocol proposed by the 

INFOGEST network was implemented [208]. The Caco-2 human colorectal cancer epithelial cell line is the 

most used among in vitro intestinal transport systems [222]  covering a wide range of compounds [338,339]. 

Moreover, a few studies report the usage of this type of cells to evaluate the intestinal absorption of bioactive 

compounds incorporated into carrier-based delivery systems [223,224]. 

 

8.2. Material and Methods 

 

8.2.1. Materials  

All-trans RA (≥ 98%, R2625), EC tested according to Ph. Eur. (28244), bovine bile (B3883), porcine pepsin 

(P7012), porcine pancreatin (P7545), CaCl2(H2O)2 (C1016), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide) (M2128) were supplied by Sigma-Aldrich. PEG 4000 for synthesis (807490), 1-

octanol for synthesis (820931), NaOH (9141) and acetonitrile (HPLC grade, 100030) were obtained from 

Merck. Acetic acid (LC-MS grade) was obtained from Biosolve Chimie (Dieuze, France). Absolute ethanol 

(83813.360) was obtained from VWR BDH Chemicals. HCl (6081) was purchased from J. T. Baker. DMSO 

(D1370) was obtained at Duchefa Biochemie B.V (Haarlem, The Netherlands). High glucose Dulbecco’s 

modified Eagle’s medium (DMEM) (11965092), fetal bovine serum, MEM nonessential amino acids 100 X 

(11140050), GlutaMAX™ 100 X (11140050), penicillin/streptomycin 100 X solution (10,000 

Units·ml−1/10,000 mg·ml−1) (15140122) and Hanks balanced salt solution (HBSS) were all purchased from 

Gibco/Life Technologies corporation (Paisley, United Kingdom). Transwell permeable polycarbonate 0.4 µm 

pore size 12-well supports and inserts (83.3931.040) were supplied from Sarstedt (Nümbrecht, Germany). 

Ultrapure water was obtained from distilled water by a Milli-Q gradient system (18.2 mΩcm−1) from Millipore 

(Milford, MA, USA). 
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8.2.2. RA encapsulation into microparticles composed by EC and the EC+PEG blend by 

spray-drying 

Two solutions composed by EC (100%) and the EC+PEG blend (50%-50%) were prepared in absolute ethanol 

at 1% (w/v) under stirred conditions and at 35 ± 2 ºC. After fully polymers hydration (24 h) RA was added to 

these solutions (0.1% (w/v)) and the final mixture was immediately fed to the spray-dryer. A mini spray-dryer 

B-290 (with a standard 0.5 mm nozzle and a standard cyclone) coupled to an Inert Loop B-295, all from BÜCHI 

(Flawil, Switzerland), was used to obtain the RA-loaded microparticles. Nitrogen pressure, aspiration rate, 

solution feed flow, inlet air temperature and the temperature of Inert Loop B-295 were set at 2 bar, 32 m3∙h−1 

(80%), 4 mL∙min−1, 100 °C and −5 °C, respectively. The outlet air temperature varied between 44 and 59 °C. 

The microparticles produced were protected from the light with aluminium foil and stored at 4 °C. RA-loaded 

microparticles composed by EC and the EC + PEG blend were denominated microparticles EC and 

microparticles ECP, respectively. The product yield was determined by the ratio between the amount of dry 

powder recovered in the cyclone and in the collection vessel of spray-dryer and the total mass of compounds 

used to prepare the systems fed to the spray-dryer (Eq. 8.1).  

 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =
𝐷𝑟𝑦 𝑝𝑜𝑤𝑑𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑦𝑐𝑙𝑜𝑛𝑒 𝑎𝑛𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑒𝑠𝑠𝑒𝑙 𝑜𝑓𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑝𝑟𝑒𝑝𝑎𝑟𝑒 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚𝑠 𝑓𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟  
× 100 (8.1) 

8.2.3. Encapsulation efficiency and loading capacity 

Encapsulation efficiency (%) was determined by the ratio between the amount of RA present in the 

microparticles and the amount of RA added to the synthetic polymers-based solutions fed to the spray-dryer, 

adapting the method described by Côrrea-Filho et al. [282]. Microparticles were suspended in octanol and stirred 

at 2000 rpm during 2 min and kept at room temperature overnight. Then, the suspension was stirred at 2000 rpm 

during 5 min, put on a bath at 37 ± 2 ºC for 2 h and centrifuged (Centromix mod.  S-549, Porto, Portugal) at 50 

000 rpm during 20 min. The supernatant was recovered and diluted in methanol for further determination of RA 

concentration by high‑performance liquid chromatography (HPLC) at 355 nm (section 8.2.8.).  

Loading capacity of microparticles was determined by the ratio between the amount of RA and microparticles 

weight. 

 

8.2.4. Characterization of RA-loaded microparticles  

Surface morphology and particle size were analysed by scanning electron microscopy using a Fei Quanta 400 

FEG ESEM/EDAX Pegasus X4M (Eindhoven, The Netherlands). Microparticles were fixed into a brass stub 

with double-sided adhesive tape and then coated in vacuum by a thin layer of gold-palladium using a SPI module 

sputter coater. 

 

8.2.5. Preparation of meal 

The meal was prepared considering a common western dietary pattern, according to Silva et al. [340]. The food 
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ingredients used were beef (semi-fat) (200 g/800 g of meal), homemade french fries (fried in sunflower oil) (200 

g/800 g of meal) and coke-type soft drink (400 g/800 g of meal), without salt addition (Table 8.1). At the end 

the meal was mixed using a Thermomix® (Vorwerk, Germany) to produce a homogeneous sample. Macro and 

micronutrientes composition of this Western Diet (88 compounds) can be assessed in a cured database [341]. 

 

Table 8.1 – Proximal composition of the meal used in in vitro digestion experiments following a western diet.      

  Western diet 

  Beef (semi-fat) 
Homemade french fries 

(cooked in vegetable oil) 
Coke-type soft drink (mL) 

Total amount (g) 800 200 200 400 

Energy 982 384 454 144 

Humidity 593.6 121.8 108.6 363.2 

Protein 61.2 53.8 7.4 0 

Fat 40.4 18.8 21.6 0 

Saturated fatty acids 10.8 8 2.8 0 

Monounsaturated fatty acids 13.2 8.4 4.8 0 

Total polyunsaturated fatty acids 11.4 1.2 10.2 0 

Trans fatty acids 1 0.8 0.2 0 

Carbohydrates 91.2 0 55.2 36 

Total sugars 39.4 0 3.4 36 

Sucrose 21.4 0 1.8 19.6 

Glucose 0 0 0 0 

Frutose 0 0 0 0 

Total fibers 4.8 0 4.8 0 

Cholesterol 178 178 0 0 

Ashes 6.4 3.6 2.4 0.4 

Ca 88 36 28 24 

Mg 104 60 40 4 

K 2084 700 1380 4 

Na 588 540 28 20 

P 708 540 128 40 

Fe 5.6 5 0.6 0 

Zn 10.8 10.2 0.6 0 

Mn 0 0 0 0 

Cu 0 0 0 0 

Se 0 0 0 0 

Vitamin A 0 0 0 0 

β-carotene 0 0 0 0 

Vitamin D 0.6 0.6 0 0 

Vitamin E 7.66 0.06 7.6 0 

Thiamine 0.54 0.1 0.44 0 

Riboflavin 0.44 0.38 0.06 0 

Niacin 11.8 8.2 3.6 0 

Trp/60 12.8 11.4 1.4 0 

Niacin equivelants 22.2 19.6 2.6 0 

Vitamin B6 1.56 0.56 1 0 

Vitimanin B12 4 4 0 0 

Vititamin C 26 0 26 0 

Folates 113 39 74 0 
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8.2.6. INFOGEST in vitro digestion  

The in vitro digestion was performed according to the internationally standardised methods described by 

Brodkorb et al. [208], simulating oral, gastric and small intestinal digestion. Briefly, 25 mg of EC-based 

microparticles or 22 mg of ECP-based microparticles (each type of microparticles contained a total of 2 mg of 

RA), with and without 5 g of meal, were mixed with 4 mL of simulated salivary fluid (SSF), 25 μL of 0.3 M 

CaCl2 solution and 975 of μL of ultrapure water. The oral mixture was incubated at 37 °C under gentle stirring 

for 2 min. The obtained oral bolus was then mixed with 8 mL of simulated gastric fluid (SGF), 5 μL of 

0.3 M CaCl2, 0.5 mL of pepsin (2000 U·mL-1), 1 N HCl to adjust pH to 3.0 and water (to reach a total volume 

of 20 mL) to form the gastric phase. The gastric mixture was incubated at 37 °C for 2 h under gentle stirring. 

Half of gastric chime was collected for further analysis while the other half was used to proceed with the 

intestinal digestion. Accordingly, 4.25 mL of simulated intestinal fluid (SIF), 20 μL 0.3 M CaCl2, 2.5 mL of 

pancreatin solution (100 U·mL-1 based on trypsin activity), 1.25 mL of bile solution (10 mM), 1 N NaOH to 

adjust pH to 7.0 and water (to reach a total volume of 20 mL) were added to gastric chime to form the intestinal 

phase. The intestinal mixture was also at 37 °C for 2 h under gentle stirring. The samples obtained after gastric 

and intestinal digestion were immediately put on an ice bath for 10 min and then centrifuged at 5000 g and 4 °C 

during 10 min (Centrifuge Model 5810R, Eppendorf). The supernatant, correspondent to the bioaccessible 

fraction, was frozen at −20 °C. All the digestions were performed in triplicates plus one blank for pH adjustment. 

The two blanks of digestion, with and without meal, were performed with only one replicate. An overview about 

the in vitro digestion procedure as well as the RA intestinal transport assay (section 8.2.7.) is presented in Figure 

8.1. 

 

Figure 8.1 – In vitro digestion of RA-loaded EC- and ECP-based microparticles, with and without diet, and 

intestinal transport of RA. 
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8.2.7. Cell culture and intestinal transport 

The human cell line Caco-2 cells were kindly provided by the “Molecular Physical-Chemistry” group of the 

University of Coimbra. Cells were cultured in a supplemented culture medium composed by DMEM, 10% of 

fetal bovine serum, 1% of non-essential amino acids solution, 1% GlutaMAX™ solution, 100 units·ml-1 

penicillin and 100 mg·ml-1 streptomycin, at 37 °C and 5% CO2. Culture medium was changed every two days 

until 60% confluence when cells were passaged. Experiments were carried out between passages 61 and 67.  

For the evaluation of RA intestinal transport cells were seeded in a density of 1×105 cells·cm-2 in 12 well 

Transwell plates. The volumes of culture medium in the apical and basolateral compartments were 0.8 and 1.5 

mL, respectively, changed with fresh medium every two days. The transport experiment was carried out between 

21 and 28 days after the cells seeding in the inserts. Herein, the cell monolayers were washed twice with HBSS 

and then incubated at 37 °C for 30 min for cells stabilization. The integrity of the cell monolayer was analysed 

by measuring the transepithelial electric resistance (TEER) using the Millicell ERS-2 Voltohmmeter (Merck 

Millipore, Darmstadt, Germany). Only monolayers with a TEER value > 1000 Ω·cm2 were considered for the 

experiment. A BSA in HBSS solution 1% (w/v) was added to the basolateral compartment to prevent plastic 

binding of compounds [342]. In turn, in the apical compartment cells were exposed to the bioaccessible fractions 

of the blank of digestion (blank digesta); the meal digestion (meal digesta) that were 1:40 diluted in HBSS and 

then spiked with RA (0.05 mg·mL-1) to simulate a fasted state intestinal lumen. Moreover, the cells were also 

exposed to RA dissolved in HBSS (0.05 mg·mL-1) as a control condition. Bioaccessible fractions were 

previously treated according to Garrett et al. [343]. Broadly, the blanks of final intestinal digestion were 

vortexed, centrifuged at 12 000 g at 4 °C for 30 min, diluted in HBSS and filtered through a 0.22 μm syringe 

filter. 

The minimal digests dilution to be used in the transport assays was determined by a preliminary cellular viability 

(MTT test performed in a 96 well plate considering a cell density of 5x104 cell·mL-1 (10000 cell/200 µL)) and 

monolayer integrity after 3 h of cells expositions to different dilutions of digests (1:3; 1:5 and 1:10). 

Transport experiment was performed in triplicate for 120 min. Aliquots of 100 µL were taken from basolateral 

compartment after 15, 30 and 60 min and these volumes replenished with the same volume of basolateral 

medium. At the end of the experiment the whole volume from the apical and basolateral compartments were 

collected. All aliquots were kept at −20 °C until further analysis. At last, both compartments were washed twice 

with HBSS and then the monolayer integrity was evaluated after 30 min stabilization in HBSS at 37 ºC. 

 

8.2.8. RA extraction and HPLC analyses 

Bioaccessible fractions from gastric and intestinal phases, as well as the aliquots obtained from intestinal 

transport experiment were subjected to an extraction using acetonitrile. This solvent was added to each sample 

in an appropriate dilution and after 30 min (protein precipitation) the mixture was centrifuged at 17,000 x g 

(Heraeus Fresco 17 Centrifuge, Thermo Scientific™) for 5 min. The supernatant with RA was recovered for 

further quantification of this retinoid. In the case of aliquots corresponding to 15, 30 and 60 min of intestinal 



In vitro bioaccessibility and intestinal transport of retinoic acid in ethyl cellulose-based microparticles and impact of meal co-ingestion 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

________________________________________________________________________________________
133 

 

transport, they were first lyophilized (Freeze Dryer Cryodos, Telstar, Terrassa, Spain) and then dissolved in 

acetonitrile. The supernatant obtained after centrifugation was evaporated to dryness by nitrogen stream and the 

analytes were redissolved in an appropriate volume of acetonitrile for further RA quantification. 

Separation and quantification of RA was performed by high performance liquid chromatography (HPLC) using 

an analytical HPLC unit (Jasco, Japan) equipped with PU-1580 HPLC pump, a MD-2010 PLUS 

multiwavelength detector, an automatic  injector AS-2057 Plus with a 20 μL  injector and a column C18 reversed 

phase YMC-Triart C18 (25 cm length; 4.6 mm internal diameter; 5 μm particle size) was used. Samples were 

eluted at 0.9 mL·min-1 by an isocratic mobile phase composed by acetonitrile and acetic acid 1% (v/v) (90/10, 

v/v) was used (adapted from [344]. The wavelength was set at 355 nm [344] and the retention time was 11.3 

min. The system was controlled by Borwin PDA Controller Software (JMBS Developments, Le Fontanil, 

France). 

RA calibration curve with correlation coefficients of 0.9997 was validated in a concentration range between 

0.005 and 10 mg∙L−1. LOD and LOQ were 0.054 and 0.183 mg∙L−1, respectively. 

 

8.2.9. Statistical analysis 

RA bioaccessibility was compared among digests of EC- and ECP-based microparticles, with and without diet, 

at gastric and intestinal level. Moreover, apical retention and intestinal transport was evaluated regarding the 

blank digesta and meal digesta spiked with RA and RA dissolved in HBSS. One-way analysis of variance 

(ANOVA) and ANOVA multiple comparison tests at p<0.05 with Tukey test were conducted by GraphPad 

Prism version 6.0 for Windows. 

 

8.3. Results and discussion 

 

8.3.1. Production and characterization of EC- and ECP-based microparticles loaded with RA 

Microparticles EC and microparticles ECP, both loaded with RA, were obtained by spray-drying method with 

a product yield of 4 and 37%, respectively (Table 8.2). The composition of the system fed to the spray-dryer 

highly affects the product yield due to the influence of the properties of the polymers used as encapsulating 

agents and the type of formulations used (i.e. solution, suspension or emulsion). Moreover, the volume of 

formulation prepared and the operational conditions applied during the spray-drying (i.e. inlet air temperature) 

also influence the product yield. In this work, both solutions were prepared with 100 mL and the operating 

conditions used in the spray-dryer were similar to the one previously used by the authors to produce the same 

type of microparticles [336]. Accordingly, the differences pointed out in the product yield can be explained by 

the microparticles formulation used. The low product yield related to EC-based microparticles can be explained 

by the high amount of microparticles that moved towards the filter and the amount of microparticles that 

remained adhered to the walls of cyclone and the collection vessel of spray-dryer (visually observed). Gonçalves 
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et al. [336] produced EC- and EC + PEG- based microparticles for RA encapsulation and the product yield was 

also higher for the second set of microparticles (12 and 28 %, respectively).  

Encapsulation efficiency and loading capacity were 91 ± 12 and 8 ± 4% for EC-based microparticles, 

respectively (Table 8.2). In turn, for ECP-based microparticles these parameters were 100 ± 7 and 9.1 ± 0.6%, 

respectively (Table 8.2). Broadly, encapsulation efficiency is influenced by the characteristics of the 

encapsulating agent(s) and the bioactive compound(s), the properties of the system fed to the spray-dryer and 

the parameters of the spray-drying process (i.e. inlet and outlet air temperature and aspiration rate, among others) 

[345]. In this work, the polymers used as encapsulating agents and their final concentration enabled them to 

obtain an encapsulation efficiency higher than 90%. Particularly, the EC + PEG blend enabled the total retention 

of RA inside the microparticles. Furthermore, these synthetic polymer-based microparticles enabled the 

incorporation of a significantly higher mass of RA when compared to the mass of RA that was possible to 

incorporate in microparticles composed by several biopolymers (e.g. modified chitosan, alginic acid sodium, 

arabic gum, xanthan gum and gelatin [314,319]), individually used or as a blend. This achievement may become 

the formulations herein proposed with higher interest for the treatment of APL. The daily dose of Vesanoid® is 

around 80 mg of RA for an adult (patient information leaflet). 

 

Table 8.2 – Product yield, encapsulation efficiency and loading capacity of RA-loaded microparticles composed 

by different synthetic polymer formulations. 

Microparticles 

formulations 
Product yield (%) Encapsulation efficiency (%) Loading capacity (%) 

EC 4 91 ± 12 8 ± 4 

ECP 37 100 ± 7 9.1 ± 0.6 

 

Microparticles EC and microparticles ECP evidenced a very irregular form and several concavities. Moreover, 

they exhibited an estimated size of 2 µm (Figure 8.2). A similar morphology was observed by the authors when 

they produced RA-microparticles using the same formulations [336]. 

 

 

Figure 8.2 – Surface morphology of microparticles EC (A) and microparticles ECP (B). Magnification = 50,000 

times, beam intensity (HV) 15.00 kV, distance between the sample and the lens (WD) around 10 mm. 
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8.3.2. RA bioaccessibility at gastric and intestinal levels 

The bioaccessibility of RA at gastric and intestinal levels was evaluated when RA-loaded microparticles 

composed by EC and the EC+PEG blend were subjected to the INFOGEST in vitro digestion method. The effect 

of digesting the microparticles together with a meal (following a western diet) on RA bioaccessibility was also 

assessed. No significant changes were observed on RA bioaccessibility at gastric level (Figure 8.3). Herein, the 

highest percentage was 3 ± 2%, when microparticles EC without diet were digested. These results evidenced  
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Figure 8.3 – Gastric and intestinal bioaccessibility (%) of RA after the in vitro digestion of RA-loaded 

microparticles with and without diet. **** p < 0.0001, *** p < 0.001.    

 

the ability of the synthetic polymers used as encapsulating agents to maintain the RA-loaded microparticles 

relatively intact and, consequently, to preserve RA inside the microparticles during gastric digestion. In fact, 

EC is widely used in the pharmaceutical industry for the development of oral delivery-based systems due to its 

ability to prevent drugs exposure to the stomach conditions, at the same time enabling a sustained drug release 

in the intestinal tract for further absorption [320,321], as previously described (section 8.1.). Moreover, the 

inclusion of PEG in the EC-based formulation does not seem to have promoted the RA release from 

microparticles ECP in the stomach due to the expected PEG solubilization in water and subsequent creation of 

spaces in the matrix. Accordingly, this current formulation proposed, due to the concentration and/or the 

proportion of polymers used, may not benefit the final microparticles in controlled release studies for the 

delivery of RA in the intestine.  

At intestinal level, RA bioaccessibility was significantly influenced by the type of microparticles and the 

presence of diet (Figure 8.3). Microparticles EC without diet enabled a significant higher bioaccessibility of this 

retinoid (84 ± 1%) when compared to microparticles EC with diet (24 ± 6%), as well as microparticles ECP 
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with and without diet (54 ± 4 and 25 ± 5%, respectively) (p < 0.0001). Also, the diet significantly decreased RA 

bioaccessibility when microparticles ECP were considered (p < 0.001). At last, microparticles EC with diet 

showed a lower bioaccessibility of RA when compared to microparticles ECP without diet. The presence of 

PEG in the microparticles ECP did not beneficiate RA bioaccessibility after a total of 4 h of digestion (gastric 

+ intestinal), whereby the highest bioaccessibility was achieved from microparticles EC. In turn, the integration 

of a diet in the digestion of RA-loaded microparticles globally led to a lower bioaccessibility of RA. This might 

be caused by the amount of RA released from microparticles EC and ECP that are adsorbed to the digesta solids 

and fibers. Food matrix may impact the bioaccessibility of bioactive compounds and drugs, as described by 

several authors. For example, Sobral et al. [346] observed that the addiction of herbs and/or beer did not 

significantly change the bioaccessibility of several antibacterial and coccidiostat drugs – chlortetracycline, 

doxycycline and tylosin – on chicken meat burgers oven cooked and microwaved. However, the bioaccessibility 

of most sulfonamides tested was increased when they were cooked with herbs. In turn, Faria et al. [347] 

registered a decrease on the bioaccessibility of some food contaminants when they were spiked in western, 

mediterranean and vegetarian diet matrices. With exception, benzo[b]fluoranthene, benzo[α]pyrene and 

ochratoxin A (pure compounds) showed a similar bioaccessibility when compared the bioaccessibility of these 

compounds spiked in western diet. Moreover, the dietary pattern itself showed to significantly affect the 

bioaccessibility of some contaminants. 

For the best of our knowledge, there is no published studies exploring the bioaccessibility of RA upon RA oral 

administration, considering free RA or RA encapsulated into a carrier-based delivery systems. 

 

8.3.3. Intestinal transport of RA 

The simulation of the intestinal transport in a Caco-2 monolayers, using digesta obtained from in vitro 

simulation, requires previous testing to assure the digesta does not compromise the cell barrier integrity, in the 

conditions used. The bile acids and enzymes present in the bioaccessible fraction obtained in the end of digestion 

may compromise cellular viability hindering the accurate assessment of RA intestinal transport [347]. 

Preliminary experiments showed a marked loss in Caco-2 monolayer integrity after 3 h of cells exposition to 

micelar fractions of the digests of microparticles EC and ECP, with and without diet, diluted 1:3; 1:5 and 1:10 

with HBSS (data not shown). The obtained results evidenced a notable loss of cellular viability for all dilutions 

of the digests, wherein the global highest cellular viability was 14%. As exception, for the digest without 

microparticles and without diet with the 1:10 dilution it was registered a cellular viability of 89%. Another 

experiment was thus performed using higher dilutions: 1:3, 1:10, 1:20 and 1:40. The 1:40 dilution was the only 

one that enabled to maintain the integrity of cells after 3 h of cells exposition to the digests, whereby it was 

considered the most appropriate for further intestinal transports assays.  

This dilution is higher than the needed in other previous studies, where in some cases a 1:3 dilution is enough 

in this type of experiments to maintain the cellular viability, according previously tests performed in the lab 

[347]. However, in our previous studies using the 1:3 dilution, a flash heating step of 5 min at 98 ºC for enzymes 
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inactivation was performed, which could not be applied in the present study since RA is a thermolabile substance 

thus a higher dilution had to be used. 

Intestinal transport of RA from apical to basolateral compartment was then evaluated along 2 h. The amount of 

RA in the basolateral compartment that crossed the Caco-2 monolayer at 15, 30 and 60 min after the beginning 

of experiment was below the LOQ for all the samples and even below the LOD for most of them. 

Notwithstanding, after 120 min of transport, the percentage of RA reaching the basolateral compartment was 

detectable for all the samples and it was significantly higher for the blank digesta with RA (7.8 ± 0.6%) when 

compared to RA dissolved in HBSS (5.2 ± 0.4%) (p < 0.01) (Figure 8.4). Although transported in low 

percentages during the 2 h experiment RA was capable of crossing the intestinal barrier with a tendency to 

higher efficiency when a digesta matrix was present.  

After 2 h of transport, the percentage of RA retained in the apical compartment was significantly influenced by 

the matrix (blank digesta or HBSS) in which RA was dissolved (Figure 8.4). A significant higher percentage of 

RA was retained in the apical compartment when blank digesta (p < 0.01) and meal digesta (p < 0.05) spiked 

with RA were used. Moreover, the presence of diet in the digests decreased RA retention from 44 ± 6 to 38 ± 

1% (statistically non-significant) (Figure 8.4). This can be related to the ability of the fat component of diet to 

promote the aggregation of RA and further transport it to the cells which would be a beneficial situation although 

no significant increase in the RA fraction transported was denoted for these samples. 

The obtained results suggest that an important fraction of RA was up taken by the cells or was adsorbed in the 

plastic surfaces and did not reach the basolateral compartment. For blank digesta and meal digesta spiked with 

RA and RA dissolved in HBSS, this fraction corresponds to 48 ± 6, 56 ± 1 and 69 ± 1%, respectively. 

Notwithstanding, to establish a better correlation with the in vivo situation, dynamic data on the transport at 15, 

30, 60 and 120 minutes would be useful to calculate the apparent permeability of the substance and infer the 

percentage in which the RA is absorbed in the tested conditions. 
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Figure 8.4 – Apical retention and intestinal transport of RA after 2 h of transport. ** p < 0.01, * p < 0.05. 
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8.4. Conclusion  

Synthetic polymer-based microparticles composed by EC and the EC + PEG blend were successfully produced 

for RA encapsulation by spray-drying. However, the product yield was around 9-fold lower for the EC-based 

microparticles. Both carrier-based delivery systems enabled the incorporation of an amount of RA that make 

them comparable to the current dosage administrated to APL patients. The polymers used as encapsulating 

agents enabled the necessary protection of RA in the gastric phase of digestion. The simultaneous administration 

of the particles with a meal and the microparticle formulation significantly influenced the bioaccessibility of 

RA at intestinal level in vitro. The digestion of RA-loaded microparticles composed by EC without diet ensured 

the highest RA bioaccessibility. The digestion of both microparticles with diet significantly decrease RA 

bioaccessibility probably due to the adsorption of this retinoid to the meal matrix. Regarding intestinal transport, 

the maximum percentage of RA that reached the basolateral compartment was 7.8 ± 0.6% from the blank digesta 

spiked with RA after 2 hr of simulated transport. Also, the percentage of RA retained in the apical compartment 

was significantly influenced by the matrix. These are important findings ensuring that the inclusion of RA in 

the proposed particles can protect the substance from gastric degradation and does not significantly hinder its 

intestinal release and transport to the systemic circulation. 
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The nineth chapter proposes co-encapsulation of RA, curcumin and/or resveratrol into microparticles composed 

by alginic acid sodium (spray-drying of an oil-in-water emulsion) and the EC + PEG blend (spray-drying of an 

ethanolic solution) for protection and co-delivery of these bioactive compounds. 
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This chapter is in the form of submitted paper: 

Gonçalves, A; Rocha, F; Estevinho, B N. (Bio)polymer-based microparticles obtained by spray drying as 

co-encapsulation systems for co delivery of retinoic acid, curcumin and/or resveratrol.
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9.1. Introduction 

The treatment of acute promyelocytic leukemia (APL) was revolutionized with the introduction of all-trans 

retinoic acid (all-trans RA) in 1988 [18] and arsenic trioxide in 1996 [348]. In the last three decades the studies 

showed the efficacy of all-trans RA combined with chemotherapy and then the efficacy of all-trans RA 

combined with arsenic trioxide, with or without chemotherapy [274,349]. Accordingly, clinical trials have 

promoted the development of several regimens for the treatment of APL [349]. In fact, all-trans RA is referred 

as the only effective in the treatment of APL. This retinoid acts in the activation of blocked genes transcription 

and in the degradation of PML/RARα, the oncogenic fusion protein obtained due to the reciprocal and 

translocation involving the retinoic acid receptor (RARα) located on chromosome 17 and PML gene located on 

chromosome 15 [350–352]. In turn, arsenic trioxide promotes the apoptosis further degradation of PML/RARα. 

Moreover, arsenic trioxide has pro-oxidant effect [24]. 

Several studies have been performed to explore and suggest new retinoids and the combination of different 

molecules with all-trans RA or arsenic trioxide to trigger alternative mechanisms of action and therefore lead to 

a synergistic effect on growth control and apoptosis of cancerous cells in APL [24]. In the line with this topic, 

curcumin and resveratrol has been indicated as potential bioactive compounds to be used as therapeutic agents 

in the treatment of APL. 

Curcumin is a phenolic compound with yellow-orange colour and the active ingredient from Curcuma longa 

(Turmeric). This hydrophobic compound has received great attention due to its pharmacological functions, 

including antitumor agent [353]. The anticancer activity of curcumin is considered to be related to its antioxidant 

and pro-oxidant actions. In fact, as an antioxidant, curcumin acts against two critical initiators of cancer, 

inhibiting free radicals from mediating peroxidation of membrane lipids or oxidative DNA damage [354]. In 

the treatment of APL, curcumin inhibits and arrests the proliferation of leukemic cells derived from APL by 

stabilizing the misfolded nuclear receptor co-repressor (N-CoR) protein. N-CoR proteins are involved in the 

transcription of genes that regulate the proliferation, differentiation and apoptosis of cells, participating in the 

development of blood and immune cells (erythrocytes and thymocytes, respectively) [355,356]. These proteins 

are recruited by the oncogenic fusion protein PML/RARα and the N-CoR/PML/RARα complex formed 

represses the RA target genes and reduces the differentiation of APL cells [357,358]. Moreover, PML/RARα 

promotes the N-CoR misfolding and its accumulation in the cytosol, which induces the endoplasmic reticulum 

stress and the activation of the unfolded protein response with cytoprotective or cytotoxic action [359,360]. 

Curcumin inhibits specific proteases and the proteasome that degrade misfolded N-CoR, contributing to increase 

the endoplasmic reticulum stress and then to sensitize APL cells to apoptosis induced by unfolded protein 

response [21,361,362]. A study performed by Kini et al. [363] enabled to understand how curcumin can 

influence the differentiation of NB4 APL cells. These cells can differentiate in response to all-trans RA, while 

NB4-R1 cells are resistant to this retinoid. The obtained results evidenced that the usage of curcumin alone does 

not promote the differentiation of NB4 cells and higher concentrations of this bioactive compound can trigger 

the apoptosis. Moreover, the treatment of NB4 cells with curcumin enabled to increase the differentiation of 
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cells promoted by all-trans RA. In addition, the combination of all-trans RA and curcumin was capable to induce 

the differentiation of the NB4-R1 cells. This result was not achieved using individually each bioactive 

compound. 

Resveratrol is recognized as the best-known compound of the stilbene group. It is also a polyphenol and can be 

naturally found in the mulberry tree, berries, grape skins, peanuts and red wine, among others. The health 

benefits of this bioactive compound are widely described and include the ability of resveratrol to prevent cancer 

[315,364]. Briefly, resveratrol induces the apoptosis and arrests the cell cycle, reducing the risk of mutation 

[365–367]. Several authors report the ability of resveratrol to act against leukemic cells preventing proliferation 

and inducing apoptosis of cells [364,368]. Meng et al. [368] indicated that these processes can be related to the 

ability of resveratrol to up-regulate PTEN expression as well as to inhibit the activity of PI3K/AKT pathway. 

The combination of all-trans RA and resveratrol may benefit the treatment of APL, according to the studies 

performed by Cao et al. [369]. They reached the induction of 100% of NB4 cells into NBT-positive. The 

individual usage of these bioactive compounds only enabled a small conversion of the cells. The combination 

of resveratrol with arsenic trioxide also evidenced to be an advantage in the treatment of APL. Fan et al. [370] 

observed that resveratrol displays a synergetic effect with arsenic trioxide, whereby their co-administration 

significantly increased the anticancer action of arsenic trioxide in NB4 cells. Moreover, it was noted that 

resveratrol decreased the cardiotoxicity induced by arsenic trioxide. This bioactive compound can also reduce 

the hepatotoxicity related to arsenic trioxide administration [371]. 

This work proposes the co-encapsulation of RA with curcumin and/or resveratrol into (bio)polymer-based 

microparticles obtained by spray-drying to beneficiate the APL treatment due to the co-delivery of these 

bioactive compounds in the intestine.  

Encapsulation of RA by spray-drying technology has been studied by the authors as a strategy to overcome the 

clinical limitations observed in the treatment of APL and related to the oral administration of this retinoid 

[245,314,319,336]. Continuous repetitive RA administration handles with a significant decline of RA half-life 

in blood and consequently a noticeable decrease of RA concentration is observed in the plasma [25,26,58,276]. 

The activity of cytochrome P450 can be involved in this behaviour, whereby these enzymes regulate the cellular 

levels of RA and they are activated even at a low amount of RA [277]. Moreover, RA presents high 

physicochemical instability and poor solubility in water [17]. The usage of a carrier-based system capable to 

provide a slow and continuous controlled release of RA in the intestine may reduce the activity of cytochrome 

P450 and therefore increase the RA bioavailability in the human body. The severe side-effects related to RA 

administration and described in the treatment of APL can also be minimized using this encapsulation-based 

approach. Encapsulation of curcumin and resveratrol can also beneficiate these bioactive compounds in order 

to deal with their poor solubility in water and chemical instability, among others [290,315]. 

Spray-drying technology enables the production of loaded microparticles in a rapid, continuous (continuous 

batch) and reproducible mode. Moreover, it is a one-step, low cost and easy scale up method [193]. Previous 

studies evidenced that alginic acid sodium-based microparticles evidenced an encapsulation efficiency of 62% 

and enabled a slower RA release that prolonged for more than 7 h [314]. Also, ethyl cellulose (EC) + 
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polyethylene glycol (PEG)-based microparticles showed an encapsulation efficiency of 100% and enabled the 

incorporation of an amount of RA comparable to the amount of RA orally administrated [336]. Moreover, in 

vitro digestion studies (INFOGEST protocol) evidenced the ability of these synthetic polymer-based 

microparticles to protect RA from the gastric phase conditions and enable its release in the intestinal phase 

[372]. Accordingly, both carrier-based delivery systems were selected in this study for co-encapsulation of RA 

with curcumin and/or resveratrol. RA-loaded microparticles were characterized in terms of encapsulation 

efficiency, particle size, surface morphology and in vitro controlled release profiles. 

 

9.2. Material and Methods  

 

9.2.1. Materials  

All-trans RA (≥ 98%, R2625-1G, CAS 302-79-4), Resveratrol (≥ 99%, R5010-100MG, CAS 501-36-0), 

Curcumin from Curcuma longa (Turmeric) powder (≥ 65%, C1386-10G, 458-37-7), alginic acid sodium salt 

(180947-500G, Lot#MKBS5877V, CAS 9005-38-3, MW: between 120,000 and 190,000 g·moL-1, ratio of 

mannuronic acid to guluronic acid (M/G ratio): 1.56, country of manufacture: United Kingdom), EC tested 

according to Ph. Eur. (28244-250G, Lot#BCBQ4872V, CAS 9004-57-3, country of manufacture: USA), 

coconut oil from Cocos nucifera (C1758-500G, Lot#MKCK3631, CAS 8001-31-8) and tween 80 (P1754-1L, 

Lot#BCBT8094, CAS 9005-65-6) were purchased from Sigma-Aldrich. PEG 4000 for synthesis (807490-1KG, 

LOT#51916871) and 1-octanol for synthesis (820931, CAS 111-87-5) were obtained from Merck (German). 

Absolute ethanol (83813.360, Lot 21B104029, CAS 64-17-5) was supplied by VWR BDH Chemicals. 

 

9.2.2. Preparation of systems to be fed to the spray-dryer 

Two different approaches were tested, using emulsions and solutions. Four emulsions and four solutions were 

prepared to be fed to the spray-dryer for co-encapsulation of RA with curcumin and/or resveratrol into carrier-

based microparticles.  

The emulsion-based systems were prepared considering encapsulating agent/coconut oil ratio of 2.77 g·g-1. This 

proportion was based in previous studies performed by the authors, which evaluated the largest amount of 

coconut oil that was possible to incorporate in the microparticles and ensure the high quality of final 

microparticles [245,278]. Aqueous phase of emulsions was composed by alginic acid sodium dissolved in 

ultra-pure water (1% (w/v)). In turn, the oily phase was composed by a RA, RA + curcumin, RA + resveratrol 

or RA + curcumin + resveratrol solution prepared in coconut oil (0.1% (w/v) of each bioactive compound). The 

surfactant tween 80 was added to the core material solutions (0.5% (w/v) regarding to this oily solution) and the 

final mixture was dispersed with the encapsulating agent solution at 12000 rpm for 5 min using a mechanical 

homogenizer (CAT, Germany).  
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The solution-based systems were composed by the EC + PEG blend (50%-50%) prepared in absolute ethanol 

(1% (w/v)) and RA, RA + curcumin, RA + resveratrol or RA + curcumin + resveratrol further dissolved in this 

synthetic polymer solution (final concentration of 0.1% (w/v) of each bioactive compound). 

All the solutions were prepared under stirred conditions and at 35 ± 2 ºC. Moreover, the encapsulating agent 

solutions were prepared 24 h before their usage to ensure fully hydration of biopolymer and synthetic polymers. 

At last, the emulsions produced were immediately fed to the spray-dryer for the microparticles production.  

 

9.2.3. Spray-drying technology 

A mini spray-dryer B-290 from BÜCHI (Flawil, Switzerland) with a standard 0.5 mm nozzle and a standard 

cyclone was used to dry the emulsions and the solutions with RA, RA + curcumin, RA + resveratrol or RA + 

curcumin + resveratrol and produce loaded microparticles. An Inert Loop B-295 from BÜCHI (Flawil, 

Switzerland) was coupled to the spray-dryer when the solutions were fed to this equipment. For the emulsions, 

air pressure, aspiration rate, solution feed flow and inlet air temperature were set at 5-6 bar, 35 m3∙h−1 (90%), 4 

mL∙min−1 and 130 °C, respectively. The outlet air temperature varied between 63 and 71 °C. In turn, for the 

solutions, nitrogen pressure, aspiration rate, solution feed flow, inlet air temperature and the temperature of Inert 

Loop B-295 were set at 2 bar, 32 m3∙h−1 (80%), 4 mL∙min−1, 100 °C and −5 °C, respectively. The outlet air 

temperature varied between 52 and 56 °C. The obtained dry powder (microparticles) was recovered in the 

cyclone and in the collection vessel of spray-dryer and protected from the light with aluminium foil and stored 

at 4 °C until further analysis. The product yield was determined according to the Eq. 9.1. 

 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =
𝐷𝑟𝑦 𝑝𝑜𝑤𝑑𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑦𝑐𝑙𝑜𝑛𝑒 𝑎𝑛𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑒𝑠𝑠𝑒𝑙 𝑜𝑓𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑝𝑟𝑒𝑝𝑎𝑟𝑒 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚𝑠 𝑓𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑝𝑟𝑎𝑦 − 𝑑𝑟𝑦𝑒𝑟  
× 100 (9.1) 

9.2.4.  Emulsions viscosity 

Emulsions viscosity was assessed from steady-shear flow curves (a total number of 50 points for each sample) 

using an Anton Paar MCR 92 rheometer (Austria). An increasing shear rate from 1 to 100 s-1 was applied using 

a measuring plate PP50 (Part No.: 79045, Serial No.: 55422, Cat No.: 79045, Del No.: 80352243, Anton Paar) 

with 50 mm of diameter and a gap of 0.5 mm. Analyses were performed in duplicate at 25 ºC. 

 

9.2.5. Emulsions zeta potential 

Zeta potential (as an indication of droplet surface electrical charge) of emulsions was measured by dynamic 

light scattering using a Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK). Measurements were 

performed in duplicate. 

 

9.2.6. Droplet and particle size distribution 

Emulsions droplet size and the size of microparticles obtained by spray-dryer were evaluated by laser 

granulometry using a Coulter LS 230 Particle Size Analyser (Miami, FL, USA). In the case of alginic acid 
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sodium-based microparticles, they were first dispersed in ethanol and the obtained suspension was considered 

for the size assessment. Droplet and particle size measurements were performed in duplicate and each analysis 

had the duration of 30 seconds. The obtained results were expressed as the average of droplet and particle mean 

diameter, considering volume and number distributions. In the volume distribution, the volume of each particle 

is considered (particles with a higher volume have higher contribution). In turn, in the number distribution, each 

particle has equal weight. 

 

9.2.7. Microparticle morphology 

Scanning electron microscopy was performed with a Fei Quanta 400 FEG ESEM/EDAX Pegasus X4M 

(Eindhoven, The Netherlands) for the analysis of the surface morphology of microparticles. Herein, 

microparticles were fixed into a brass stub with double-sided adhesive tape and then coated in vacuum by a thin 

layer of gold-palladium using a SPI module sputter coater. 

 

9.2.8. Encapsulation efficiency and loading capacity 

Encapsulation efficiency (%) was determined by the ratio between the mass of each bioactive compound present 

in the microparticles (RA, curcumin and/or resveratrol) and the mass of each bioactive compound used to 

prepare the oily phase of emulsions and the solutions fed to the spray-dryer, adapting the method described by 

Côrrea-Filho et al. [282] and considering the procedure carried out by the authors in previous works. Briefly, 

loaded microparticles were dispersed in octanol, stirred at 2000 rpm during 2 min and maintained at room 

temperature overnight. The suspension was then stirred at 2000 rpm during 5 min, put on a bath at 37 ± 2 ºC for 

3 h and centrifuged (Centromix mod.  S-549, Porto, Portugal) at 50000 rpm for 20 min. The concentration of 

RA, curcumin and resveratrol present in the supernatant was determined using an UV/VIS spectrometer (SPEC 

RES+, Sarspec, Porto, Portugal) at 356.098 ± 19.7, 438.614 ± 21.388 and 315.0415 ± 17.091 nm, respectively. 

Calibration curves of RA, curcumin and resveratrol were validated over a range of concentrations registered in 

Table 9.1. The correlation coefficients, LODs and LOQs are also indicated.  

Loading capacity of microparticles was determined by the ratio between the mass of each bioactive compound 

and the mass of microparticles. 

 

Table 9.1 – Concentration range, LOD and LOQ and correlation coefficients related to the calibration curves 

of RA, curcumin and resveratrol. 

Calibration curve Concentration range (mg·mL-1) LOD (mg·mL-1) LOQ (mg·mL-1) R2 

RA 0.0001 - 0.008 0.000224 0.000746 0.9953 

Curcumin 0.00005 - 0.005 0.000225 0.000750 0.9951 

Resveratrol 0.000200 - 0.007000 0.000338 0.001128 0.9943 
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9.2.9. Controlled release experiments 

Controlled release experiments were performed in octanol, an organic solvent capable of good mimic of 

phospholipids membrane characteristics due to its amphiphilic nature [258,259,283,284], at 37 ± 2 ºC and under 

magnetic stirring conditions. Alginic acid sodium-based microparticles were placed on top of a cuvette with 

octanol and the bioactive compound(s) release was performed in a continuous mode (intervals of 2 min). In 

turn, EC + PEG-based microparticles were placed on top of a beaker with octanol and samples were taken for 

each 10 min and then returned to the beaker. In both cases, monitorization of the bioactive compound(s) release 

was performed in an UV/VIS spectrometer (section 9.2.8.) by absorbance. The main mathematical models 

related to the model dependent methods (zero-order (Eq. 9.2), Higuchi (Eq. 9.3), Korsmeyer-Peppas (Eq. 9.4) 

and Weibull (Eq. 9.5) [260–262,267]) were fitted to the obtained controlled release profiles. 

  

 𝑄𝑡 =  𝑄0 + 𝐾0𝑡 (9.2) 

where Qt  is the cumulative amount of the drug/active compound released at the time t, Q0 is the initial amount 

of the drug/active compound  in solution (usually Q0 = 0) and  K0 is the zero-order release constant. 

 

 𝑄𝑡 =  𝐾𝐻 √𝑡 (9.3) 

where KH is the Higuchi constant. 

 

 
𝑄𝑡

𝑄∞⁄ =  𝐾𝐾 𝑡𝑛 (9.4) 

where Qt⁄Q∞ is the fraction of active compound released until time t and KK is the Korsmeyer constant. The 

parameter n is the release exponent (diffusional), a parameter that defines the release mechanism. 

 

 𝑀𝑡 =  𝑀∞ [1 − 𝑒
−(

𝑡−𝑡0
τd

)
𝛽

] (9.5) 

where Mt is the dissolution/release (%) of the active compound at time t, M∞ is the dissolution/release (%) of 

the active compound at infinite time, t0 is the lag-time of the dissolution (usually t0=0), β indicates the shape 

parameter of the curve and τd is the time when 63.2% of M has been dissolved/released. 

 

9.2.10. Statistical analysis 

Apparent viscosity and droplet size of the emulsions were evaluated among all the formulations prepared. 

Particle size distribution, encapsulation efficiency and loading capacity were compared for all the loaded 

microparticles composed by different encapsulating agents. One-way analysis of variance (ANOVA) at p < 0.05 

and subsequent Tukey test were conducted by Minitab® 19 software. 

 

 

 



(Bio)polymer-based microparticles obtained by spray drying as co-encapsulation systems for co delivery of retinoic acid, curcumin 

and/or resveratrol 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

________________________________________________________________________________________
147 

9.3. Results and discussion 

 

9.3.1. Emulsions characterization 

 

9.3.1.1. Viscosity 

For all the emulsions prepared the shear stress linearly increased with the shear rate (Figure 9.1). Accordingly, 

alginic acid sodium-based emulsions composed by RA, RA + curcumin, RA + resveratrol and RA + curcumin 

+ resveratrol demonstrated characteristics relatively close of a Newtonian fluid. Apparent viscosity of these 

emulsions varied between 13.8 ± 0.2 and 14.1 ± 0.0 mPa·s considering a shear rate of 100 s-1 (Table 9.2). 

Gonçalves et al. [314] observed that oil-in-water emulsions composed by alginic acid sodium, tween 80 and RA 

dissolved in coconut oil exhibited a slightly higher apparent viscosity (17.6 ± 0.2 mPa·s) when compared to the 

one registered in this study. Consistency index ranged from 0.01374 ± 0.00009 (emulsion composed by RA + 

curcumin) to 0.01407 ± 0.00006 (emulsion composed by RA) mPa·sn (Table 9.2). Broadly, this parameter 

indicates the flow properties of the system and consequently informs about the emulsion viscosity [288]. It turn, 

flow behaviour index points to how close the system is to a Newtonian fluid [288]. In this study, flow behaviour 

index maintained around 1 for all the emulsions prepared (Table 9.2), whereby the systems evidenced a 

Newtonian behaviour, as previously referred [288,289].  

 

Figure 9.1 – Relation between shear stress and shear rate for the alginic acid sodium-based emulsions composed 

by RA (circles), RA + curcumin (diamonds), RA + resveratrol (squares) and RA + curcumin + resveratrol 

(triangles). Results are presented as the average and standard deviation of two independent assays. 
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Table 9.2 – Rheological parameters, apparent viscosity, zeta potential and droplet size of alginic acid sodium based-emulsions composed by RA, RA + curcumin, RA 

+ resveratrol and RA + curcumin + resveratrol. 

Emulsions 

(composition in bioactive 

compounds) 

Rheological parameters 

Apparent viscosity at 

100 s-1 (mPa·s) 
Zeta potential (mV) 

Droplet mean diameter 

Consistency index, k 

(mPa·sn) 
Flow behaviour index, n 

Differential volume 

distribution (µm) 

Differential number 

distribution (µm) 

RA 0.01407 ± 0.00006 1.000 ± 0.009 14.0 ± 0.4a -50 ± 3 3.25 ± 0.02b 0.883 ± 0.000b 

RA + curcumin 0.01374 ± 0.00009 1.007 ± 0.001 14.1 ± 0.0a -45.8 ± 0.5 3.61 ± 0.02a 0.934 ± 0.001a 

RA + resveratrol 0.0138 ± 0.0004 1.001 ± 0.006 13.8 ± 0.0a -47 ± 3 3.62 ± 0.02a 0.843 ± 0.003c 

RA + curcumin + resveratrol 0.0139 ± 0.0006 0.999 ± 0.006 13.8 ± 0.2a -47.1 ± 0.6 3.579 ± 0.002a 0.9345 ± 0.0007a 

Different letters in the same column indicate significant differences (p<0.05)  
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9.3.1.2. Stability of colloidal systems 

The methodology usually used to evaluate the stability of colloidal systems is based on the percentage of 

emulsion that separates (creaming index) 24 h after its preparation [292,293]. This approach must not be used 

in this work due to the high ratio aqueous phase volume/oily phase volume of emulsions prepared. Another 

strategy that can be used is related to the analysis of zeta potential of emulsions with the measurement of the 

electrokinetic potential of droplets [294]. All alginic acid sodium-based emulsions showed to be stable (zeta 

potential value above of │30│ mV [294]). The lower and higher value of zeta potential were registered for the 

emulsions composed by RA + curcumin (-45.8 ± 0.5) and RA (-50 ± 3), respectively (Table 9.2). The stability 

of emulsions influences the encapsulation efficiency of obtained carrier-based delivery systems. A higher 

amount of bioactive compound(s) is retained during spray-drying when emulsions exhibit higher stability [295]. 

In this work, encapsulation efficiency of RA, curcumin and resveratrol into alginic acid sodium-based 

microparticles globally varied between 26 ± 3 and 34 ± 1% (section 9.3.6., Table 9.3). In the previous study 

performed by the authors, spray-drying of the oil-in-water emulsion composed by alginic acid sodium ensured 

a higher RA encapsulation efficiency (62 ± 5%) [314]. 

 

9.3.1.3. Droplet size distribution 

Stability of colloids can also be analysed by the emulsions droplet size [285]. Emulsions with larger droplets 

are generally related to a lower encapsulation efficiency of carrier-based delivery systems [295]. The alginic 

acid sodium-based emulsion composed by RA evidenced a significant lower average droplet diameter (3.25 ± 

0.02 µm) when compared to the other emulsions composed by the same biopolymer and two or more bioactive 

compounds, considering differential volume distribution (p<0.05) (Table 9.2). Herein, emulsions composed by 

RA + curcumin, RA + resveratrol and RA + curcumin + resveratrol showed an average droplet diameter around 

3.61 ± 0.02, 3.62 ± 0.02 and 3.579 ± 0.002 µm, respectively (Table 9.2). In turn, the emulsions composed by 

RA + curcumin, with or without resveratrol, enabled a significant higher average droplet diameter, considering 

differential number distribution (0.9345 ± 0.0007 and 0.934 ± 0.001 µm, respectively). A significant lower 

average droplet diameter was achieved for emulsions composed by RA + resveratrol (0.843 ± 0.003) (Table 

9.2). Microparticles obtained from the spray-drying of these emulsions did not evidence significant differences 

regarding the encapsulation efficiency of each bioactive compound (section 9.3.6., Table 9.3). 

 

9.3.2. Characterization of carrier-based loaded microparticles 

Formulations composed by different polymers – biopolymers and synthetic polymers – were proposed for the 

co-encapsulation of retinoic acid, curcumin and/or resveratrol. Alginic acid sodium-based microparticles loaded 

with coconut oil and tween 80 (microparticles MpB) and microparticles composed by the EC + PEG blend 

(microparticles MpP) were produced for the incorporation of the selected combination of bioactive compounds. 

Product yield ranged from 29 to 35% among microparticles MpB and 10 to 27% among microparticles MpP 

(Table 9.3). Product yield is affected by the volume, the composition and the type of the system fed to the spray- 



Chapter 9 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

_____________________________________________________________________________________________________________________________________ 
150 

 

 

 

 

 

 

Table 9.3 – Characterization of MpB and MpP microparticles: product yield, particle diameter, encapsulation efficiency and loading capacity. 

Microparticles content 

Product yield 

(%) 

Particle mean diameter Encapsulation efficiency (%) Loading capacity (%) 

Formulation Bioactive compounds 

Differential volume 

distribution (µm) 

Differential number 

distribution (µm) 

RA Curcumin Resveratrol RA Curcumin Resveratrol 

MpB 

RA 35 6.3 ± 0.2c 0.437 ± 0.006c 32.9 ± 0.3b - - 0.00964 ± 0.00009d - - 

RA + curcumin 31 2.97 ± 0.04c 1.11 ± 0.01b 31 ± 1b 26 ± 3b - 0.0090 ± 0.003d 0.0077 ± 0.0008c - 

RA + resveratrol 30 3.45 ± 0.05c 1.174 ± 0.005a 30 ± 1b - 28 ± 2b 0.0088 ± 0.0004d - 0.0081 ± 0.0006c 

RA + curcumin + resveratrol 29 3.61 ± 0.05c 1.1615 ± 0.0007a 34 ± 1b 32 ± 3b 33 ± 3b 0.0098 ± 0.0004d 0.0095 ± 0.0008c 0.010 ± 0.001c 

MpP 

RA 10 4.5 ± 0.4c 0.0942 ± 0.0003e 97 ± 8a - - 10 ± 1a - - 

RA + curcumin 22 88 ± 3a 0.25 ± 0.02d 92 ± 10a 92 ± 9a - 7.6 ± 0.4bc 7.5 ± 0.5a - 

RA + resveratrol 21 49 ± 4b 0.0987 ± 0.0008e 93 ± 6a - 91 ± 6a 8.6 ± 0.5ab - 8.4 ± 0.6a 

RA + curcumin + resveratrol 27 79 ± 7a 0.108 ± 0.003e 96 ± 5a 92 ± 4a 93 ± 4a 7.0 ± 0.3c 6.7 ± 0.2b 6.8 ± 0.3b 

Different letters in the same column indicate significant differences (p<0.05)



(Bio)polymer-based microparticles obtained by spray drying as co-encapsulation systems for co delivery of retinoic acid, curcumin 

and/or resveratrol 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

________________________________________________________________________________________
151 

dryer. The operating conditions used in the spray-dryer also influence this parameter. In this work, the volume 

of emulsions prepared was larger when compared to the volume of solutions prepared in ethanol (200 mL and 

50 mL, respectively), which contributed to the global higher product yield of alginic acid sodium-based 

microparticles. However, the oily phase of emulsions adversely impacted the product yield due to the amount 

of microparticles that kept adhered to the walls of spray-dryer (visually observed). Other studies report the 

impact of producing microparticles by spray-drying from oily-based formulations [245,314,319].  

 

9.3.3. Surface morphology of microparticles 

Microparticles MpB evidenced a spherical configuration and a slightly rough surface due to the presence of 

concavities overall distributed (Figure 9.2 – A, B, C and D). In turn, microparticles MpP showed a very irregular 

shape combined with several concavities on the surface, which gives the microparticles a high rough 

presentation (Figure 9.2 – E, F, G and H). Both formulations were previously described for RA encapsulation 

also by spray-drying technology [314,336]. The obtained RA-loaded microparticles exhibited a similar 

morphology to the one herein observed. In other study, Bajac et al. [373] encapsulated juniper berry essential 

oil into sodium alginate microparticles by spray-drying and the obtained microparticles showed a semi-spherical 

form with deep concavities on the surface. Also, Wasilewska and Winnicka [320] compiled several images 

related to the surface morphology of powders obtained by the spray-drying of EC in different forms. The 

powders obtained from drying of EC ethanolic solutions evidenced a structure similar to the one registered in  

 

 

Figure 9.2 – Surface morphology of MpB (A, B, C and D) and MpP (E, F, G and H) microparticles loaded with 

RA (A and E), RA + curcumin (B and F), RA + resveratrol (C and G) and RA + curcumin + resveratrol (D and 

H). Magnification = 20,000 times, beam intensity (HV) 15.00 kV, distance between the sample and the lens 

(WD) around 10 mm. 
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this work by microparticles MpP. Changes in the surface morphology between microparticles MpB and 

microparticles MpP are explained by the different composition of microparticles. However, for each type of 

microparticles, the appearance of microparticles was not modified by the incorporation of curcumin and/or 

resveratrol (Figure 9.2 – B, C, D, F, G, H). Moreover, none of the microparticles has surface cracks. 

 

9.3.4. Particle size 

Particle mean diameter varied between 2.97 ± 0.04 and 6.3 ± 0.2 µm among microparticles MpB (differential 

volume distribution) (Table 9.3). In turn, microparticles MpP exhibited a significant global higher size (p<0.05) 

that ranged from 49 ± 4 (RA + resveratrol-loaded microparticles) and 88 ± 3 µm (RA + curcumin-loaded 

microparticles) (Table 9.3). This discrepancy can be due to the high aggregation of microparticles. With 

exception, microparticles MpP loaded with RA evidenced a particle size of 4.5 ± 0.4 µm (Table 9.3). 

Accordingly, the incorporation of curcumin and/or resveratrol into the synthetic polymer-based formulations 

seems to promote the aggregation phenomena. Differential number distribution showed a particle mean diameter 

between 0.437 ± 0.006 and 1.174 ± 0.005 µm among microparticles MpB and between 0.0942 ± 0.0003 

(microparticles MpP loaded with RA) and 0.25 ± 0.02 µm (microparticles MpP loaded with RA + curcumin) 

(Table 9.3). Oil-in-water-based formulations seem to promote the production of microparticles with higher size.  

 

9.3.5. Encapsulation efficiency and loading capacity 

Encapsulation efficiency of RA, curcumin and resveratrol was significantly higher for all microparticles MpP 

(ranged between 91 ± 6 and 97 ± 8%) (p<0.05) (Table 9.3). Microparticles MpB enabled a lower encapsulation 

efficiency that varied between 26 ± 3 and 34 ± 1% (Table 9.3). In turn, loading capacity varied between 0.0077 

± 0.0008 and 0.010 ± 0.001% among microparticles MpB and 10 ± 1 and 6.7 ± 0.2% among microparticles MpP 

(Table 9.3). The obtained results clearly indicate that the capacity of microparticles to retain the core material 

is largely influenced by the selected encapsulating agent(s) [234]. Moreover, they indicate that the co-

encapsulation of bioactive compounds do not compromise the encapsulation efficiency of each bioactive 

compound considered in the blend. In a previous study performed by the authors wherein alginic acid sodium-

based microparticles were obtained from oil-in-water emulsions for RA encapsulation,  the encapsulation 

efficiency registered was higher when compared to the one registered in this work (62 ± 5%) [314]. Another 

study performed by the authors  related to the preparation of EC + PEG dissolved in absolute ethanol also for 

RA encapsulation evidenced an encapsulation efficiency of around 100% [336]. Both formulations can be 

compared to the one prepared in this work regarding the amount of RA incorporated in the system fed to the 

spray-dryer. 

 

9.3.6. Drug controlled release assay 

Controlled release profiles obtained by cumulative percentage of RA, curcumin and resveratrol over time from 

different microparticles formulations (microparticles MpB and microparticles MpP) were performed at 37 ֯C in 
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octanol (Figure 9.3). The usage of this organic solvent is related to comprehension about the ability of these 

bioactive compounds to cross the lipid membranes of the living system [258,259,283]. 

RA controlled release profiles seem to vary according to the microparticles formulation, considering 

microparticles MpB. A slower initial release of RA was observed from RA-loaded microparticles. Herein, the 

release prolonged for 154 min (Figure 9.3 - A). The other RA release profiles obtained from microparticles MpB 

stabilized 48, 100 and 362 min after the beginning of the experiment, when RA was co-encapsulated with 

resveratrol, curcumin + resveratrol and curcumin, respectively (Figure 9.3). Regarding curcumin and 

resveratrol, both exhibited a release profile that was very similar to the one recorded for the RA co-encapsulated 

with these bioactive compounds in the same formulations. Accordingly, the controlled release of curcumin from 

microparticles MpB loaded with RA + curcumin and RA + curcumin + resveratrol lasted for 380 and 124 min, 

respectively. In turn, the resveratrol controlled release extended for 48 and 100 min from microparticles MpB 

loaded with RA + resveratrol and RA + curcumin + resveratrol, respectively (Figure 9.3). A previous study 

reported a RA controlled release that lasted beyond the 2.5 h herein registered and prolonged for almost 8 h 

from alginic acid sodium-based microparticles [314]. Those microparticles evidenced a higher encapsulation 

efficiency when compared to the value obtained in this study, as previously referred (section 9.3.5.). The higher 

amount of RA effectively retained in the microparticles may have contributed to increase the time for 

stabilization of release profile of this bioactive compound. 

The controlled release profiles of RA, curcumin and resveratrol obtained from all microparticles MpP are very 

similar. They are characterized by a fast release of bioactive compounds and the release profiles were stabilized 

between 60 and 80 min after the beginning of the assay (Figure 9.3).  

The obtained results evidence the importance of the formulation used in the controlled release behaviour of the 

bioactive compounds. With the aim of using the obtained microparticles in the treatment of APL to reduce the 

activation of cytochrome P450 and, at the same time, benefit the combination of RA and curcumin and/or 

resveratrol, alginic acid sodium-based microparticles might be most advantageous on its current formulation. 

Microparticles composed by the EC + PEG blend must be optimized to increase the controlled release time. A 

previous study evidences the ability of this last formulation to protect RA against the stomach harch conditions 

and release this bioactive compound in the intestine [372].  

Other studies show the release profiles of co-encapsulated bioactive compounds. Han et al. [374] encapsulated 

ginkgolide A, ginkgolide B, ginkgolide C and bilobalide from Ginkgo terpenes extracted from Ginkgo biloba 

leaves into injectable PELGE (mPEG–PLGA–mPEG) nanoparticles and the obtained released profiles 

performed in 0.9% NaCl at 37 ºC were very similar and prolonged for 36 h. 
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Figure 9.3 – Cumulative release of RA (squares), curcumin (triangles) and resveratrol (circles) from MpB (light 

grey) and MpP (dark grey) microparticles loaded with RA (A), RA + curcumin (B), RA + resveratrol (C) and 

RA + curcumin + resveratrol (D). Results are presented as the average and standard deviation of two 

independent assays. Weibull model was fitted to the obtained controlled release profiles from MpB 

microparticles: RA (black squares), curcumin (black triangles) and resveratrol (black circles). 

 

9.3.7. Kinetic models 

Kinetics of zero order (describes a slow and constant release rate) was fitted to the RA, curcumin and resveratrol 

controlled release profiles with a correlation coefficient that varied from 0.739 and 0.988 (Table 9.4 and Table 

9.5). The zero-order release constant, K0, increased from 8.0x10-6 to 4.4x10-3 mg∙min-1 among all the bioactive 

compounds released from microparticles MpB and microparticles MpP (Table 9.4 and Table 9.5), which is in 

agreement with an increase of the release rate. Regarding the Higuchi model, the Higuchi constant, KH, ranged 

from 6.0x10-5 to 3.2x10-2 mg∙min-0.5 and the correlation coefficient from 0.939 to 0.998 (Table 9.4 and Table 

9.5).  

Korsmeyer-Peppas model was fitted to the linear controlled release profiles considering the Qt⁄Q∞ is lower than 

0.6 [262]. For the microparticles MpB loaded with RA + curcumin and the microparticles MpP loaded with RA 

+ resveratrol and RA + curcumin + resveratrol the parameter n was lower than 0.43 (Table 9.4 and Table 9.5), 

suggesting a Fickian diffusion and a t-0.57 rate as a function of time. It turn, for the microparticles MpP loaded 

with RA and RA + curcumin the parameter n varied between 0.43 and 0.85 suggesting an anomalous transport 

which results from the combination of diffusion mechanisms and swelling release (case II transport) and a tn-1 

rate as a function of time. At last, for the microparticles MpB loaded with RA, RA + resveratrol and RA + 

curcumin + resveratrol the parameter n was higher than 0.85, suggesting a super case-II transport and a tn-1 rate 

as a function of time (Table 9.4 and Table 9.5) [145,262]. The Korsmeyer constant, KK, ranges from 0.0004 to 



Chapter 9 
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

 

______________________________________________________________________________________________________________________________ 
156 

 

 

 

 

Table 9.4 – Parameters and correlation coefficients of the models of zero-order, Higuchi, Korsmeyer-Peppas and Weibull applied to the experimental RA, 

curcumin and resveratrol release profiles from MpB microparticles. 

Parameters 

MpB microparticles 

Loaded with RA Loaded with RA + Curcumin Loaded with RA + Resveratrol Loaded with RA + Curcumin + Resveratrol 

RA RA Curcumin RA Resveratrol RA Curcumin Resveratrol 

K
in

e
ti

c 
m

o
d

e
ls

 

Zero-order 

K0 (mg∙min-1) 8.0 × 10-6 1.0 × 10-5 1.0 × 10-5 1.0 × 10-5 1.0 × 10-5 2.0 × 10-5 2.0 × 10-5 1.0 × 10-5 

Q0 (mg) -6.0 × 10-5 *) 3.0 × 10-4 3.0 × 10-4 2.0 × 10-4 1.0 × 10-4 7.0 × 10-5 -9.0 × 10-6 *) 1.0 × 10-4 

R2 0.988 0.792 0.739 0.883 0.872 0.920 0.895 0.769 

Higuchi 

KH (mg∙min-0.5) 6.0 × 10-5 1.0 × 10-4 1.0 × 10-4 1.0 × 10-4 1.0 × 10-4 1.0 × 10-4 1.0 × 10-4 9.0 × 10-5 

R2 0.939 0.982 0.979 0.989 0.985 0.972 0.948 0.964 

Korsmeyer-Peppas 

Kk (min-n) 0.0004 0.3 0.6 0.01 0.009 0.03 0.009 0.009 

n 1.7 0.2 0.09 1.3 1.4 0.9 1.2 1.2 

R2 0.898 0.193 0.048 0.871 0.847 0.906 0.811 0.864 

Weibull 

τd (min) 76 18 3 22 23 33 39 38 

β 2.0 0.3 0.1 1.6 1.7 1.2 1.5 1.4 

R2 0.934 0.187 0.060 0.910 0.886 0.902 0.859 0.880 

*) Consider Q0 ≥ 0.



(Bio)polymer-based microparticles obtained by spray drying as co-encapsulation systems for co delivery of retinoic acid, curcumin and/or resveratrol 
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

______________________________________________________________________________________________________________________________
157 

 

 

 

 

Table 9.5 – Parameters and correlation coefficients of the models of zero-order, Higuchi, Korsmeyer-Peppas and Weibull applied to the experimental RA, 

curcumin and resveratrol release profiles from MpP microparticles. 

Parameters 

MpP microparticles 

Loaded with RA Loaded with RA + Curcumin Loaded with RA + Resveratrol Loaded with RA + Curcumin + Resveratrol 

RA RA Curcumin RA Resveratrol RA Curcumin Resveratrol 

K
in

e
ti

c 
m

o
d

e
ls

 

Zero-order 

K0 (mg∙min-1) 4.4 × 10-3 2.0 × 10-3 1.0 × 10-5 2.2 × 10-3 2.4 × 10-3 1.2 × 10-3 1.2 × 10-3 1.2 × 10-3 

Q0 (mg) 4.9 × 10-2 4.2 × 10-2 2.0 × 10-4 9.5 × 10-2 8.4 × 10-2 1.1× 10-1 1.0× 10-1 1.0× 10-1 

R2 0.826 0.944 0.952 0.759 0.795 0.761 0.827 0.765 

Higuchi 

KH (mg∙min-0.5) 3.2 × 10-2 1.9 × 10-2 1.0 × 10-4 3.1 × 10-2 3.0 × 10-2 2.9 × 10-2 2.8 × 10-2 2.9 × 10-2 

R2 0.988 0.998 0.995 0.990 0.992 0.980 0.981 0.981 

Korsmeyer-Peppas 

Kk (min-n) 0.1 0.09 0.06 0.4 3 0.5 0.6 0.6 

n 0.7 0.6 0.7 0.3 0.3 0.2 0.1 0.1 

R2 0.909 0.973 0.971 0.829 0.835 0.875 0.841 0.789 

Weibull 

τd (min) 13 22 25 8 9 5 6 5 

β 1.6 1.0 1.1 1.3 1.2 0.9 1.2 1.1 

R2 0.960 0.991 0.988 0.896 0.969 0.894 0.972 0.888 
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3 min-n also indicating a general increase of release rate (Table 9.4 and Table 9.5). The correlation coefficients 

with Korsmeyer-Peppas model ranged from 0.048 to 0.971 (Table 9.4 and Table 9.5).A correlation coefficient 

from 0.187 to 0.991 was obtained when the Weibull model was fitted to the controlled release profiles (Tables 

4 and 5). The β parameter is lower than 1 for microparticles MpB loaded with RA + curcumin and RA + 

curcumin + resveratrol (in this last case for the RA release profile) (Table 9.4 and Table 9.5). The shape of the 

curve would show therefore a steeper increase regarding the shape of the release curve that corresponds exactly 

to the shape of an exponential profile [262]. For all the other microparticles and respective controlled release 

profiles the β parameter was higher than 1 (Table 9.4 and Table 9.5). Accordingly, the shape of the curve gets 

sigmoidal with a turning point [262]. τd parameter varied from 3 (microparticles MpB loaded with RA + 

curcumin, considering the curcumin release profile) to 76 min (microparticles MpB loaded with RA) (Table 9.4 

and Table 9.5).  

Among all the microparticle formulations, the Weibull model was the most suitable to ensure the full fitting of 

all bioactive compounds controlled release profiles obtained from alginic acid sodium-based microparticles and 

EC + PEG-based microparticles. Weibull model is reported as the most appropriate to describe the release of 

bioactive compounds from a matrix-based microparticles [260], which is related to the typical morphology 

obtained by spray-drying technology [266]. Gonçalves et al. [278,314,336] identified Weibull model as the most 

capable to describe RA release profiles obtained from biopolymer- and synthetic polymer-based microparticles 

obtained by spray-drying. 

 

9.4. Conclusion  

Alginic acid sodium-based microparticles and microparticles composed by EC + PEG were successfully 

produced by spray-drying technology for co-encapsulation and co-delivery of RA, curcumin and/or resveratrol 

encapsulation. The usage of biopolymers or synthetic polymers as encapsulating agents influences the product 

yield, the amount of bioactive compound that is possible to incorporate in the system fed to the spray-dryer, the 

encapsulation efficiency, particle size, morphology and controlled release profiles from loaded microparticles. 

Particularly, both types of microparticles enabled a similar encapsulation efficiency among the co-encapsulated 

bioactive compounds (from 26 ± 3 to 34 ± 1% for microparticles MpB and 91 ± 6 to 97 ± 8% for microparticles 

MpP). The bioactive compounds that were co-encapsulated in the same formulation evidenced a similar release 

profile, with their release occurring between 48 min and more than 6 h from alginic acid-based microparticles, 

and the achievement of release stabilization between 60 and 80 min after the begging of assay from EC + 

PEG-based microparticles. 
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The tenth chapter aims to present a critical overview of the main findings achieved in this research. 

Moreover, some recommendations for future work are presented. 
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10.1. Conclusions 

This thesis focused on the design and development of microparticle formulations for RA encapsulation using 

spray-drying technology. An approach based on the incorporation of RA into appropriate carrier-based delivery 

systems has been subject of research in pharmaceutical and medical fields (Chapter 2). This strategy aims to 

provide an effective protection and stability to RA. In general, retinoids are poor aqueous soluble and can be 

damaged due to heat, presence of oxidants and light. Particularly, RA is highly sensitive to oxidizing 

compounds, air and UV light. Moreover, a sustained RA delivery can also be achieved and at the desired place. 

At last, undesirable side-effects related to RA administration might be mitigated. In this research, the 

encapsulation of RA aimed to increase the efficiency of this retinoid in the treatment of APL. Herein, continuous 

repetitive RA oral administration (Vesanoid®) leads to a marked decline of RA half-life in blood and consequent 

decrease of RA concentration in the plasma. Despite of the continued treatment the patients become resistant to 

RA. Providing a slow and continuous RA controlled delivery may reduce the activity of cytochrome P450 

enzymes involved in catabolism of this retinoid and ultimately beneficiate the anticancer activity of RA.  

Chapter 4 proposed the first microparticles for RA encapsulation, individually composed by alginic acid sodium, 

modified chitosan and arabic gum. The slower release was achieved from alginic acid sodium-based 

microparticles (> 7 h) in octanol, whereby this encapsulating agent showed to be the most promising for RA 

controlled release. In turn, the faster release was observed from modified chitosan-based microparticles 

(99 min). However, for these both formulations a high loss of RA was evidenced over time. This situation 

required the presentation of an improved system for RA delivery. Accordingly, oil-in-water emulsions 

individually composed by alginic acid sodium, modified chitosan, arabic gum, xanthan gum and gelatin 

(Chapter 5) and oil-in-water emulsions composed by binary and ternary blends of these biopolymers (Chapter 

6) were further proposed to be dried to produce RA loaded-biopolymer-based microparticles. Considering 

Chapter 5, RA encapsulation efficiency of modified chitosan-based microparticles showed to be significantly 

affected by inlet air temperature. The highest RA retention was observed at 130 °C (65 ± 6%). In agreement 

with this result, further spray-drying operations were performed using this inlet air temperature. Among the 

microparticles herein produced the highest encapsulation efficiency was obtained for modified chitosan- and, 

in second place, for alginic acid sodium-based microparticles (62 ± 5%). Regarding controlled release studies, 

xanthan gum and arabic gum-based microparticles resulted in a faster release of RA, while the alginic acid 

sodium-based microparticles enabled again to register the slower release of this retinoid (almost 8 h). In Chapter 

6, the biopolymers that individually enabled in Chapter 5 the production of RA-loaded microparticles with the 

most promising characteristics (alginic acid sodium, modified chitosan and xanthan gum) were proposed to 

produce the xanthan gum + alginic acid sodium, modified chitosan + alginic acid sodium, modified chitosan + 

xanthan gum and modified chitosan + xanthan gum + alginic acid sodium blends for RA encapsulation. The 

xanthan gum + alginic acid sodium blend enabled the production of RA-loaded microparticles with the highest 

encapsulation efficiency (76 ± 4%). Most of microparticles composed by alginic acid sodium also enabled to 

prolong the RA release for a longer time (almost 7 h). Exceptionally, microparticles composed by the modified 

chitosan + alginic acid sodium blend resulted in a complete release of RA after 100 min. In order to significantly 
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increase the amount of RA that is possible to incorporate in the system fed to the spray-dryer and then increase 

the amount of RA encapsulated in the microparticles, Chapter 7 proposes EC- and EC + PEG-based 

microparticles for encapsulation of this retinoid. These both formulations increased at least 250-fold the mass 

of RA added to the system to be fed to the spray-dryer, when compared to the biopolymer-based systems 

proposed. The encapsulation efficiency herein obtained was around 100%, which become these carrier-based 

delivery systems more suitable for the treatment of APL when compared to the biopolymer-based microparticles 

previously presented (Chapters 4, 5 and 6). However, the RA release from these synthetic polymer-based 

microparticles was very fast (40 min). Subsequently, in vitro bioaccessibility and intestinal transport of RA 

encapsulated into EC- and EC + PEG- based microparticles were assessed in Chapter 8. This study is of major 

importance to evaluate these microparticles regarding their behaviour during gastrointestinal tract and then 

validate the EC- and EC + PEG- based microparticles for RA release and delivery in the intestine. Currently, 

the number of recent studies in this field and applied to carrier-based delivery systems is limited (Chapter 3). 

RA bioaccessibility after in vitro static digestion of RA-loaded synthetic polymer-based microparticles, with 

and without co-ingestion of a reference diet, was significantly affected at intestinal level by the type of 

microparticles and the presence of meal. The digestion of EC- and EC+PEG-based microparticles without diet 

significantly increased the RA bioaccessibility from 24 ± 6 to 84 ± 1% and 25 ± 5 to 54 ± 4%, respectively. 

Moreover, comparing these both type of microparticles, the bioaccessibility of this retinoid was significantly 

higher for EC-based microparticles digested without diet. At last, co-ingestion of EC- and ECP-based 

microparticles with diet enabled a similar RA bioaccessibility among both formulations. Regarding intestinal 

transport, it was observed that the amount of RA that reached the basolateral compartment was significantly 

influenced by the samples used in the experiments. The best results were obtained from blank digesta spiked 

with RA. All the studies presented so far in this thesis enable to point out the most promising microparticle 

formulation for RA encapsulation and those include: (i) alginic acid sodium-based microparticles (obtained 

from oil-in-water emulsion), due the relatively high encapsulation efficiency and slow controlled release profiles 

of RA; and (ii) EC + PEG-based microparticles, due to the in vitro digestion results and the ability to encapsulate 

RA in an amount closer to the current daily dosage administrated. Accordingly, these both formulations were 

proposed as co-encapsulation systems for the co-delivery of RA, curcumin and/or resveratrol. Encapsulation 

efficiency was significantly influenced by the encapsulating agent(s) used in the microparticles formulations, 

whereby the biopolymer-based microparticles and synthetic polymers-based microparticles enabled an 

encapsulation efficiency for all the bioactive compounds that varied between 26 ± 3-34 ± 1% and 91 ± 6-97 ± 

8%, respectively. The bioactive compounds that were co-encapsulated showed a similar release profile and it 

was more prolonged from alginic acid-based microparticles (between 48 min and more than 6 h). This work 

showed that different polymers can be used to produce microsystems by spray-drying for RA encapsulation and 

controlled release. Synthetic polymers evidenced to be the most promising to be used in formulations for 

application in the treatment of APL. Moreover, this work provided knowledge regarding the behaviour of 

microparticles composed by EC and the EC + PEG blend during in vitro digestion). At last, a preliminary 
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approach regarding the effect of RA, curcumin and/or resveratrol co-encapsulation in the co-release of these 

bioactive compounds was understood. 

 

10.2.  Future perspectives 

In this thesis, several carrier-based delivery systems were proposed for RA encapsulation to be used for the 

treatment of APL. However, we are still far from the final pharmaceutical product. New experiments must be 

performed, including: 

• Optimization of the concentration and ratio of synthetic polymers used in the EC + PEG blend of 

encapsulating agents. The final aim is the development of microparticles capable to provide a sustained 

release of RA for hours and, therefore, reduce the activation of cytochrome P450 and increase RA 

efficiency. In this work, EC + PEG-based microparticles exhibited relevant features to be used in the 

treatment of APL, including the ability to incorporate an increased amount of RA that is comparable to 

the daily dose of Vesanoid® and to protect RA during gastrointestinal tract and enable the release in 

the intestine. 

• Evaluation of RA bioaccessibility and intestinal transport after in vitro digestion of EC + PEG-based 

microparticles co-ingested with a suitable diet for patients with APL. 

• Integration of EC + PEG-based microparticles into a food-based matrix for oral administration of 

RA-loaded microparticles. Gastrointestinal behaviour of the obtained food/microparticle combined 

formulation might be assessed by in vitro digestion.
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