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Resumo 

 

 

A indústria farmacêutica é caraterizada por mudanças e exigências 

constantes, originadas pela necessidade de desenvolver novos fármacos, ou 

formulações de fármacos existentes, que sejam mais eficazes e seguras. Neste 

contexto, são frequentemente utilizadas estratégias como a reformulação 

farmacêutica para ultrapassar muitas das desvantagens associadas aos 

fármacos existentes, dado o menor custo desta abordagem. 

As estratégias usadas para aumentar a solubilidade, estabilidade e 

permeação de fármacos são cruciais para melhorar a sua eficácia terapêutica. 

Assim, compreender os problemas associados aos princípios ativos já 

existentes, desenvolver estratégias mais eficazes para a sua solubilização e 

administração, assim como a seleção de solventes ou excipientes apropriados, 

são aspetos cruciais para melhorar a eficácia terapêutica. Adicionalmente, a 

possibilidade de incorporar estes componentes, nomeadamente os solventes, 

em sistemas de administração de fármacos é apelativa para modelar as suas 

propriedades.  

Recentemente, solventes alternativos como os solventes eutécticos 

profundos (DES) têm sido explorados na área farmacêutica, mostrando uma 

elevada capacidade de solvatação e de permeação de fármacos através de 

membranas biológicas, bem como da sua estabilização. Adicionalmente, a 

versatilidade destes solventes possibilita a sua incorporação em diferentes 

sistemas de administração de fármacos, sendo inclusive possível o uso de 

biopolímeros hidrofílicos. Esta combinação resulta em efeitos positivos nas 

propriedades dos materiais biopoliméricos, permitindo em particular o ajuste das 

suas propriedades mecânicas e dos perfis de libertação dos respetivos 

fármacos.  

Neste contexto, o principal objetivo da presente tese centrou-se no 

desenvolvimento de formulações de DES e na sua utilização em novos sistemas 

de administração de fármacos já existentes, visando a melhoria da sua eficácia. 

Os trabalhos desenvolvidos envolveram o design racional dessas formulações 

e a avaliação do seu impacto no desempenho do sistema. Dada as crescentes 

preocupações associadas aos agentes antimicrobianos, incluindo antibióticos, 

esta classe de fármacos foi uma das mais estudadas. 

O primeiro trabalho focou-se no desenvolvimento de soluções aquosas 

de DES, tais como cloreto de colina:ureia:ácido malónico, prolina:ureia:ácido 

malónico e ácido cítrico:xilitol, para melhorar a solubilidade, a estabilidade e a 

eficácia terapêutica do antibiótico ciprofloxacina.  

  



 

 

  

 

As formulações desenvolvidas permitiram aumentar a solubilidade do 

fármaco 430 vezes comparativamente à sua solubilidade em água, e a 

suscetibilidade de bactérias Gram-negativas e Gram-positivas à ciprofloxacina 

2 a 4 vezes, respetivamente, sendo não tóxicas para células humanas nas 

concentrações estudadas. Foi ainda demonstrada a capacidade de melhorar a 

eficácia terapêutica do antibiótico sem promover o desenvolvimento de 

tolerância antimicrobiana ao mesmo. 

O trabalho seguinte teve como objetivo a utilização de soluções aquosas 

de DES à base de betaína, nomeadamente betaína:glicerol e betaína:xilitol, no 

desenvolvimento de sistemas de administração de fármacos para administração 

ocular, especificamente microemulsões com carácter termo-responsivo, cuja 

viscosidade aumenta quando em contato com o ambiente ocular. Estes sistemas 

permitiram obter uma libertação contínua e uma maior permeação do antibiótico 

cloranfenicol através da córnea. Por fim, foi demonstrada uma maior atividade 

antimicrobiana e uma ação mais rápida em caso de infeção por bactérias 

multirresistentes, usando estas microemulsões, comparativamente com uma 

formulação comercial. 

A versatilidade das formulações aquosas de DES foi também explorada 

no desenvolvimento de sistemas tópicos de administração de fármacos à base 

de biopolímeros. Neste sentido, foram desenvolvidos filmes adesivos baseados 

em pululano para aplicação em terapia fotodinâmica antimicrobiana (TFDa). 

Com este propósito, foram utilizados DES à base de betaína (betaína:ácido 

levulínico)) para melhorar a solubilidade e fotoestabilidade da curcumina, um 

fotossensibilizador natural. A incorporação das formulações de DES nos filmes 

de pululano permitiu ajustar as suas propriedades, tendo-se obtido sistemas 

com maior extensibilidade do que os correspondentes originais. Estes filmes 

possuem ainda capacidade de absorver a humidade da pele e passar para a 

forma de hidrogel com maior adesividade do que os hidrogéis comerciais. O uso 

destes sistemas em combinação com uma abordagem de TFDa permitiu 

erradicar estirpes resistentes a antibióticos comuns, abaixo do limite de deteção 

do método, em amostras de pele ex vivo, sendo estes sistemas não tóxicos para 

as células da pele. 

A combinação de DES e biopolímeros foi também investigada para a 

administração transdérmica de fármacos anti-inflamatórios. Foram utilizadas 

soluções aquosas de DES à base de arginina:glicerol para aumentar a 

solubilidade do ibuprofeno (até 7917 vezes em comparação com a solubilidade 

em água). Estas formulações não apresentaram citotoxicidade para macrófagos 

e preservaram a ação anti-inflamatória do fármaco. A sua incorporação em 

hidrogéis de alginato resultou em materiais com maior flexibilidade, e que 

apresentam uma libertação sustentada do fármaco. Adicionalmente, estes 

hidrogéis promoveram um aumento da permeação do fármaco na pele humana 

em comparação com o sistema homólogo contento apenas ibuprofeno. 

Em suma, a presente tese demonstra a versatilidade e as vantagens das 

formulações aquosas de DES na melhoria da administração e na eficácia 

terapêutica de diferentes fármacos existentes. 
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abstract 

 

The pharmaceutical industry is characterized by constant changes and 

demands, driven by the need to develop new drugs, or drug formulations of 

existing drugs, that are more efficient and safer. In this context, strategies such 

as drug reformulation are frequently applied to overcome many of the drawbacks 

associated with the existing pharmaceuticals, given the lower cost of this 

approach. 

Approaches to enhance drug solubility, stability, and permeation are 

crucial to improve their therapeutic efficacy. Therefore, understanding the 

problems associated with the existing active pharmaceutical ingredients, 

developing more effective strategies for their solubilization and administration, 

as well as to select proper solvents or excipients, are main aspects to improve 

therapeutic efficacy. Additionally, the possibility to incorporate these 

components, namely the solvents, in the drug delivery system, to tune their 

properties is appealing. 

Recently, alternative solvents, such as deep eutectic solvents (DES), have 

been explored in the pharmaceutical field, showing high solvation ability and high 

drug permeation across biological membranes, as well as drug stabilization. 

Furthermore, the versatility displayed by these solvents enables their 

incorporation into different drug delivery systems, being even possible the use of 

hydrophilic biopolymers. This partnership results in positive effects in the 

properties of biopolymer-based materials, allowing to particularly tune the 

mechanical properties and the respective drug release profiles. 

In this context, the main goal of this thesis is focused on the development 

of DES formulations of existing drugs and their incorporation in delivery systems, 

envisioning the improvement of their efficacy. The works developed involved the 

rational design of these formulations and the evaluation of their impact on 

system’s performance. Given the rising concerns associated with antimicrobial 

agents, including antibiotics, this was the class mainly studied.  

The first study focused on the development of DES aqueous solutions of 

cholinium chloride:urea:malonic acid, proline:urea:malonic acid and citric 

acid:xylitol, to remarkably improve the solubility, stability, and therapeutic efficacy 

of the antibiotic ciprofloxacin. The developed formulations enhanced the drug 

solubility up to 430-fold, in comparison to water, and the susceptibility of Gram-

negative and Gram-positive bacteria to ciprofloxacin by 2- to 4-fold, respectively, 

while being non-toxic to human cells at the studied concentrations. 

 



 

 

 

 

 

 

 

 

 

 

  

 

 The ability to improve the therapeutic efficacy of the antibiotic while 

avoiding the development of antimicrobial tolerance was demonstrated.      

The following study aimed to use betaine-based DES aqueous solutions, 

such as betaine:glycerol and betaine:xylitol, in the development of ocular drug 

delivery systems, namely thermo-responsive microemulsions that increase their 

viscosity upon contact with the ocular environment. These systems allowed a 

sustained-release and a higher permeation of the antibiotic chloramphenicol 

through the cornea. Finally, a higher antimicrobial activity and faster action in 

case of infection caused by multi-resistant bacteria was demonstrated using 

these microemulsions in comparison to a commercialized formulation. 

The versatility of DES formulations was also explored in the development 

of biopolymer-based drug delivery systems. In this sense, pullulan-based 

adhesive films were developed for application in antimicrobial photodynamic 

therapy (aPDT). For this purpose, betaine-based DES (betaine:levulinic acid) 

were applied to improve the solubility and photostability of the natural 

photosensitizer, curcumin. The incorporation of the DES formulations in the films, 

permitted to tune pullulan’s properties, obtaining systems with higher extensibility 

than the pristine materials. These films also present capability to absorb skin 

moisture and transit into a hydrogel with and higher adhesiveness than 

commercial hydrogels. The use of these systems in combination with an aPDT 

approach, allowed to eradicate common drug-resistant strains below the 

detection limit in ex vivo skin samples while being non-toxic to skin cells.  

The partnership between DES and biopolymers was also investigated for 

the transdermal delivery of anti-inflammatory drugs. DES aqueous solutions, 

based on arginine:glycerol, were used to increase the solubility of ibuprofen (up 

to 7917-fold, in comparison to water). These formulations were non-cytotoxic to 

macrophages and shown to preserve the anti-inflammatory action of the drug. 

Their incorporation into alginate-based hydrogels resulted in materials with 

higher flexibility, that presented a sustained release of the drug. Additionally, 

these hydrogels promoted an enhancement in the drug permeation across 

human skin in comparison to their counterpart containing only ibuprofen. 

In conclusion, the present thesis demonstrates the versatility and 

advantages of DES formulations in the improvement of drug delivery and 

therapeutic efficacy of known drugs. 
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The modern era of pharmaceuticals impacted life quality in ways that were 

not possible nor even predictable before.1 Despite the rising number of people 

affected by different diseases worldwide, the improvement in global health has 

allowed to extend life expectancy and save an uncountable number of lives. 

Although the pharmaceutical industry is known for its innovation and research driven 

character, as well as for its high degree of social and economic responsibility, the 

overall investments in this area not always reflect more treatment choices for 

patients or additional effective therapeutics.2 Thought the pharmaceutical sector 

holds a 19% share of all business spending on R&D worldwide, the number of new 

approved pharmaceuticals per billion US dollars spent on R&D has halved every 9 

years since 1950.3 The R&D process has become more knowledge-based, and the 

costs associated have increased several folds over the same time, being now 

governed by generic products that control many traditional therapeutic areas.4  

On average, new pharmaceuticals take about 15 years to reach the market, 

and in between, most of the time is dedicated to expensive clinical trials.5 The global 

COVID-19 pandemic scenario demonstrated that, in some cases, this period can be 

potentially shortened without significantly impacting the product safety, but more 

importantly, it shifted the global medical needs.6 Overall, this atypic situation showed 

that reimagining R&D in pharmaceuticals demands a change in the drug 

development and formulation and in the strategies to address the patients’ needs. 

One alternative to reduce the time and costs associated with the development of 

new drugs is to start from known drugs and improve their formulations.7 The 

development of new and more effective formulations of existing drugs should 

preclude the necessity for extensive preclinical formulation and toxicology studies 

and, thereby, significantly reduce the development time.8 It is interesting to note that 

even though this PhD project began before the pandemic, it already followed this 

view.  

New drug formulations are mainly designed to improve therapeutic efficacy, 

patient compliance and clinical outcomes.9 Finding new ways to design or modify a 

formulation to achieve those goals, might allow existing drugs to stay longer in the 

market, avoiding patents expiring and enables the release products that can 

compete with generic options. This might be beneficial to tackle the pharmaceutical 
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productivity shortfalls in many therapeutic sectors, as well as promising to increase 

the patients’ treatment options and efficacy.  

One of the most affected therapeutic sectors has been the antibiotic 

pipeline.10 Since the 1960s, the rise in antimicrobial resistance has led to an 

increasing number of deaths each year motivated by infections, and is estimated to 

surpass by 2050 the number of deaths caused by cancer if no action is taken.11,12 

Despite this evolving risk and the clear need for more effective antimicrobial agents, 

discovering and bringing new antibiotics to the market is often too long and hardly 

profitable for pharmaceutical companies.13 Therefore, this class of pharmaceutical 

agents may highly benefit from the development and research of more effective 

formulations. 

Main objectives 

Motivated by the high number of pharmaceuticals in the market that present 

efficacy drawbacks, this PhD thesis focused on the development of new 

formulations that can simultaneously improve water-solubility, permeation and/or 

stability of existing drugs, and their incorporation in different drug delivery systems, 

considering the intended therapeutic target. For this purpose, the solubilization of 

existing active pharmaceutical ingredients (APIs) in alternative solvents, namely 

aqueous solutions of deep eutectic solvents (DES), was investigated. The stability 

of the several APIs in the new solvents was conducted under different time periods, 

temperature and light conditions and compared to the conventional formulations. 

Furthermore, the works developed focused on understanding the DES influence in 

the properties of the final drug delivery systems. For this purpose, different types of 

drug delivery systems (liquid, semi-solid and solid dosage forms) were prepared, 

the combination of DES and biopolymers was studied, and distinct administration 

routes were considered (ocular, topical and transdermal ones). The impact of the 

DES incorporation in pharmaceutical formulations in the final therapeutic efficacy 

was evaluated, aiming to expose the benefits of their use. Overall, the results 

obtained are highly promising, further encouraging the expansion of knowledge in 

this field towards the development of more efficient therapeutics.  
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Thesis outline  

The current PhD thesis is organized in 6 chapters. For a better understanding 

of the thesis organization, a graphical layout is portrayed in Figure 0. 

 

Figure 0. Visual overview of the PhD thesis structure: from the literature survey provided in chapter 
1. Introduction to the application of DES in drug formulation, development and delivery systems and 
future perspectives (chapters 2-6). 
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Chapter 1 provides a contextualization of the main concepts and topics 

addressed during the thesis, creating a guideline of the rational thinking behind all 

developed studies (Figure 0). A literature overview of the path to the development 

of innovative and more effective drug formulations is first introduced, highlighting 

how drug’s characteristics impact their formulation, performance and therapeutic 

efficacy. Following these challenges, a summary of the methodologies commonly 

applied to tackle these limitations is presented. Then, the emerging use of DES and 

their applications in the pharmaceutical field is emphasized as a new strategy to be 

considered. Finally, the main features of biopolymers and the applications of DES 

in the development of polymeric drug delivery systems are appraised.  

This chapter was adapted from the published manuscripts/Book chapters: 

Pedro, S. N.; Freire, M. G.; Freire, C. S. R.; Silvestre, A. J. D. Deep eutectic solvents 

comprising active pharmaceutical ingredients in the development of drug delivery 

systems (2019) Expert Opinion on drug delivery, 16 (5), 497-506.  

Pedro, S. N.; Freire, C. S. R.; Silvestre, A. J. D.; Freire, M. G. Deep Eutectic 

Solvents and Pharmaceuticals (2021) Encyclopedia, 1(3), 942-963.  

Pedro, S. N.; Freire, C. S. R.; Silvestre, A. J. D.; Freire, M. G. Chapter 7- 

Advances brought by ionic liquids in the development of polymer-based drug 

delivery systems, In: Application of Ionic Liquids in Drug Delivery (2021) Springer, 

113-135. 

Chapters 2 to 5 present the main experiment results of this thesis. They 

provide a detailed perspective on the path to design and develop delivery systems 

with DES formulations, from simple aqueous solutions to biopolymer-based 

materials. 

Chapter 2 focuses on the design of aqueous DES formulations containing 

the antibiotic ciprofloxacin, showing improved drug solubility, stability and 

therapeutic efficacy. The rational selection of the DES components was explored as 

well as their concentration in the final formulation, allowing successful 

enhancements of the solubility, stability and antimicrobial action of the antibiotic, 

without cytotoxicity associated.  

This chapter has been adapted from the published manuscript: Pedro, S. N.; 

Gomes, A. T. P. C.; Oskoei, P.; Oliveira, H.; Almeida, A.; Freire, M.G.; Silvestre, A. 
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J. D.; Freire, C. S. R. Boosting Antibiotics Performance by New Formulations with 

Deep Eutectic Solvents (2022) International Journal of Pharmaceutics, 616, 

121566. 

Chapter 3 is dedicated to the incorporation of aqueous DES formulations 

comprising the antibiotic chloramphenicol in liquid drug delivery systems. Aqueous 

solutions of DES were used in the preparation of water-in-oil-in-water thermo-

responsive microemulsions. This work emphases the beneficial and multifunctional 

role of DES and how they allow the improvement of the solubility, stability, 

permeation and therapeutic action of the drug, avoiding the use of multiple 

excipients in the final delivery system.  

This chapter has been adapted from the published manuscript: Pedro, S. N.; 

Gomes, A. T. P. C.; Vilela, C.; Vitorino, C.; Fernandes, R.; Almeida A.; Amaral, M. 

H.; M. G. Freire; Silvestre, A. J. D.; Freire, C. S. R. Thermo-responsive 

microemulsions containing deep eutectic-based antibiotic formulations for improved 

treatment of resistant bacterial ocular infections (2023) Advanced Therapeutics, 

2200235. 

In Chapter 4, the incorporation of aqueous DES formulations containing 

curcumin (a natural photosensitizer) in biopolymer-based systems, namely pullulan-

based adhesive films for application in antimicrobial photodynamic therapy, is 

presented. The DES formulations enhanced the photostability and antimicrobial 

action of curcumin, and their incorporation in the pullulan films improved their 

properties, namely the adhesiveness and mechanical performance. The ex vivo 

eradication of multi-resistant bacteria from skin samples was successfully 

demonstrated. Moreover, the beneficial use of DES in the development of drug 

delivery systems is shown and compared with the usage of common organic 

solvents.  

This chapter has been adapted from the following submitted manuscript: 

Pedro, S. N.; Valente, B. F.; Vilela, C.; Oliveira, H.; Almeida, A.; Freire, M.G.; 

Silvestre, A. J. D.; Freire, C. S. R. Photodynamical Switchable Adhesive Pullulan 

Films Loaded with a Deep Eutectic Solvent Formulation Containing Curcumin to 

Treat Multi-Resistant Skin Infections (2023) Materials Today Bio, 22, 100733.  
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Finally, in Chapter 5, aqueous DES formulations are considered to overcome 

the solubility and the permeation drawbacks of other types of drugs, such as non-

steroidal anti-inflammatory ones, namely ibuprofen. These formulations were 

combined with alginate to produce new hydrogel-based systems, with improved 

mechanical properties, capable of preserving the therapeutic efficacy of the drug 

while improving its transdermal administration. This study also aimed to 

demonstrate that the use of DES might allow the administration of pharmaceuticals 

by alternative routes of administration.  

This chapter has been adapted from the published manuscript: Pedro, S. N.; 

Mendes, M. S. M.; Neves, B. M.; Almeida I. F.; Costa, P.; Correia-Sá, I.; Vilela, C.; 

Freire, M. G.; Silvestre, A. J. D.; Freire, C. S. R. Deep Eutectic Solvent Formulations 

and Alginate-Based Hydrogels as a New Partnership for the Transdermal 

Administration of Anti-Inflammatory Drugs (2022) Pharmaceutics, 14 (4), 827.   

In Chapter 6, the final remarks of this thesis are provided, along with an 

overview of the future trends to be considered in this field. Finally, proposals of future 

work that emerged from the presented studies are mentioned, aiming to open the 

door for future research in this area and to the pharmaceutical approval of these 

systems in the future.  
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Chapter 1. Introduction 

________________________________________________________ 

This chapter was adapted from the published manuscripts/Book chapters:  

Pedro, S. N.; Freire, M. G.; Freire, C. S. R.; Silvestre, A. J. D. Deep eutectic solvents comprising active 
pharmaceutical ingredients in the development of drug delivery systems (2019) Expert Opinion on drug delivery, 
16 (5), 497-506.  

Pedro, S. N.; Freire, C. S. R.; Silvestre, A. J. D.; Freire, M. G. Deep Eutectic Solvents and Pharmaceuticals 

(2021) Encyclopedia, 1(3), 942-963.  

Pedro, S. N.; Freire, C. S. R.; Silvestre, A. J. D.; Freire, M. G. Chapter 7- Advances brought by ionic liquids in 
the development of polymer-based drug delivery systems, In: Application of Ionic Liquids in Drug Delivery (2021) 
Springer, 113-135. 
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Research in the pharmaceutical industry remains circled with difficulties, for 

most of which no obvious solutions seem to emerge. Several strategies have 

become available attempting to surpass the different drawbacks, where drug 

reformulation is seen as an advantageous alternative since many initial screening 

tests may be avoided.9  

Most pharmaceutical drug candidates pass through a long process, as 

illustrated in Figure 1 where they are initially screened by high-throughput 

techniques capable to run >100 000 compounds per day.14 This drug discovery 

process is designed to identify only substances that exhibit specific biological 

activities, and usually a refinement step is needed to reduce the results to one or 

two candidates for further investigation. The pre-clinical stage comprehends the 

drug manufacture, the pre-formulation and formulation study, and design and 

evaluation of the drug through analytical and bioanalytical methods, 

pharmacokinetics and toxicological studies.15 These intend to provide full 

documentation of the drug product to be used in clinical trials. These trials present 

several phases and require tests in many subjects to guarantee the product's safety 

and efficacy, until it reaches final approval.  

The pharmaceutical industry might spend billions of dollars in this time-

consuming process, which might face an extremely high overall rate of failure, which 

even in a final stage can be higher than 90%.5 Despite all the careful planning of the 

process, problems such as drug poor solubility, undesirable side effects, poor 

biodistribution by the proposed clinical route of administration and poor efficacy in 

clinical trials are problems usually encountered.15 Therefore, pharmaceutical 

companies need cost-effective and reduced-risk alternatives to develop drug 

products.16 In this context, developing a new and more effective formulation of a 

marketed drug can be considered an appealing strategy for pharmaceutical 

companies. Drug reformulation can comprehend changes in active ingredient 

concentrations, in pharmaceutical excipients,17 changes in the means of drug 

delivery or a combination of them.18 This way, it is possible to cut the initial screening 

mentioned above, excluding several years of development. Also, when dealing with 

already approved drugs, the data used for the original approval can often be used 
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to support the new formulation.19 In this sense, reformulation can also signify a 

shortcut to pass some regulatory obstacles.  

 

Figure 1. Schematic illustration of the several stages of drug research, development and 
reformulation. Images of the Efficacy and safety section made with Servier Medical Art and adapted 
by the authors according with Servier under the CC-BY 3.0 License (at https://smart.servier.com/, 
accessed on 10 September 2022). 

Even though reformulation presents less waste production, for the reason that 

some experiments are avoided, it can still contribute to the high environmental 

impact of the pharmaceutical industry.20 This industry, known for its global health 

and environmental impact, is still one of the largest users of organic solvents per 

amount of the final product (E factor ranging from 25 to greater than 100), and relies 

mainly on synthetic non-biodegradable and petroleum-based compounds.21 

Pharmaceutical companies need to apply more sustainable practices in their 

research and pipeline. This change might also be beneficial from an economic point 

of view.20,22 The adoption of sustainable practices, can consider, for example, the 

use of alternative solvents with low cytotoxicity to solubilize a given drug and 

integrate the final formulation, excluding steps of recovery and reuse.23–25 

Furthermore, the thriving exploration of excipients from natural and renewable 

sources, such as natural polymers, might help to meet these goals.26 Therefore, the 

search for options that can fit into a more “green chemistry” approach needs to 
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captivate the pharmaceutical industry to shift into novel and more sustainable 

strategies, offering clear advantages that, among other solutions, can address the 

problems associated with the pharmaceuticals performance. 

Notwithstanding, new strategies to be applied in drug reformulation must aim, 

above all, at the improvement of the drug therapeutic efficacy.27 Particularly, 

characteristics such as stability (both in aqueous media and in solid state), water 

solubility (or other relevant solvents) and permeation ability must be scrutinized.28 

Based on the exposed, the following subchapters will address each one of these 

issues and their impact in formulation development and excipient selection, and their 

influence in the drug efficacy. 

1.1  Challenges faced by active pharmaceutical ingredients  

It might seem surprising, but there is not a straightforward answer to the 

question: what is a pharmaceutical? Active pharmaceutical ingredients (APIs) 

cannot be treated as a class of substances since they do not all share the same 

chemical, physical, structural or biological similarities.16 The main relation between 

all these compounds is their application. Therefore, any chemical substance 

capable of modifying biological functions in the organism, resulting in functional or 

somatic changes that can be applied with beneficial effects to treat a specific health 

condition, can integrate this group of compounds. 29   

Every dosage form is a combination of an API and the non-active components, 

the so termed excipients/additives.30 These can be used to give to the dosage form 

a particular shape, to improve solubility, stability and/or permeation, to mask a bitter 

taste, to allow for a proper dosage delivery or control the drug release profile and, 

ultimately, to enhance the drug’s bioavailability while improving safety.31 For drug 

molecules to reach quickly their therapeutic goal and minimize the side-effects along 

their path, they must be freely soluble in biological fluids.32 Thus, the 

pharmaceuticals’ stability, solubility and permeation are fundamental factors to 

achieve successful treatments and dictate the strategy to be selected for the 

formulation process.  
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1.1.1 The stability of active pharmaceutical ingredients  

Instability issues in a drug formulation result in a reduction of efficacy or, more 

seriously, in the formation of toxic degradation products.33 Testing drug stability 

usually follows specific guidelines34 that focus on the duration and frequency of 

testing, number of samples and replicates per time interval, storage conditions 

(duration of storage, type of storage, temperatures and packaging) and analysis 

methods (from which high-performance liquid chromatography is predominantly 

used). Such variables are intended to cover the detection of degradation products 

resulting from physical or chemical degradation of the formulations. Degradation 

studies also usually cover stress factors (pH, temperature and light) that impact the 

drug during manufacturing, handling and storage.35 

The most studied drug degradation process is the hydrolytic degradation, since 

water is commonly used in isolation or formulation strategies.36,37 Usually water acts 

as nucleophile attacking organic bonds in the drug (e.g.: lactam, ester, amide, etc.) 

via neutral, acid- or base-catalyzed conditions.36,37 Therefore, in drug formulation 

one must prove that a given drug is stable under the different pH conditions found 

under storage and at the local of administration. Several options can be considered 

to avoid drug hydrolysis in a formulation, depending on the type of drug and 

formulation.38 For example, if the dosage form is a liquid, then pH adjustment can 

improve the shelf life. When considering the hydrolysis of hydrophobic drugs, the 

selection of surfactant-based systems (such as micelles) can be an alternative to 

protect the drug from the aqueous environment and reduce degradation.38 

The rate and extension of the chemical degradation of drugs is impacted by 

several factors, in addition to the pH, temperature is highly relevant.39 Therefore, 

storage temperature conditions of the final formulation are normally adjusted to 

ensure the product stability and safety.40 To understand the mechanisms of thermal 

decomposition, initially stability tests in accelerated conditions are performed, in 

which high temperatures (40ꟷ80 °C) are applied for short periods of time.41 The drug 

degradation tests both in solid-state and in solution form intend to identify 

degradation products that might allow to predict the real behavior under long-term 

storage conditions.35  
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Likewise photo-instability might also be responsible for efficacy loss, uncertain 

efficacy, and adverse side effects.42 Many photosensitive drugs find their 

concentration to be abruptly decreased when stored or handled under light 

exposure.43 Usually, packing the drug formulations with appropriate protective 

packaging solves the photodegradation problematics;44 however, some drugs 

present such a fast photodegradation rate and instability, even in solid forms that 

numerous methods of photo-stabilization must be applied in early formulation (e.g.: 

light absorbers,45 inclusion in cyclodextrins46 or encapsulation47). Overall, the 

strategies defined to improve drug stability might also result on the enhancement of 

other drug characteristics, such as solubility, fundamental for successful drug 

performance, which will be discussed in the following subchapter.   

1.1.2 Solubility of active pharmaceutical ingredients  

Solubility is one of the main characteristics to be evaluated in the development 

of a drug formulation.48 It is particularly relevant since it might impact on reaching 

the desired systemic concentration and obtaining an optimal therapeutic response. 

However, marketed drugs and under development present low water-solubility, 

which might implicate the therapeutic efficacy and therefore fail in later stages of 

development.49 This means a burden shifted to the patient who has more side-

effects due to the higher doses administrated than the ones needed.50,51 In general, 

determining the solubility of a compound in biorelevant media, its dissolution rate 

and its permeability across biological membranes is essential to determine the rate 

and extent of drug absorption.32,52  Dissolution rates for weakly acidic and basic 

drugs can be improved by administering a salt form, normally with higher solubility 

compared to the non-salt one.53 However, due to the complexity of the human 

physiology (as for instance changes in the pH environment and temperature) the in 

vivo solubility of a drug can be different than that tested in different media. 

Physiologically adapted media and buffers have been increasingly applied with the 

purpose to better predict the in vivo solubility of drugs.  

Based on the drug solubility and permeability, formulation developers might 

also consider the Biopharmaceutical Classification System (BCS) as a tool.54 This 

system can be helpful to predict the potential effect of formulations and physiological 
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variables on the drug bioavailability. Drugs can be classified into four BCS 

categories, from class I (very well absorbed) to class IV (very poor bioavailability), 

as depicted in Figure 2. For the BSC application, a drug can be classified as “highly 

soluble” when the highest clinical dose strength is soluble in 250 mL (or less) of 

aqueous media over a pH between 1 to 7.5 at 37 °C.55 More than the intrinsic 

solubility of the molecule, the solubility criterion in this system considers the 

physiological conditions and the corresponding targeted therapeutic dose. Many 

drugs are classified as BCS Class II, which denote good permeability but low 

aqueous solubility, which is, the most common drawback encountered.56 Drugs from 

each class demand different approaches for solubility enhancement, and, usually, 

advancing in the system classification (from I to IV) generally means less chances 

of developing an oral dosage form.57  

 

Figure 2. Biopharmaceutical Classification System (BCS) and examples of drugs from each class 
(adapted from 54). 

 



17 

 

1.1.3 The permeation of active pharmaceutical ingredients 

across biological membranes  

In early stages of drug development and pre-formulation, lipophilicity is another 

property that must be considered, since it may help to predict the transport of drug 

molecules across biological membranes.58 Whereas lipophilic molecules are mostly 

transported through partition, hydrophilic ones need a specific transport 

mechanism.59 Thus, most drugs have to cross the alternating lipids and aqueous 

domains by partitioning into the lipid bilayer and diffusing to the inner side. In this 

sense, lipophilicity intends to designate the affinity of a compound to be in a lipid-

like environment, which increases the potency and the duration of the drug action.60 

Thus, a balance between lipophilicity and hydrophilicity is desired to avoid not only 

problems of solubility and permeation, but also due to its impact in pharmacokinetic, 

pharmacodynamic and toxicological profile.61 

Based on this notion, lipophilicity can be satisfactorily associated with drug 

permeability. This relationship might be predictive and imply, for example, that lower 

drug lipophilicity can mean lower permeability across biological membranes.62 

According to the BSC, drug substances are classified as “highly permeable” when 

an administered dose presents an absorption extension in humans of more than 

90%, determined based on a mass balance or in comparison to an intravenous 

reference dose.54 In addition to the drug permeation in the gastrointestinal media, 

transdermal63 and ocular64 routes might be appealing alternatives of administration 

that present clear advantages (avoiding systemic side-effects), high patient 

compliance, and which depend mostly on the permeation ability.  

In the case of transdermal delivery, so far, only less than 20 drugs have been 

fully approved.67 The restricted number of available drugs that fit the requirements 

for transdermal administration reflects the struggle of the dual compromise between 

a potent pharmacological activity and the right physicochemical properties. If a drug 

molecule has low molecular weight (<500 Da), is lipophilic (LogP <5) and presents 

a significant solubility in both aqueous and lipidic media, formulations for skin 

application can be considered.65 After the administration of these formulations, the 

drug can permeate the skin tissue through the stratum corneum or adnexal orifices 

(i.e., hair follicles, sweat and sebaceous glands).65 For a better understanding of the 
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skin outer layers that form this protective barrier, a schematic illustration is provided 

in Figure 3.  

 

Figure 3. Schematic illustration of the skin layers and epidermal differentiation that contributes to the 
skin permeability barrier. Skin image made with Servier Medical Art and adapted by the authors 
according with Servier under the CC-BY 3.0 License (at https://smart.servier.com/, accessed on 10 
September 2022). 

When considering permeation through ocular barriers, drugs formulated in 

eye drops account for 90% of the marketed formulations, due to their easiness in 

administration and patient compliance.66 However, these formulations present a low 

ocular associated bioavailability. The tear turnover, nasolacrimal drainage, reflex 

blinking, and ocular barriers (illustrated in Figure 4) represent a challenge to a more 

efficient drug permeation. Drug administration by this route usually comprehends 

~35–56 µL of the formulation applied into the eye, which in healthy conditions 

presents a turnover rate of 0.5–2.2 µL·min-1.67 Since the tear volume is only of ~7–

9 µL, the excess volume is drained by the nasolacrimal duct or reflex blinking. All 

these difficulties result in a drug loss of ~95% after administration. The remaining 

amount will permeate trough the corneal epithelial barrier, which might involve the 

effect of the thigh junctions, the nature of the epithelium and drug efflux pumps.68 



19 

 

For this reason, only a small amount of the topically applied dose reaches deeper 

ocular tissues. These obstacles prevent reaching the therapeutic drug concentration 

into posterior segment ocular tissues.  

To overcome the ocular barriers and enhance the ocular permeation and, 

thereby, bioavailability, several strategies, such as the use of ointments,69 

nanoparticles,70 contact lenses71 among others, have been explored. However, 

there is still not an ideal system for this purpose. 

 

Figure 4. Physiological barriers on ophthalmic drug administration. Image made with Servier Medical 
Art and adapted by the authors according with Servier under the CC-BY 3.0 License (at 
https://smart.servier.com/, accessed on 10 September 2022). 

 

The knowledge and understanding of all these downsides about drug design 

and development must instigate the selection of the proper strategies, capable to 

tackle these drawbacks, and allow to improve drugs characteristics by new means, 

while ensuring effectiveness and safety of the final drug formulation.  
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1.2  Approaches to enhance the solubility and permeation of active 

pharmaceutical ingredients  

Numerous techniques have been developed over the past years to improve 

drugs’ solubility and permeation.49,72 Selecting the optimal method must take into 

consideration the properties of the drugs, the route of administration, the absorption 

site, the dose to be administered and the stability of the drug.  

Among the existing methods for drug solubilization, the use of co-solvents, 

hydrotropes and eutectic mixtures should be particularly highlighted due to the 

relevant solubility enhancements in water achieved for hydrophobic drugs.73,74 

Despite these strategies are all used to improve the drugs’ water solubility, they 

display different features and mechanisms of solubilization. Therefore, they deserve 

more intensive research for their comprehension and application. On the other hand, 

methodologies used to improve the permeation of drugs might comprehend the use 

of permeation enhancers and different drug delivery strategies (microemulsions, 

liposomes, etc.).75  

Although several reviews highlight the application of many strategies to 

improve drugs’ performance and discuss the multiple advances made in this field, 

some methods demand special attention to be drawn as the ones herein 

explored.49,75,76  

1.2.1 Strategies to enhance the aqueous solubility of active 

pharmaceutical ingredients  

Co-solvents can be defined as water-miscible solvents that can be used in liquid 

drug formulations to enhance the solubility of poorly water-soluble drugs and, in 

some cases, also their chemical stability.77 Although a comprehensive image is still 

missing, co-solvents have been hypothesized to act in active pharmaceutical 

ingredients solubilization in water due to the reduction of the interfacial tension 

between the aqueous solvent and the hydrophobic solute.78 In aqueous 

formulations, co-solvents such as ethanol,79 glycerol,80 propylene glycol80 and 

polyethylene glycols81 have been mostly used in the pharmaceutical context. 

Hydrotropes, on the other hand, work mainly by an aggregation behavior.82 

Abranches et al.83 have shown that the driving force for this mechanism is mainly 
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dictated by the apolarity of the hydrotrope and the solute. Both seem to display 

strong interactions in the presence of water, established between their hydrophobic 

moieties. If the hydrophobicity of the hydrotrope and solute are similar, the 

hydrotrope aggregation around the solute is maximum (Figure 5). This happens 

because the hydrophobic moieties of both molecules interact weakly with water, 

being more driven out to associate between them and agglomerate. The 

classification of hydrotropes solely based on their molecular structure is difficult, 

since a wide variety of compounds have been shown to present a hydrotropic 

behavior. The most common examples are ethanol, catechol, salicylates, alkaloids, 

like caffeine and nicotine, and latterly ionic liquids (ILs). 

 

Figure 5. Mechanism of hydrotropy (adapted from Abrances et.al 83). 

Another strategy to improve the solubility of a given drug is the use of eutectic 

mixtures.49 These mixtures result from the combination of two or more components 

that do not interact through covalent bonding, resulting in a mixture with a lower 

melting temperature than the pristine components.49 Eutectic mixtures comprising 

APIs date back to the 60s, when Sekiguchi84 studied the absorption differences 

between sulfathiazole and its eutectic mixture with urea. This was the first study 

showing the higher absorption and excretion of a drug when orally administrated in 

the form of a eutectic mixture. After this pioneering work, the exploitation of this 

strategy has been increasingly observed in the pharmaceutical context.85,86 
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1.2.2  Permeation enhancers 

Permeation enhancers can exert their effect by direct action on the membrane 

barrier (ex.: skin or ocular membranes) or by indirect effects on the formulation, such 

as by improving the drug solubility in the final system.87 In this sense, in the case of 

skin permeation, some permeation enhancers might act directly on the lipids, 

disrupting their highly ordered structure on the stratum corneum, as for the use of 

fatty acids and terpenes.88 On the other hand, permeation enhancers, such as 

ethanol, might also act by extracting lipids from the stratum corneum.89 Additionally, 

these compounds can improve the solubility and the partitioning of the drug from the 

formulation into the stratum corneum, as it happens with the incorporation of 

surfactants in formulations.90 This class of enhancers can comprehend a wide 

variety of compounds with different functional groups, including low molecular 

weight solvents, amphiphiles and even peptides. Figure 6 provides a summary of 

the impact of permeation enhancers on the lipidic barrier, aiming a better 

understanding of their effect on drug’s efficacy. 

 

Figure 6. Effect of permeation enhancers on the lipidic bilayer of biological membranes. 

When considering the action of permeation enhancers on other membranes, 

such as the ocular one, they must target the modification of the tear film and mucous 

layer;91 the modification of the membrane components (lipid bilayers of epithelial 

cells);92 and the loosening of the epithelial tight junctions.91 Compounds such as 
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cyclodextrins,93 chelating agents,94 cell-penetrating peptides95 and amphiphilic 

compounds96 have been also applied in this context. Among these, cyclodextrins 

are commonly found excipients in marketed ophthalmic formulations.93 In addition 

to the permeability enhancement, these compounds can act also as solubility 

enhancers in the final formulation. Due to the multiple roles of many permeation 

enhancers, and their versatility of application, they enable the development of 

suspensions, creams, gels or patches,97 contributing to their wide acceptance since 

the drug administration is simple and non-invasive. 

Eutectic mixtures can also be applied to improve drug permeation, while 

presenting an easy preparation and higher stability than the crystalline form of the 

drug, which makes them more appealing in this area in comparison to amorphous 

materials. Patents and commercialized drugs with eutectic mixtures are mostly 

dedicated to the delivery of drugs by dermal administration.98 One of the oldest 

patented and marketed eutectic mixture is the anesthetic cream EMLA® (Eutectic 

Mixture of Local Anaesthetic), with a melting temperature of 16 °C used in 

transdermal applications.99 This system composed of prilocaine (melting 

temperature of 38 °C) and lidocaine (melting temperature of 68 °C) represents a 

landmark in drugs’ solubilization and permeation enhancement strategies, being 

widely used worldwide. However, EMLA®’s adverse side effects, mainly associated 

to prilocaine, led to the creation of other dual function eutectic mixtures, namely 

lidocaine:procaine and lidocaine:tetracaine.100 The lidocaine:tetracaine mixture is 

also liquid at room temperature, presenting a melting temperature (ca. 18 °C) similar 

to that of EMLA® . The facilitation of the transdermal drug delivery brought by EMLA® 

and the possibility to include this eutectic mixture in different drug delivery systems, 

motivated a broad spectrum of studies in this field, expanding their application.101,102 

Given the progress in the development and application of eutectic mixtures 

throughout recent years, and more recently, deep eutectic solvents (DES) have 

emerged as an advantageous alternative when considering the drug incorporation, 

which will be discussed in the following section. 
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1.3   Deep eutectic solvents (DES) in the pharmaceutical field  

Within eutectic mixtures, DES stand out for their strong deviations from the 

ideal solid–liquid phase behavior (Figure 7).103 DES were first presented by Abbott 

et al.104, in 2003, to describe mixtures of amides with quaternary ammonium salts, 

with melting temperatures far below those of their pure components. The negative 

deviations from the ideal solid-liquid phase behavior can be of such extent that they 

melt far below room or the human body’s temperatures.104,105 Moreover, these 

solvents can be considered designer solvents since they can be prepared from a 

wide variety of combinations of hydrogen bond donors (HBDs) with hydrogen bond 

acceptors (HBAs).23,106 

 
Figure 7. Solid-liquid phase diagram of a hypothetical DES (continuous line) and its comparison with 
the ideal solid-liquid phase behavior (dashed line): The formation of hydrogen bonds between the 
two components (A and B) is represented. 

The DES characteristics and toxicity can be tuned according to the 

compounds’ selection. Therefore, among the existing possibilities, there is a panoply 

of biobased compounds available, for which the combination of quaternary 

ammonium derivatives, such as cholinium chloride ([Ch]Cl), betaine, proline, 

alanine, among others, with other metabolites or permeation enhancers can be 

highlighted, as portrayed in Figure 8.107 The resultant mixtures can be either 

hydrophilic or hydrophobic, enabling the ”phobic” behavior to be tunable for specific 

applications.108,109 Ultimately, DES can be designed with a specific biological activity 

envisioning the production of formulations that can be applied to solubilize drugs 
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and integrate drug delivery systems with a specific role.110 In this case, the 

component selection must focus on the application and consider the intended route 

of administration.  

 

Figure 8. Examples of chemical structures of HBAs and HBDs commonly used in the preparation of 
DES. 

DES can also be designed to enhance APIs’ solubility while avoiding drug 

polymorphism.111 This can be achieved by the conversion of the API into its liquid 

form, i.e., through the formation of deep eutectic solvents comprising the target 

active pharmaceutical ingredient (API-DES), also addressed in literature as 

therapeutic deep eutectic solvents (THEDES).108,111 These drug liquid forms can be 

obtained by the combination of APIs with a wide variety of compounds, namely 

metabolites or permeation enhancers, but also by the selection of two different APIs, 

resulting in dual function liquid forms (Figure 9).111–113 Some DES can also present 

a polymerizable character when comprising APIs combined with compounds with 

polymerizable moieties, further allowing the tuning of their delivery profile.114 Despite 

all the possible combinations, and the fact that APIs can act as both HBAs and 

HBDs, most of the API-DES reported up to date are prepared using the API as the 

HBD species.115–117 
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Figure 9. Possible API–DES strategies according with the individual starting components selection. 

Among the existing DES preparation methods, freeze-drying, vacuum 

evaporation, grinding, microwave, ultrasound irradiation and, the most employed, 

the heating and stirring of the mixture of the HBA and the HBD, are some 

examples.118 The latter method usually comprehends the combination of both DES 

components, in a specific molar ratio, under constant heat and stirring, until a 

uniform colorless liquid is obtained.23 Since no chemical reaction is involved it 

presents 100% of the atom economy, fitting within one of the “green chemistry” 

principles.105 Thus, if no degradation occurs, the purity of the DES is only dependent 

on the purity of the individual starting components.  

The properties of DES can be defined by their composition and molar ratio.114 

Thus, DES might present different physicochemical properties, such as density, 

viscosity, ionic conductivity or polarity, and interesting characteristics, including non-

flammability, non-volatility, thermal stability and biodegradability. One example the 

influence of the composition and molar ratio on the resultant properties of DES is 

their impact in viscosity, which is most often higher than the water viscosity (>1 

mPa.s).119120  While [Ch]Cl:urea displays a viscosity of 750 mPa.s, other DES, such 

as sugar-based ones like [Ch]Cl:glucose, can achieve as much as 34400 mPa.s at 

room temperature. To fit into a specific application and reduce the mixture viscosity, 

this can be tuned by the addition of water or polyols such as glycerol.121  
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The preparation of aqueous solutions of DES allows not only the manipulation 

of the viscosity of the mixture but also an increase in the solvation ability in 

comparison to the neat DES. 82 Although water is the most desirable solvent for 

pharmaceuticals, since the vast majority presents low-water solubility, organic 

solvents are generally employed, such as alcohols, acetone or dimethyl sulfoxide 

(DMSO).122 On the other hand, DES can be designed to present non-toxic character 

and to be used in aqueous solutions to fit the drug delivery system’s needs. The 

solubilization of pharmaceuticals and even biopolymers108,123,124 in DES aqueous 

solutions might result in systems with different properties to those obtained with the 

direct dissolution of the DES’ components separately in water.125 Both the DES 

solution and the components in water have a distinct impact in the resultant 

properties of the biopolymer-based system, being a clear advantage in this case the 

solubilization of the DES in water, since better mechanical properties can be 

achieved. Due to the advantages of the use of neat DES and their aqueous solutions 

in the pharmaceutical context, they have been applied in several steps of drug 

formulation and drug delivery development.  

1.3.1  DES to improve the solubility of active pharmaceutical 

ingredients 

DES can be ideally designed to solubilize selected APIs and integrate the drug 

delivery system without affecting the cytotoxicity of the pharmaceutical 

formulation.126 These mixtures have been widely studied in the solubilization of anti-

inflammatory,110 antipyretic,127 analgesic and antimicrobial drugs128–130 as well as for 

the solubilization of nutraceuticals.131,132 Promising results on the solubilization of 

these drugs have been reported using different DES, as summarized in Table 1. It 

has been shown that the solubility enhancements achieved by DES can greatly 

surpass those obtained with conventional co-solvents, hydrotropes and organic 

solvents already applied for pharmaceuticals’ solubilization. For example, this has 

been verified for anti-inflammatory drugs like ibuprofen.110,133 Ibuprofen’s solubility 

in aqueous solutions with common co-solvents, such as propylene glycol and 

polyethylene glycol (PEG 300), presents solubility enhancements of 193-fold and 

700-fold, respectively, whereas, ibuprofen’s solubility can be increased more than 
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5,400-fold in specific DES, namely tetrapropylammonium bromide:1,2-propanediol 

or camphor:menthol, when compared with its solubility in water.110  

Examples with of other drugs have also been investigated, Li and co-

workers134 demonstrated solubility enhancements for itraconazole, piroxicam, 

lidocaine, and posaconazole of 6700-, 430-, 28-, and 6,400-fold, respectively, 

compared to their solubility in water, using a DES based on [Ch]Cl and glycolic acid 

(molar ratio 1:2). A solubility enhancement for itraconazole of 53,600-fold by adding 

a third component, namely oxalic acid, into this DES, at a molar ratio of 1:1.6:0.4 

([Ch]Cl:glycolic acid:oxalic acid), has also been reported.134 Contrarily, by 

solubilizing ibuprofen in the mixture menthol:camphor (1:1) only a 4-fold increase in 

the water solubility is achieved.135 Other drugs, such as antifungals like danazol, 

also benefit from the use of DES. The solubilization of this drug in [Ch]Cl:malonic 

acid (1:1) allows a 320-fold solubility increase, compared to its aqueous solution.128 

Although drugs can be solubilized in the neat DES, they can also be solubilized 

in aqueous solutions containing DES, as previously mentioned. Since most of these 

drugs are intended for human treatment, solubility in aqueous solutions of DES 

should be preferred. The solubility of different drugs, such as itraconazone,128 

griseofulvin128 and dapsone,129 has been studied in aqueous solutions of DES; 

however, few studies report the full solubility curves that allow to choose the best 

DES:water ratio.  

The results reported up to date show how the solubility of APIs in a DES can 

be controlled by its proper design, since the interaction of the DES components with 

the relevant sites of the drug structure might translate into the high solvation abilities 

observed. Ultimately, the solubility of the drugs can be improved while enhancing 

other characteristics such as the permeation ability. 
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Table 1. Summary of APIs solubility improvements in DES (and DES aqueous solutions) at room 
temperature.  

API 
Solubility 
in water 

(mg.mL−1) 

DES (molar ratio, 
HBA:HBD) (%of DES in 

water) 

Solubility in 
DES (mg.mL−1) 

Ref 

Aspirin 7.03 [Ch]Cl:1,2-propanediol (1:2) 202.00 110 

Acetaminophen 19.95 [Ch]Cl:1,2-propanediol (1:2) 324.00 110 

Berberine 2.1 Proline:urea (2:1) 12.3 132 

Carvedilol 0.09 
Thymol:camphor (1:1) 
Menthol:camphor (2:1) 
Thymol:menthol (1:1) 

12.66 
24.52 
28.10 

130 

Curcumin Insoluble 
[Ch]Cl:glycerol (1:1) 

[Ch]Cl:maleic acid (3:1) 
Glucose:sucrose (1:1) 

7.25 
0.07 
0.05 

136 

Danazol <0.0005 
[Ch]Cl:urea (1:2) 

[Ch]Cl:malonic acid (1:2) 
0.05 
0.16 

128 

Dapsone 0.38 
[Ch]Cl:ascorbic acid (2:1) 

(80% of DES in water) 
[Ch]Cl:propylene glycol (1:3) 

200.00 

500.00 
129 

Furosemide 0.02 
Thymol:camphor (1:1) 
Menthol:camphor (2:1) 
Thymol:menthol (1:1) 

6.99 

0.85 
130 

Griseofulvin 0.007 

[Ch]Cl:urea (1:2) 
[Ch]Cl:urea (1:2) (75% of DES 

in water) 
[Ch]Cl:malonic acid (1:2) 
[Ch]Cl:malonic acid (1:2) 
(75% of DES in water) 

0.03 

0.02 

1.00 

0.10 

128 

Ibuprofen 0.07 
Camphor:menthol (1:1) 
Tetrapropylammonium 

bromide:1,2-propanediol 

282.11 

383.40 

135 
110 

 

Itraconazole <0.001 

[Ch]Cl:glycolic acid:oxalic acid 
(1:1.6:0.4) 

[Ch]Cl:malonic acid (1:2) 
[Ch]Cl:malonic acid (1:2) 
(75% of DES in water) 

53.60 

22 

6.60 

134 

128 

Lidocaine 3.63 
[Ch]Cl:glycolic acid:oxalic acid 

(1:1.7:0.3) 
295.40 134 

Ketoprofen 0.34 [Ch]Cl:levulinic acid (1:2) 329.10 110 

Naproxen 0.06 [Ch]Cl:1,2-propanediol (1:2) 45.26 110 

Nitrofurantoin 0.08 
Thymol:camphor (1:1) 
Menthol:camphor (2:1) 
Thymol:menthol (1:1) 

0.50 
0.10 
0.52 

130 

Piroxicam 0.02 [Ch]Cl:glycolic acid (1:2) 9.90 134 

Posaconazole 0.01 
[Ch]Cl:glycolic acid:oxalic acid 

(1:1.7:0.3) 
88.40 134 

Rutin 0.12 [Ch]Cl:proline (3:1) 2.79 131 

Tetracycline 0.23 
Thymol:camphor (1:1) 
Menthol:camphor (2:1) 
Thymol:menthol (1:1) 

24.55 
23.17 
37.88 

130 
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1.3.2 DES as permeation enhancers of active pharmaceutical 

ingredients 

Until recently, the majority of DES were designed for transdermal purposes 

and included drugs and permeation enhancers in their preparation, like anti-

inflammatory drugs and terpenes or fatty acids, respectively. This trend dates back 

to 1998, when Stott and co-workers137 reported a series of API-DES based on 

ibuprofen and different permeation enhancers, namely L-menthol, L-menthone, 

thymol, D-limonene, 1,8-cineole and p-cymene. These mixtures presented melting 

temperatures below body’s temperature, and since the recrystallization of the API 

at lower temperatures was avoided, the API stability under storage could be 

potentially improved. Due to its relevance, the DES menthol:ibuprofen has been 

characterized (Tm=13 °C), studied regarding its efficacy in transdermal delivery and 

applied in drug delivery systems to enhance the release of ibuprofen.108,137 

In a different approach, the APIs’ permeation was improved not by using the 

API in the DES preparation but by the dissolution of the drug in a given DES. This 

type of DES has been designed with permeation enhancers in their composition to 

facilitate the transportation of the drug across the biological membrane. Such an 

approach was recently reported by Silva et al.138 that studied the preparation of DES 

with menthol and fatty acids (such as stearic, myristic, and lauric acids) for wound 

healing applications. Among these, the mixture menthol:stearic acid showed to be 

particularly relevant since it possesses two permeation enhancers in its 

composition, but also interesting biological activities, namely enhanced wound 

healing and antibacterial properties. The advantageous use of these formulations is 

their application versatility. DES with permeation enhancing ability can be 

incorporated into different dosage forms, including topical creams, in a safe 

way.100,139 For example, in vivo studies on albino rabbits have confirmed that topical 

application of DESs, composed of capric acid:menthol, do not cause skin 

irritation.140 Ultimately, these systems have been applied for the solubilization of 

fluconazole and mometasone, antifungal and anti-allergic drugs, respectively, and 

their formulation and application as a topical cream was studied. Interestingly, it has 

been shown that the drug, the DES and cream components do not cause skin 

edema or inflammation, being safe for topical application.140 
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Given the versatility in the design of DES, they can exert multiple roles, offering 

the possibility to have new drug delivery options, which represent a step forward in 

the development of novel drug delivery systems. 

1.3.3 DES as stability enhancers  

DES have also been reported to enhance the stability of pharmaceuticals, 

since many of them are known to decompose through a variety of pathways in 

aqueous solution (as summarized in Table 2).  

Table 2. Impact of DES in drug stability under different storage conditions.  

API 
Reference 

Solvent 
DES Storage Conditions 

Stability 
Improvement in DES 

Media 
Ref 

Hydrolysis  

Aspirin Water 
[Ch]Cl:1,2-
propanediol 

14 h at 80 °C 
Cleavage into salicylic 
and acetic acids is 8.2 

times slower 

110 

Imipenem Water 

Betaine:urea 
7-day storage  

at 25 °C  

7-fold less degradation   
141 

Clavulanic acid Water 
2.5-fold less 
degradation 

Photochemical 

5,10,15,20-
tetrakis(4-

hydroxyphenyl)-
porphyrin 
(THPP) 

Methanol Citric acid:glucose 

3 to 5 h exposure to 
765 W∙m−2 (310–800 
nm) irradiation to an 

endpoint of 8 h 
corresponding to 
1.2 × 106 lux∙h  
(400–800 nm) 

Lower rate of 
photodegradation 

142 

Curcumin Methanol [Ch]Cl:glycerol 
2 h exposure to 

sunlight 

Decreases 
photodegradation 

under sunlight 
exposure   

136 

Thermal 

Chondroitinase 
ABCI 

Phosphate 
buffer 

[Ch]Cl:glycerol 
Betaine–glycerol 

15 days storage at 
−20 °C 

Enzyme activity 
retention of 95% and 
80%, respectively, vs 
loss of activity after 5 
days in its absence 

143 

Human  
interferon-α2 

Phosphate 
buffer 

[Ch]Cl:fructose 
Short-term (2 h) and 
long-term (3 months) 

storage at 37 °C 

Preservation of 
structural integrity and 

activity 

144 

 

For instance, many ester-containing APIs, like aspirin, undergo hydrolysis 

upon a long period storage in water.35 The hydrolysis of aspirin into salicylic and 

acetic acids is 8.2 times slower in a 50% (w/w) aqueous solution of [Ch]Cl:1,2-

propanediol (1:2) than in water, at high temperatures (80 °C). In the same line, some 
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β-lactam antibiotics can be unstable, due to β-lactam hydrolysis, resulting in 

antimicrobial activity loss.141 To overcome this drawback, the DES betaine:urea (1:2) 

with 2% (w/w) of water was studied to improve the stability of the β-lactams 

imipenem and clavulanic acid. These formulations enhanced the antibiotics stability 

by 7- and 2.5-fold, respectively, compared to aqueous formulations in a 7-day 

storage period at room temperature. DES also allow the prevention of thermal and 

photochemical degradations of APIs. As an example, porphyrins display 

photophysical properties attractive for their application in photodynamic therapy.145 

The rate of porphyrins degradation is significantly higher in methanol than in neat 

[Ch]Cl and glucose-based DES; however, upon dilution of the DES porphyrin 

solution in water (1:50), the degradation profile is inverted. In this case, the use of 

the DES as media instead its aqueous solution can be advantageous, especially 

when considering high water concentrations.142  

In addition to porphyrins, curcumin can also be applied as a photosensitizer.146 

Its poor water solubility and high photo and thermal sensitivity, might, however, limit 

its application. By storing curcumin in DES media, namely [Ch]Cl:glycerol (1:2), it is 

possible to prevent the degradation of the photosensitizer over 2 h even when 

exposed to sunlight, while, when stored in methanol in the same conditions, 

curcumin concentration decreases to less than 5% of its initial amount.136 

DES can also decrease or prevent the thermal degradation of therapeutic 

proteins.147 The stability of chondroitinase ABCI, an important clinical enzyme in the 

treatment of spinal lesions and of human interferon-α2 (IFN-α2), a therapeutic 

protein used in the treatment of hepatitis B and C and leukemia, have been 

enhanced using [Ch]Cl:glycerol (1:2) and betaine:glycerol143 and [Ch]Cl:fructose,144 

respectively. The use of these solvents increases the thermal stability of the proteins 

in comparison with their aqueous formulations under different storing temperature 

conditions, and also from short to long-term storing periods.  

Despite the promising results achieved with the use of DES to improve drug 

stability, more extensive data are still needed so that their careful design can be 

accomplished.  
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1.3.4 Cytotoxicity and biological activity of deep eutectic 

solvents 

Considering the increased potential application of these solvents in the 

pharmaceutical area, the cytotoxicity of DES and their impact in the final formulation 

must be addressed for a more efficient selection and acceptance for drug 

formulation purposes.148,149 Initial studies have focused on the cytotoxicity of 

cholinium-based DES tested in prokaryotic microorganisms, like bacteria.138,150,151 

Lately, the effect of DES in more complex systems, such as eukaryotic organisms 

like yeasts,152 human153 and animal cell lines,154 and even animal models has been 

studied.155 The use of different animal models with progressive degrees of 

complexity might help to clarify the impact of DES in the organism after 

administration and its mechanisms of action. These studies have highlighted that 

DES present a different toxicity pattern to that observed for the individual 

components. Furthermore, when in aqueous media, DES present low cytotoxicity 

(below 3000 μM) and low impact on aquatic organisms turning them appellative for 

incorporation in pharmaceutical formulations.156 However, when considering oral 

administration, the selection of DES components must be carefully considered. 

Many studies comprise [Ch]Cl:urea as a model system to explore DES applications. 

Yet, the toxicity of this DES has been increasingly reported and, more recently, 

studies on mice have confirmed this drawback.153 After the administration of the 

DES, the metabolic profiling of the liver, kidney, and serum samples were evaluated, 

revealing that ammonia was putatively responsible for the DES toxic effect.157 Other 

types of DES and the assessment of proper DES concentrations to be regulated 

should be studied in the future.  

Therefore, to avoid significant toxicity, the DES preparation method should be 

considered, and the DES components carefully selected, since this can impact the 

final cytotoxicity.151,158 If properly designed, the DES can be fine-tuned to a specific 

formulation purpose, however this possibility it is still shortly investigated. When 

appropriately considered, the DES formulation can complement or amplify the 

therapeutic action of a drug solubilized in this media. This possibility makes DES 

not only appealing solvents but also valuable excipients to incorporate into 
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pharmaceutical formulations, a possibility further explored through the present 

thesis. 

Table 3 summarizes the DES reported so far with anti-tumoral and 

antimicrobial activities against the respective microorganisms/cell lines. The 

antimicrobial activity of a variety of [Ch]Cl-based DES has been evaluated against 

fungal species, such as Candida albicans,138 Phanerochaete chrysosporium, 

Aspergillus niger, Lentinus tigrinus and Candida cylindracea;152 and against Gram-

positive (Staphylococcus aureus and Listeria monocytogenes) and Gram-negative 

(Escherichia coli and Salmonella enteritidis) bacteria.138,150,151,159 Alcohol- and 

sugar-based DES do not inhibit bacterial growth since these components can be 

used as nutrient sources.150,151 On the other hand, it has been shown that the 

selection of DES with organic acids can have an enhanced effect of bacterial 

inactivation. DES with high acidity or basicity can denature proteins located on the 

cell wall, resulting in cell collapse and death.150 Furthermore, the use of DES based 

on fatty acids can promote biofilm detachment/removal in gram-positive (S. aureus), 

gram-negative (E. coli) bacteria and fungus such as Candida albicans.138  

The in vitro anti-tumoral potential of DES has also been explored in several 

tumoral cell lines.151,153 For example, [Ch]Cl combined with different HBDs, namely 

glycerol, ethylene glycol, triethylene glycol and urea were investigated regarding 

their effect on human prostate cancer (PC3), human malignant melanoma (A375), 

human colon adenocarcinoma (HT29) and human breast cancer (MCF-7) cell 

lines.153 The investigated DES inhibited cancer cell growth at certain dosages (11–

70 μg·mL−1), presenting selectivity to a specific cell line according to the DES 

composition. All the studied DES present, in a dose dependent manner, the ability 

to provoke cell death and increase reactive oxygen species (ROS) production in 

cancer cell lines. In general, DES did not cause DNA damage but enhanced ROS 

production and induced apoptosis in treated cancer cells. However, in vivo 

administration in mice revealed that the dose concentration for administration should 

be carefully manipulated to avoid the toxicity to healthy tissue/organs.153 
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Table 3. DES with impact on the respective microorganisms and cell lines studied. 

DES 
Molar 
Ratio 

Microorganism 
Bacterial 

inhibition (cm) 
Ref 

     

Antibacterial activity 

[Ch]Cl:p-toluenesulfonic acid 1:1 

E. coli 
 

1.71±0.09 

150 

[Ch]Cl:oxalic acid 1:1 2.48±0.03 

[Ch]Cl:levulinic acid 1:2 1.65±0.05 

[Ch]Cl:malonic acid 

1:1 

1.53±0.03 

[Ch]Cl:malic acid 1.92±0.08 

[Ch]Cl:citric acid 1.93±0.13 

[Ch]Cl:tartaric acid 2:1 1.76±0.14 

[Ch]Cl:p-toluenesulfonic acid 1:1  1.20±0.01 

[Ch]Cl:oxalic acid 1:1  1.93±0.07 

[Ch]Cl:levulinic acid 1:2 S. enteritidis 1.60±0.10 

[Ch]Cl:malonic acid 

1:1 

 1.17±0.03 

[Ch]Cl:malic acid  1.22±0.03 

[Ch]Cl:citric acid  1.77±0.03 

[Ch]Cl:tartaric acid 2:1  1.50±0.01 

[Ch]Cl:p-toluenesulfonic acid 1:1 

S. aureus 

1.12±0.02 

[Ch]Cl:oxalic acid 1:1 1.97±0.07 

[Ch]Cl:levulinic acid 1:2 1.00±0.01 

[Ch]Cl:malonic acid 

1:1 

1.32±0.03 

[Ch]Cl:malic acid 1.50±0.05 

[Ch]Cl:citric acid 1.58±0.08 

[Ch]Cl:tartaric acid 2:1 1.50±0.19 

Caprylic acid:myristic acid 3:1 1.40±1.00 
138 Caprylic acid:stearic acid 4:1 1.47±0.58 

Caprylic acid:lauric acid 2:1 1.57±0.58 

[Ch]Cl:p-toluenesulfonic acid 1:1 

L. moncytogenes 

0.70±0.01 

150 

[Ch]Cl:oxalic acid 1:1 1.50±0.01 

[Ch]Cl:levulinic acid 1:2 0.97±0.08 

[Ch]Cl:malonic acid 

1:1 

0.93±0.07 

[Ch]Cl:malic acid 1.10±0.10 

[Ch]Cl:citric acid 1.30±0.05 

[Ch]Cl:tartaric acid 2:1 1.10±0.05 

Caprylic acid:myristic acid 3:1 

MRSA 

1.43±0.47 

138 

Caprylic acid:stearic acid 4:1 1.57±0.47 

Caprylic acid:lauric acid 2:1 1.65±0.41 

Caprylic acid:myristic acid 3:1 

MRSE 

1.57±0.47 

Caprylic acid:stearic acid 4:1 2.00±0.82 

Caprylic acid:lauric acid 2:1 1.50±0.82 

Antifungal activity 

Caprylic acid:myristic acid 3:1  1.27±0.47 

138 Caprylic acid:stearic acid 4:1 C. albicans 1.50±0.50 

Caprylic acid:lauric acid 2:1  1.35±0.41 

[Ch]Cl:p-toluenesulfonic acid  1:3 
P. chrysosporium 

 

0.50±0.10 

138 

[Ch]Cl:ZnCl2 1:2 1.60±0.20 

[Ch]Cl:malonic acid 1:1 0.70±0.03 

[Ch]Cl:p-toluenesulfonic acid  1:3 

A. niger  

0.40±0.20 

[Ch]Cl:ZnCl2 1:2 1.70±0.40 

[Ch]Cl:malonic acid 1:1 0.60±0.02 

[Ch]Cl:p-toluenesulfonic acid  1:3 

L. tigrinus  

0.30±0.20 

[Ch]Cl:ZnCl2 1:2 1.50±0.10  

[Ch]Cl:malonic acid 1:1 0.50±0.20  



36 

 

Table 3. (cont.) 

[Ch]Cl:p-toluenesulfonic acid  1:3 

C. cylindracea 

0.70±0.40  

[Ch]Cl:ZnCl2 1:2 1.70±0.40  

[Ch]Cl:malonic acid 1:1 0.90±0.20  

DES 
Molar 
Ratio 

Cell line IC50 Ref 

Anti-tumoral activity 

[Ch]Cl:glycerol 

1:3 

PC3 

30.65 ± 2.82 a 

153  

[Ch]Cl:ethylene glycol 32.88 ± 5.82 a 

[Ch]Cl:urea 27.78 ± 3.92 a 

[Ch]Cl:triethylene glycol 20.32 ± 2.34 a 

[Ch]Cl:glycerol 

MCF-7 

21.86 ± 2.54 a 

[Ch]Cl:ethylene glycol 27.02 ± 1.31 a 

[Ch]Cl:urea 29.37 ± 4.83 a 

[Ch]Cl:triethylene glycol 16.09 ± 1.23 a 

[Ch]Cl:glycerol 

A375 

18.07 ± 1.62 a 

[Ch]Cl:ethylene glycol 35.23 ± 4.40 a 

[Ch]Cl:urea 59.61 ± 8.28 a 

[Ch]Cl:triethylene glycol 12.29 ± 3.07 a 

[Ch]Cl:glycerol 

 HT29 
 

28.44 ± 3.28 a 

[Ch]Cl:ethylene glycol 30.54 ± 3.68 a 

[Ch]Cl:urea 36.21 ± 4.98 a 

[Ch]Cl:triethylene glycol 17.42 ± 2.55 a 

[Ch]Cl:fructose 
5:2 

Human cervical 
cancer (HelaS3) 

177±7.30 b 

154 

[Ch]Cl:glucose 182±7.60 b 

[Ch]Cl:sucrose 4:1 166±5.80 b 

[Ch]Cl:glycerol 1:2 427±11.0 b 

[Ch]Cl:malonic acid 1:1 20±8.40 b 

[Ch]Cl:fructose 
5:2 

Human ovarian 
cancer (CaOV3) 

 

206±7.50 b 

[Ch]Cl:glucose 193±7.50 b 

[Ch]Cl:sucrose 4:1 154±5.60 b 

[Ch]Cl:glycerol 1:2 483±11.0 b 

[Ch]Cl:malonic acid 1:1 15±8.20 b 

[Ch]Cl:fructose 
5:2 

Mouse skin cancer 
(B16F10) 

195±7.70 b 

[Ch]Cl:glucose 211±8.0 b 

[Ch]Cl:sucrose 4:1 136±5.70 b 

[Ch]Cl:glycerol 1:2 340±10.3 b 

[Ch]Cl:malonic acid 1:1 35±8.8 b 
a: μg·mL-1 
b: mM 

 

1.4  DES in the development of drug delivery systems  

Drug delivery has evolved as a strategy of processes or devices designed to 

enhance the efficacy of therapeutic agents taking into consideration the carrier, the 

route and the target.160 In 1952, Smith Klein Beecham161 introduced, for the first 

time, the possibility to formulate a sustained release system for the delivery of 

dextroamphetamine (Dexedrine), a stimulant used to treat attention deficit 

hyperactivity disorder. This new system was able to control the drug release kinetics 
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over 12 h. After this pioneering evidence, delivery strategies and technologies have 

quickly emerged to tackle drug delivery needs and enabled to develop different 

systems with improved release profiles, extending therapeutic effect from 12 h to 

long-acting systems (up to 3 years), depending on characteristics of the drug and 

delivery system.162,163 Research focused essentially on drug delivery systems aimed 

at effectively reducing the dosage frequency, while maintaining the drug 

concentration in targeted organs/tissues for longer periods of time.164 After years of 

advances in drug delivery technologies, the different release profiles, targets and 

efficacy had a strong contribution from the advances in polymer science (Figure 10).  

Due to the diversity and versatility of synthetic and natural polymeric materials, 

their applications are nowadays widespread and essential across all sectors of 

human activity, spanning from extremely low added-value (yet essential) packaging 

materials to high-technology and high added-value materials, in which biomedical 

and pharmaceutical applications are often included.165,166 The first drug delivery 

polymer-based systems developed, so called First-generation delivery systems 

(Figure 10), were highly successful. These systems were mainly for oral and 

transdermal purposes, and the in vivo pharmacokinetic profiles could be controlled 

by adjusting the drug release kinetics.167 Thus, their success was mainly based on 

engineering manipulations. 

Among the existing drug administration routes, the oral route has been the 

most used for both conventional and novel drug delivery systems.160 The reasons 

for this preference are the easiness of administration and widespread acceptance 

by the patients. However, orally administrated drugs often present variable 

absorption rates and variable serum concentrations, which may be unpredictable.168 

Furthermore, many drugs present undesired side-effects, that often patients intend 

to avoid. Alternative to oral route, topical (skin or ocular) and transdermal drug 

delivery approaches have been widely studied to deliver drugs through biological 

membranes.169 Following this, the development of novel drug release systems, 

which include not only oral controlled release systems, but also fast dispersing 

dosage forms, modulated release profiles and nano-drug delivery systems, 

emerged as second-generation strategies,166 as depicted in Figure 10.  
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Figure 10. Evolution of drug delivery strategies.  

These strategies, however, have experienced difficulties due to the lack of 

regulatory regimes and reproducibility issues.170,171 Although second-generation 

systems are formulated to surpass biological barriers, their efficacy is expected to 

be different from conventional systems and their biological response needs to be 

studied in more detail. The pharmacokinetics of these formulations is mainly driven 

by the body’s response rather than by the delivery system itself.172 Third-generation 

drug delivery technologies pursue to tackle these limitations, being designed to 

overcome both physicochemical and biological barriers, such as site-specific 

intracellular delivery.170 Thus, the future of these drug delivery systems relies in the 

development of new approaches to correct initial burst release, creating more 

controlled systems (as for example in injectable depot formulations) and for the 

formulation of poorly soluble drugs for which the use of DES can be advantageous. 

The progress brought by DES in drug formulation and delivery has been briefly 

reviewed,173–175 highlighting the versatility of these solvents in different types of drug 

delivery systems which will be discussed in more detail in the next subchapters. 

1.4.1 DES in the development of new aqueous drug delivery 

systems 

Liquid formulations are designed to provide the maximum therapeutic 

response and to produce rapid therapeutic effects.176 These dosage forms can be 

divided according to the number of phases into monophasic (solutions) and biphasic 
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(suspensions, emulsions, etc.) systems.177 Due to the variety of possible of biphasic 

delivery systems, they can envisage different administration means such as oral, 

other non-parenteral (ophthalmic, nasal, transdermal) and parenteral routes.178 

Among the numerous strategies in this area, nano and microemulsions represent a 

versatile option for the delivery of drugs through lipophilic barriers and an alternative 

approach to overcome drug low solubility and instability in aqueous media.179 The 

nature of the continuous and discontinuous phases also impacts the nature of each 

colloidal system, making it possible to prepare water/oil (w/o) or oil/water (o/w) 

dispersions.180,181  

Due to the coexistence of both phases, it is possible to solubilize both lipophilic 

and hydrophilic active ingredients in these formulations.182 Therefore, water-

insoluble compounds will prefer to be dispersed in the oil phase and/or hydrophobic 

tail region of the surfactant, whereas water-soluble drugs will favorably be dispersed 

in the aqueous phase.183,184 Additionally, the viscosity of the microemulsion can be 

adjusted for a given application, either by formulation changes, or by the addition of 

specific gelling agents (such as in situ gelling synthetic polymers or biopolymers).185 

Among the gelling agents it is possible to highlight synthetic polymers like Lutrol, 

Carbopol and Pluronics, or biopolymers such as xanthan gum, alginate and 

hydroxypropyl methylcellulose.185–187 Owing to the range of possibilities allowed by 

the development of nano and microemulsions, several drugs have been 

incorporated into this type of formulations and many pharmaceutical products are 

available in the market that employ this type of formulations.188–191 Despite most of 

these systems are designed for transdermal delivery, the application of 

microemulsions for ocular drug delivery has gained special attention due to their 

advantages  in comparison to typical eye-drops.192 Due to the phase transition 

behavior, microemulsions can create in situ precorneal deposits, improving the drug 

retention and, thus, making the release of incorporated drug prolonged.179 

Furthermore, the correct selection of the lipidic phase (mostly medium-chain 

triglycerides), the surfactant phase, and the cosurfactant might enable the delivery 

of the drug in a precise and controlled manner.179  

DES have only recently started to be applied in the development of 

microemulsions. So far, DES have integrated these systems as oil phases since 
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hydrophobic DES, based in fatty acids like n-decanoic and octanoic acids, were 

mainly selected.193,194 Furthermore, these can be applied for the delivery of 

compounds  with low water-solubility, such as curcumin.194 Systems with octanoic 

acid:menthol-in-water proved to be suitable carriers for curcumin, resulting in 

microemulsions with 90% of curcumin in the system after a 30 days storage at 4 °C. 

Interestingly, these systems have shown enhanced anti-inflammatory action, by 

suppressing NO release and reduced cytokines production in lipopolysaccharide 

(LPS)-activated murine and differentiated human macrophages, when compared to 

common formulations of curcumin solubilized in organic solvents, such as DMSO.194 

Despite being in its infancy, the application of DES in water-based formulations can 

foresee interesting results and allow the development of novel drug delivery systems 

with improved efficacy. 

1.4.2 DES incorporation in semi-solid and solid biopolymer-

based drug delivery systems 

Solid dosage forms emerged as unit doses such as capsules, pills, tablets, 

chewable and effervescent tablets, granules and represent a simple approach to 

oral drug delivery systems.177 Semisolid dosage forms, on the contrary, have been 

developed mostly for external use, attempting to reduce the drug’s side effects and 

allowing a local application at the target site.195 These systems have evolved from 

simple dosage forms, such as ointments or creams, to advanced controlled release 

systems like transdermal patches or hydrogel adhesives, from which biopolymers 

have been widely studied.  

Biopolymers can be divided into three major classes according to their 

chemical structure: polysaccharides, proteins, and polyesters.196 Polysaccharides, 

in particular, consist of monosaccharides linked by O-glycosidic linkages. 

Differences in the monosaccharide composition, linkage types and patterns, and 

molecular weight dictate their physical properties, such as solubility, viscosity, 

gelling potential, and/or surface and interfacial properties.197–199 Since they are 

derived from renewable feedstocks, such as plants, algae, or microorganisms, they 

can ultimately answer to the demand for more environmentally friendly options for 

the pharmaceutical industry.200 From the vast range of known polysaccharides, 
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alginate,201 cellulose,202,203 starch,204 chitosan205 and pullulan206 are the most 

frequently used in the development of drug delivery systems.  

The use of biopolymers is advantageous, since they can reduce the stimulation 

of chronic inflammation or immunological reactions and toxicity, in comparison to 

the side-effects associated with the use of synthetic polymers.207 Materials such as 

films,208–210 membranes,211,212 hydrogels,213,214 and micro- and nanoparticle-based 

systems,215 have been developed. These materials can be prepared through a 

variety of methods, from solvent casting216 to electrospinning.217 In addition to the 

reasons mentioned above, the interest in the study of biopolymers for drug delivery 

systems also relies in the possibility of developing novel approaches that are less 

invasive and can offer a more personalized and effective treatment. These systems 

can protect the active ingredients and provide their controlled release to the targeted 

area, while offering the possibility to improve the pharmacokinetics and 

pharmacodynamics of small drugs.218  

Biopolymers and their derivatives have been applied in the development of 

drug delivery systems comprising eutectic mixtures and later DES. One of the oldest 

applications of eutectic mixtures in drug delivery is the application of the previously 

mentioned EMLA® mixture, commercialized as a cream or in a patch form.219 In the 

latter case, a single-dose unit of EMLA® is incorporated into a cellulose absorbent 

disc. Although EMLA® patches have been developed and highlighted for their easy 

application, they seem to exert the same effect as the cream form in cutaneous pain 

relief.139 After this, the lidocaine and prilocaine mixture used in EMLA® has been 

studied for the development of a local delivery system to the periodontal pocket.220 

Cellulose derivatives, such as ethyl(hydroxyethyl)cellulose (EHEC) and a 

hydrophobically modified EHEC, have been tested as potential carrier systems for 

the anesthesia mixture’s delivery, demonstrating a sustained drug release over a 

minimum of 1 h.220 The cellulose derivative EHEC was combined with surfactants 

to advantageously increase the viscosity of the system upon increasing the 

temperature. This behavior allows to administrate an API in a low viscous polymer 

system that thickens in contact with the body. The obtained data indicated the 

possibility of formulating a temperature-sensitive system where small amounts of 
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the eutectic mixture can be incorporated, without severely affecting the gelation 

behavior of the polymer.220 

The combination of DES formulations with biopolymers has allowed to expand 

the possibilities of delivering APIs in a more effective way.221–223 DES have been 

applied as novel solvents for drug and biopolymer solubilization,124,224  as  API 

formulations (API-DES)111 or as agents with specific role (permeation enhancers, 

plasticizers or porosity enhancers) that can fit the needs for the design of drug 

delivery systems for distinct routes of administration.108,113,225 These mixtures have 

been conjugated with different biopolymers (such as gelatin, alginate and chitosan) 

producing varied drug delivery systems, such as hydrogels,223,226 particles227 and 

nanofibers,228 among others. Figure 11 highlights the role of DESs in biopolymeric 

drug delivery systems and their function in the development of systems with 

improved therapeutic action. Based on the exposed, along the description of the 

works developed so far in this area, a particular emphasis will be given to pullulan 

and alginate due to their specific properties and their use in the present PhD thesis. 

 

Figure 11. Schematic representation of the role of DES in the development of different biopolymer-
based drug delivery systems. Skin image made with Servier Medical Art and adapted by the authors 
according with Servier under the CC-BY 3.0 License (at https://smart.servier.com/, accessed on 10 
Septemper 2022). 

Pullulan is a linear polysaccharide composed of maltotriose units (three 

glucose units connected by α–1,4 glycosidic bonds) that are linked between each 

other by α–1,6 glycosidic bonds,[187] as shown in Figure 12. Pullulan is obtained by 

https://www.sciencedirect.com/topics/chemistry/maltotriose
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extracellular production of the fungus Aureobasidium pullulans under a fermentation 

process.229 This biopolymer presents interesting features that make it appealing for 

the biomedical and pharmaceutical field, namely it is inert, antimicrobial, 

hemocompatible, nonimmunogenic,  noncarcinogenic .229,230 In contrast with many 

biopolymers, it is readily water soluble, originating low viscous solutions, that enable 

the preparation of microparticles,231 nanoparticles,232 micelles233 and hydrogels.234 

In addition due to its filmogenic ability, pullulan is applied to produce films aimed at 

topical applications.235 

Owning to pullulan’s chain flexibility and hydroxyl groups, chemical 

modifications can be made to produce derivatives, such as pullulan acetate236 or 

carboxymethyl pullulan.237 These modifications intend to optimize the hydrophilic–

hydrophobic balance, to adjust the release profile and to allow the conjugation of 

this biopolymer with hydrophobic drugs.238,239 This is particularly relevant to achieve 

properties that, otherwise, the biopolymer itself might not comprise (e.g.: self-

assembling). Although its use in drug delivery systems has only recently been 

reported, systems with this biopolymer hold great promise in the development of 

targeted delivery for the treatment of numerous diseases, such as topical 

ones.235,240–242  

 

Figure 12. Structure of pullulan, highlighting the glycosidic bonds between glucose units (α–1,4) and 
between maltotriose units (α–1,6).  

More recently, pullulan has been reported for its ability to improve wounds re-

epithelialization, dermal regeneration, blood vessels formation and collagen 

synthesis,243 proving that pullulan gels could be potential wound healing agents. 
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Materials containing pullulan might affect the cellular response to the delivery 

system, promoting faster healing time that can overcome the already 

commercialized hydrogels.244 Regardless of all these promising properties, the use 

of DES in the production of pullulan-based materials for drug delivery is almost not 

investigated. Only one study by Silva et al.216 was reported concerning the use of 

[Ch]Cl:carboxylic acid-based DES as efficient and timesaving fibrillation agents to 

produce protein nanofibers, which were applied as reinforcing additives of pullulan-

based films. However, in this case the DES were not directly used in combination 

with pullulan.  

Alginate is a highly viscous anionic polysaccharide with gelling properties, 

being mainly produced by brown seaweeds.245 This biopolymer is constituted by 

polymeric chains made of D-mannuronate and L-guluronate units, as illustrated in 

Figure 13a, which can arrange in different proportions and present distinct molecular 

weights (10ꟷ600 kDa).246 The anti-inflammatory activity of alginate combined to its 

nonimmunogenic, haemostatic and biocompatible features make it an important 

biopolymer in the pharmaceutical industry with a wide range of applications.214,247,248 

In fact, drug delivery systems, such as hydrogels, can be prepared with this 

biopolymer by ionotropic gelation with divalent cations (such as Ca2+).249 The 

coupling of continuous α-L-guluronate blocks of adjacent polymer chains with 

entrapment of Ca2+ within the resultant cavities, the so-called egg-box model of 

cross-linking, is the key for the formation of these alginate hydrogels.245 

Consequently, the L-guluronate unit content is particularly relevant to the resultant 

hydrogel properties, affecting the viscosity, elasticity, and pore size of the system.245 

Furthermore, the existence of carboxylic groups in the alginate's structure, 

negatively charged at pH values above 4, turns this biopolymer more soluble in 

neutral and alkaline conditions.245,250 This ability has been advantageously used by 

the pharmaceutical industry for the design of drug delivery systems of drugs with 

preferential absorption in the intestinal tract or drugs that require a higher protection 

and modulation of the release profile.251–253 

Hydrogels present a high amount of water in their 3D network owing to the 

multiple hydrophilic groups in the polymer chains.254 Due to this ability to retain 

water, hydrogels acquire high adaptability to living tissues and an elastic behavior, 
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widening their application to different administration routes.255 However, the 

resultant materials can present limitations, such as low tensile strength, 

nonuniformity in drug loading of hydrophobic drugs and fast drug release. These 

factors have urged the search for alternative strategies to be combined with these 

systems. One of these possibilities is the incorporation of nanoparticles into 

hydrogels to improve their performance (Figure 13b).256   

 

Figure 13. (a) Alginate structure units containing blocks of (1,4)-linked D-mannuronate and L-
guluronate residues. (b) Alginate hydrogel loaded with nanoparticles (NPs) (adapted from 257).  

Alginate hydrogels have shown to be particularly relevant for the development 

of beads,252 films,208 wound dressings201,258 and, more recently, for transdermal 

delivery systems with liquid formulations incorporated.257 Although still less 

explored, the use of alginate hydrogels for transdermal delivery has shown the 

possibility to produce self-adhesive systems with good mechanical properties 

(stretchability and elasticity) and fast release profiles.259 

Among the liquid formulations that can be incorporated into biopolymer-based 

hydrogels, the entrapment of DES formulations comprising APIs has shown 

promising results, not only in drug solubilization but also in the resulting properties 
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of the delivery system. DES have been combined with alginate and chitosan to 

produce hydrogel beads with pH-responsive behavior.226 The DES [Ch]Cl:glycerol 

(1:1) was used as dissolution media for the low water-soluble agent, curcumin. The 

DES could enhance the drug solubility by several orders of magnitude, while it also 

improved the loading capacity of these hydrogels. The formulation was added to the 

alginate aqueous solution (ideally 6% (w/v)) and coagulated with calcium chloride, 

and then coated with 0.2% (w/v) of chitosan. The concentration of DES used in the 

beads’ preparation was also screened. It was possible to verify that amounts lower 

than 25 wt% of DES are more indicated to retain the beads’ shape (Figure 14a). 

Since these hydrogel systems present a pH-responsiveness behavior, due to the 

nature of the biopolymers selected, the drug release was lower in the simulated 

gastric fluid (pH=1.2) than in the simulated intestinal fluid (pH=6.8). A burst release 

associated with the beads’ disintegration was also observed after 2 h and at 1 h in 

both fluids, respectively. Within the period of the assay the release percentage of 

curcumin in the gastric media ranged between 3.59% and 6.49%, whereas 31.97% 

to 57.73% was released in the intestinal media. Furthermore, it is possible to 

achieve 89.49% and 97.49% of curcumin release when simulating colonic 

conditions, at pH=7.4 (Figure 14b). 226    

 

Figure 14. (a) Scanning electron microscopy (SEM) images of the vacuum-dried hydrogel beads 
with different DES content. The scale bar is 500 μm. (b) Cumulative release of curcumin from 
hydrogel beads with different DES-Curcumin content tested in gastric (I), intestinal (II) and colonic 
(III) simulated fluids (adapted from 226). 
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Not only the use of DES is advantageous to improve the loading of higher 

amounts of drug, since they increase the API solubility, it also enables the possibility 

to tune the release profile to fit the intended application, ranging from controlled and 

pH-responsive release profiles as previously stated to fast-release systems. The 

work of Mano et al.228 focused on the development of fast-dissolving delivery 

systems that dissolve or disintegrate in the mouth rapidly. These systems usually 

enable a rapid onset of action with a significant increase in the drug’s bioavailability 

when compared to common oral administration systems. With this purpose in mind, 

ChCl:mandelic acid mixture was used as an API-DES model to evaluate the 

capacity of these mixtures and active ingredients to be encapsulated in gelatin fibers 

produced by electrospinning. Cytotoxicity studies showed that the gelatin fibers with 

DES do not display negative influence on cell proliferation, being suitable for drug 

delivery purposes.228  

DES have been also applied in the development of nanocarriers for application 

in oral administration of chemotherapy agents.260 For this purpose, serine:lactic acid 

(1:3) was used to improve the solubility of chitosan and the thermal stability of the 

system by being grafted to chitosan, via a simple condensation reaction between 

the acidic group of DES and the hydroxyl groups of the biopolymer (Figure 15a).260 

In the building process, the DES-g-chitosan was conjugated with the targeted ligand 

of the biotin molecule, obtaining the nanocarrier DES-g-chitosan-biotin. This 

nanocarrier was loaded with doxorubicin, used in cancer treatment, and the 

resultant system was characterized and evaluated regarding its activity and 

cytotoxicity. The drug delivery system showed high cytotoxicity towards cancer cells, 

namely the HeLa cell line, while presenting low cytotoxicity against healthy cell lines 

(L929) (Figure 15b). 

Although the rise in the number of oral113 and even nasal221 drug delivery has 

broadened the use and application of DES in drug delivery, topical and transdermal 

systems are still the mostly reported.175,223,261 The design of these transdermal 

patches is based on the drug loading into a polymeric or viscous adhesive.262 

Therefore, the development of these systems usually employs a multi-layered 

structure with several components. Among these, an impermeable backing film, a 

preparation comprising the APIs and the respective excipient(s), an adhesive and a 
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protective release liner to peel off before the application.263 Since these are intended 

for a precise local administration of the drug, poor adhesion can result in improper 

dosing and an increasing cost to the patients, once the systems have to be more 

often replaced.263  

 

Figure 15. (a) Transmission electron microscopy (TEM) image of drug loaded DES-g-chitosan-biotin 
nanocarrier. (b) Apoptosis of HeLa cancer cell treated with doxorrubicin loaded DES-g-chitosan-
biotin nanocarrier from 2 h to 24 h (adapted from 260). 

To evaluate the ability of new delivery systems to provide an adequate 

adhesion to skin, peel adhesion tests are usually conducted, where the force 

required to peel away an adhesive once it has been attached to a surface is 

quantified.264–266 Equally, the shear adhesion test can be important to be tested for 

the measurement of the cohesive strength of the adhesive polymer to the skin.266 

The advances made so far in this area comprise the research of novel transdermal 

adhesive patches combined with strategies such as iontophoresis,267 

microneedles242,268,269 and “smart” systems triggered by remote monitor signals.270 

The delivery devices will allow to improve the individualized and controlled treatment 

that is responsive to bio-feedback, benefiting the patients.  

Aiming to apply DES in the development of transdermal systems, recently 

Abbot and coworkers223 combined [Ch]Cl with catechol (1:1), aspirin (1:1) and 

imipramine to produce API-DES. These mixtures were then applied to plasticize 

gelatin films, showing no difference in the properties of the resulting biopolymeric 

systems according to the API formulation incorporated. In general, the API-DES 

enabled a fast drug dispersion in aqueous media achieving higher drug 

concentrations. In vitro tests on hydrated bovine hide and a porcine loin cut exhibited 

a b

I II III
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that the transdermal delivery of the API-DES was superior to the pristine drugs from 

the gelatin matrix. One major example is the transdermal delivery of imipramine 

which was found to reach 65% of drug content in 15 min when in the API-DES form 

in the gelatin film, while systems with only imipramine can released only 20% within 

the same period.223 

In addition to all the promising diversity of systems to be developed with DES 

highlighted above, these solvents can strongly influence the biopolymer-based 

materials’ properties, particularly mechanical ones, mostly associated with their  

plasticizer effect.271 DES such as [Ch]Cl:urea, [Ch]Cl:lactic acid, [Ch]Cl:malonic acid 

and [Ch]Cl:glycerol have been the most applied mixtures as biopolymer 

plasticizers.272 They have shown to reduce cohesion forces between the biopolymer 

chains to improve the final system stretchability, flexibility and processability, as it 

happens with biopolymer-based films and as summarized in Table 4.225,273–275 

Table 4. Effect of DES on the mechanical properties of polysaccharide-based films.  

Biopolymer-
based film 

DES (molar 
ratio) 

Amount of 
DES (%) 

Young’s 
modulus (MPa) 

± SD 

Tensile 
strength 

(MPa) ± SD 

Elongation at 
break (%) ± SD 

Ref 

Agar 
- 0 656 ± 153 34.3 ± 7.7 25.3 ± 9.9 

273 [Ch]Cl:urea 
(1:2) 

- 55.2 ± 12.6 7.3 ± 0.7 59.2 ± 9.4 

Cellulose 

 0 414.20 ± 76.61 60.83 ± 7.02 2.22 ± 0.42 
274 [Ch]Cl:urea 

(1:2) 
62 14.80 ± 1.57 4.14 ± 0.37 34.88 ± 0.11 

Chitosan 

- 0 570 ± 70 31 ± 03 16 ± 05 

 
225 

[Ch]Cl:Lactic 
acid (1:1) 

0 
10 
20 
30 

42.8 ± 1.9 
30.1 ± 3.6 
21.6 ± 2.4 
15.7 ± 1.3 

33.8 ± 3.8 
20.5 ± 2.0 
16.9 ± 2.6 
13.2 ± 1.5 

2.1 ± 0.3 
3.6 ± 0.3  
6.5 ± 0.5 
19.0 ± 2.1 

[Ch]Cl:Malonic 
acid (1:1) 

82 16 ± 02 2.8 ± 0.4 35 ± 09 275 

 

The inclusion of DES in the delivery system can be also beneficial to change 

the resultant porosity, which also impacts the release profile of the API. An example 

has been demonstrated with the DES menthol:ibuprofen (3:1 molar ratio).108 By 

impregnation of a polymeric blend (composed of starch and poly-ε-caprolactone 

(SPCL)) with the DES, after supercritical CO2 (scCO2) sintering, a drug delivery 

system was obtained. This foaming process with the DES allows to obtain a porous 

matrix impregnated with the intended API. The liquid DES contributes to a significant 

modification in the aggregation of the polymer particles, leading to a higher porosity 
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and interconnectivity. In vitro dissolution studies demonstrated similar dissolution 

profiles between pure ibuprofen and its liquid form with menthol; however, ibuprofen 

presented a faster release rate from the polymeric carrier impregnated with API-

DES than in its pristine form. More recently, using the same polymeric blend and 

the same approach based on scCO2 sintering, it was possible to develop a 

controlled drug delivery system with a DES based on [Ch]Cl and ascorbic acid.113 

This DES was used to increase the solubility of dexamethasone in several orders of 

magnitude and applied in the development of a drug delivery system also with 

blends of starch and SPCL. The drug release was studied in vitro in physiological-

like conditions (37 °C, pH 7.4 in PBS solution), showing that the release plateau of 

this system is achieved after 3 days.113 Such a fact highlights the advantage of using 

DES and biopolymer-based systems to tune the APIs release profile by modification 

of the system’s properties. 

Due to the ability of DES to increase the solubility, stability and permeation 

of drugs and biopolymers in aqueous media, they allow different types of systems 

to be prepared. In addition, and owing to their versatility, they are not only 

compatible with different strategies for materials’ preparation, but also different 

types of administration can be envisaged. Regardless of the potential of DES in this 

field, there is still an insufficient number of works to fully understand the interaction 

of DES with biopolymers that could contribute to the conscious development of more 

effective drug delivery systems, and which needs to be expanded. The works herein 

revised support a new direction for the use of DES in the pharmaceutical area, with 

promising potential for implementation in the market. 
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Chapter 2. Boosting Active Pharmaceutical 
Ingredients Performance by New Formulations 
with DES 

________________________________________________________ 

This chapter has been adapted from the published manuscript:  

Pedro, S. N.; Gomes, A. T. P. C.; Oskoei, P.; Oliveira, H.; Almeida, A.; Freire, M.G.; Silvestre, A. J. D.; Freire, 
C. S. R. Boosting Antibiotics Performance by New Formulations with Deep Eutectic Solvents (2022) 
International Journal of Pharmaceutics, 616, 121566. 
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2.1 Abstract 

The critical scenario of antimicrobial resistance to antibiotics highlights the 

need for improved therapeutics and/or formulations. Herein, is demonstrate that 

DES formulations are very promising to remarkably improve the solubility, stability 

and therapeutic efficacy of antibiotics, such as ciprofloxacin. DES aqueous 

solutions enhance the solubility of ciprofloxacin up to 430-fold while extending the 

antibiotic stability. The developed formulations can improve, by 2 to 4-fold, the 

susceptibility of Gram-negative (Escherichia coli and Pseudomonas aeruginosa) 

and Gram-positive (Staphylococcus aureus) bacteria to the antibiotic. They also 

improve the therapeutic efficacy at concentrations where bacteria present 

resistance, without promoting tolerance development to ciprofloxacin. 

Furthermore, the incorporation of DES decreases the toxicity of ciprofloxacin 

towards immortalized human epidermal keratinocytes (HaCat cells). The results 

herein reveal the pioneering use of DES in fluoroquinolone-based formulations and 

their impact on the antibiotic’s characteristics and on its therapeutic action. 
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2.2 Introduction 

In an era of increased resistance to antibiotics and consequent decreased 

antimicrobials’ susceptibility, the risk of failure of standard therapies has become 

one of the major health challenges of society.276 The ongoing emergence of new 

resistant bacteria has challenged the pharmaceutical industry’s research and 

production; yet the development of new effective antibiotics has not been sufficiently 

successful to tackle this challenge. Given this critical scenario, other therapeutic 

strategies, such as bacteriophages with anti-CRISPR genes, monoclonal 

antibodies, host modulation and microbiome approaches have started to be 

investigated.277 

Antibiotics regularly face economic drawbacks as older ones remain first in line 

for use in clinical practice, whereas new options in clinical pipeline are scarcely 

adopted or safeguarded as the last resort.278,279 To pursue more profitable and 

effective alternatives, the improvement of the already existing formulations can help 

boost antibiotic performance for bacteria eradication.280 Examples of this strategy 

include the research on nanoparticle-based systems with extended antibiotic 

release281 and the use of antibiotic adjuvants, which have insufficient antibacterial 

activity, but when combined can augment or transform the activity of antibiotics.282  

An example of progressive decrease in the susceptibility of several pathogens 

to antibiotics and increasing resistance mechanisms corresponds to the clinical use 

of antibiotics belonging to the quinolone family.283 Among these, fluoroquinolones 

have been increasingly prescribed due to their broad-spectrum of action.284 

Ciprofloxacin, in particular, is ranked as one of the most important antimicrobials for 

human medicine applications.279 Although Gram-negative bacteria like 

enterobacteriaceae are highly susceptible to this antibiotic, as well as Pseudomonas 

aeruginosa, some Gram-positive bacteria, like the Staphylococcus species, also 

present some susceptibility to this fluoroquinolone.285 Unfortunately, due to its wide 

application, in the last decade an increased resistance rate to ciprofloxacin has been 

verified for these strains.286 Therefore, the design of novel ciprofloxacin-based 

formulations must ensure higher efficacy, drug concentration above subinhibitory 

levels and prevent the development of resistance that will limit therapeutic 

efficacy.287 However, ciprofloxacin, as many other antibiotics, is poorly water-
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soluble, being its application in different dosage forms limited.288 Therefore, the 

possibility to design formulations that can not only improve the solubility of the 

antibiotic in water but also improve its antimicrobial action is a mandatory demand. 

In the present work, it is proposed an innovative formulation for antibiotics 

based, namely ciprofloxacin, on aqueous solutions of DES, that significantly boosts 

the drug’s performance by overcoming its solubility, stability, susceptibility and 

resistance drawbacks. The therapeutic efficacy of drugs solubilized in DES is still 

shortly addressed and the potential brought by the numerous possibilities of design 

is not fully explored. So far, no reports on the application of DES to improve the 

antimicrobial activity of antibiotics have been found nor their potential to avoid 

bacterial resistance. Furthermore, DES are mainly investigated as neat compounds, 

being, as previously mentioned, aqueous solutions of DES less studied in the field 

of pharmaceuticals and APIs.128,129 

Herein, is demonstrated the possibility to achieve remarkable solubility 

enhancements for ciprofloxacin in aqueous solutions of DES, while providing 

detailed insights towards the understanding of the simultaneous influence of the 

adequate DES design and the formulation of antibiotics in DES aqueous solutions 

in tackling therapeutic efficacy problems and antibiotic resistance. To this purpose 

it is shown the improved therapeutic effect achieved with these novel formulations 

on Gram-negative (E. coli and P. aeruginosa) and Gram-positive (S. aureus) 

bacteria. 
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2.3 Experimental section 

2.3.1 Materials 

The DES studied in this work were prepared using different HBD and HBA 

species.  [Ch]Cl (≥ 99% purity) and urea (≥ 99% purity) were supplied by Sigma-

Aldrich. Malonic acid (≥ 98% purity) was purchased by Fluka and L-proline (≥ 99% 

purity) by TCI chemicals. The citric acid (≥ 99% purity) was supplied by Panreac, 

and xylitol (≥ 99% purity) by Acros Organics. The antibiotic, ciprofloxacin, was 

acquired from Sigma-Aldrich (≥ 98% purity).  

2.3.2 DES preparation and characterization  

The DES investigated were prepared by mixing the respective precursors 

(HBAs and HBDs) in sealed glass vials with constant heating and stirring, until a 

homogeneous transparent liquid was formed (maximum temperature of 90 °C). The 

mixtures were then kept for one hour at this maximum temperature before returning 

to room temperature. DES were prepared at the following molar ratios: 

[Ch]Cl:urea:malonic acid ([Ch]Cl:U:MA), 1:2:0.05; proline:urea:malonic acid 

(Pro:U:MA), 1:1:0.05; and citric acid:xylitol (CA:Xyl), 2:1. The respective DES 

components’ integrities were confirmed by 13C and 1H nuclear magnetic resonance 

(NMR). The 1H NMR and 13C NMR spectra were recorded using a Bruker Avance 

300 at 300.13 MHz and 75.47 MHz, respectively, by previously dissolving the 

mixtures in deuterated water and using trimethylsilyl propanoic acid (TMSP) as an 

internal reference.  

Cholinium Chloride:Urea: 1H NMR (300.13 MHz, D2O): δ 3.08 (9H, d, N(CH3)3); 

3.39 (2H, m, H-2); 3.93 (2H, m, H-1) ppm. 13C NMR (75.47 MHz, D2O): δ 53.86 

(N(CH3)3); 55.6 C-2); 67.38 (C-1); 162.40 (C-1’).  

Proline:Urea: 1H NMR (300.13 MHz, D2O): δ 1.84 (2H, m, H-4); 2.18 (2H, m, 

H-3); 3.20 (2H, m, H-5); 3.97 [1H, dd, H-2) ppm. 13C NMR (75.47 MHz, D2O): δ 

23.69 (C-4); 28.87 (C-3); 45.97 (C-5); 60.90 (C-2); 162.90 (C-1); 174.34 (C-1’) ppm. 

Citric acic:xylitol: 1H NMR (300.13 MHz, D2O): δ 2.64 (4 H, dd, H-2,5); 3.26 -

3.58 (1H, m, H-3’, 2H, m, H-2’,4’, 4H, m, H-1’,5’) ppm. 13C NMR (75.47 MHz, D2O): 
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δ 43.00 (C-2,5); 62.38 (C-1’,5’); 70.51 (C-2’,4’); 71.68 (C-3’); 73.01 (C-3); 173.12 

(C-1,6); 176.39 (C-4) ppm. 

2.3.3 Ciprofloxacin’s solubility assays  

Ciprofloxacin was added in excess to 2.0 g of each DES aqueous solution (0-

60% (w/w) of DES) and pure water and placed in sealed glass vials with a stirring 

bar. These mixtures were allowed to equilibrate in a specific aluminum disk placed 

on a stirring plate with heat control, at constant temperature (25 and 37 °C) and 

stirring (900 rpm) over 72 h. Due to the high viscosity of the obtained solutions, it 

was only possible to study ciprofloxacin’s solubility up to 60% (w/w) of DES in an 

aqueous solution. After saturation of the DES aqueous solutions, the samples were 

centrifuged, and a supernatant aliquot was taken and diluted in water. After this, the 

sample was carefully filtered with a 0.45 μm syringe filter to remove any solid from 

the liquid phase and subsequently quantified by high-performance liquid 

chromatography with diode-array detection (HPLC-DAD, Shimadzu, model 

PROMINENCE). HPLC analyses were performed with an analytical C18 reversed-

phase column (250 × 4.60 mm), Kinetex 5 μm C18 100 Å, from Phenomenex. The 

mobile phase consisted of 25% (v/v) of acetonitrile and 75% (v/v) of ultra-pure water 

with 0.3% (v/v) of orto-phosporic acid. The separation was conducted in isocratic 

mode, at a flow rate of 0.8 mL·min−1 and using an injection volume of 10 μL. The 

column oven and the autosampler operated at 35 °C. The wavelength was set at 

280 nm and each sample was analyzed at least in duplicate form. Calibration curves 

were obtained using the pure ciprofloxacin dissolved in the mobile phase. Under 

these conditions, ciprofloxacin displays a retention time of 3.3 min. 

2.3.4 Stability of DES formulations  

To evaluate the stability of the drug in the DES aqueous solutions and in pure 

water, the drug was dissolved 10 times below its solubility limit (at 3.00×10-5 mol·mL-

3) in water, to guarantee its full solubility. The same amount of drug was solubilized 

in each DES aqueous solution. An aliquot of each solution was collected and 

analyzed by HPLC-DAD to obtain the initial profile for each formulation. Then, the 

formulations were kept in the dark at 25 °C and 75ꟷ80% relative humidity for 30 
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days. After this period new samples were collected and analyzed. The drug 

concentration in water and in the DES’ formulations was quantified by HPLC-DAD 

using the method described above. The stability of the DES aqueous solution in the 

absence of the antibiotic was conducted by Fourier Transform Infrared with 

Attenuated Total Reflectance (FTIR-ATR) to evaluate changes in the functional 

groups of the DES components. The spectrum of each sample was acquired in a 

FTIR system Spectrum BX, PerkinElmer, equipped with a diamond crystal and a 

single horizontal Golden Gate ATR cell. The analyses of the solutions at 40% (w/w) 

of DES were performed at room temperature (25 ± 2) °C with controlled relative 

humidity (75ꟷ80%). Samples were collected on the day of preparation of the DES 

solutions and after 30 days at the storage conditions. All data were recorded in the 

range of 4000ꟷ400 cm-1 with a resolution of 4 cm-1 and by accumulating 32 scans 

with an interval of 1 cm-1. For all the spectra acquired, the background air spectrum 

was subtracted, and the results were recorded as transmittance values. 

2.3.5 Bacterial strains and culture conditions  

The strains of Echerichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 

27853 and Staphylococcus aureus ATCC 6538 were grown on solid medium Trypic 

Soy Agar (TSA) (Liofilchem) at 37 °C during 24 h and posteriorly kept at 4 °C. Each 

bacterium strain was inoculated whenever necessary in liquid medium Trypic Soy 

Broth (TSB) and grown aerobically at 37 °C for 24 h under stirring (100 rpm). For 

each assay, an aliquot of this culture (300 μL) was transferred twice into a new fresh 

TSB medium (subcultured in 30 mL) and grew overnight at 37 °C under stirring. 

2.3.6 Minimum Inhibitory Concentration (MIC) of ciprofloxacin 

formulated in DES aqueous solutions 

Minimum Inhibitory Concentration (MIC) determination for E. coli, P. 

aeruginosa and S. aureus was achieved by broth dilution method.289 Dilutions of 

standardized microbial suspension adjusted to 0.5 McFarland scale in TSB were 

prepared and dispensed in a 96-well microtitration plate. Ciprofloxacin solutions in 

water and formulated in DES were freshly prepared for a starting concentration of 

10 µg·mL-1 of ciprofloxacin, and each were two-fold diluted along the 96-well 
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microtitration plate (12 concentrations for each ciprofloxacin formulated in DES were 

evaluated in the range 10ꟷ0.00244 µg·mL-1). DES alone were also tested in the 

same concentration to infer their influence in the antimicrobial effect. After well-

mixing, the optical density (O.D.) at 600 nm was read, and 96-well microtitration 

plate was incubated under suitable conditions at 37 °C for 24 h. After this time, O.D. 

at 600 nm was read and the MIC was achieved by the lowest concentration of 

antimicrobial agent that inhibits growth of each microorganism. 

2.3.7 Antimicrobial susceptibility to ciprofloxacin in DES 

aqueous solutions 

Antimicrobial activity of ciprofloxacin and DES formulations with the antibiotic 

was assessed by dissolving the pure antibiotic in water and in the DES [Ch]Cl:U:MA, 

Pro:U:MA and CA:Xyl aqueous solutions against E. coli ATCC 25922, P. aeruginosa 

ATCC 27853 and S. aureus ATCC 6538 strains. The susceptibility test was 

performed using the modified Kirby-Bauer disk diffusion method. Each bacterial 

suspension in physiological saline solution (PBS), with a turbidity of 0.5 on the 

McFarland scale, was prepared by peaking up 1–2 colonies from pure cultures. The 

suspension was spread plated using a swab on Mueller-Hinton Agar. Antimicrobial-

impregnated disks were (BD BBL, Sensi-Disc) placed onto the cultures’ medium 

surface. Disks containing 0.5 and 5 µg·mL-1 of the drug were used for E. coli, P. 

aeruginosa and S. aureus evaluation. The disks with the antibiotic in water and in 

aqueous solutions of DES with the antibiotic were placed and incubated at 37 °C for 

18–24 h. Each DES was evaluated without the drug to determine its impact on the 

antimicrobial susceptibility. The antimicrobial efficacy of each formulation was 

determined by measuring the diameter of the zones of inhibition and compared with 

the zone diameter breakpoint established by EUCAST, European Committee on 

Antimicrobial Susceptibility Testing, and accordingly to the Clinical and Laboratory 

Standards Institute [CLSI].290,291 
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2.3.8 Bacterial inactivation efficacy by ciprofloxacin in DES 

solutions 

The bacterial cultures (E. coli, P. aeruginosa and S. aureus) were grown 

overnight and were diluted and adjusted to 0.5 Macfarland scale in PBS, pH 7.4. 

The bacterial suspensions were equally distributed in 2 mL tubes. Afterwards, 

appropriate volumes of ciprofloxacin, CA:Xyl and Pro:U:MA alone and both deep 

eutectic solvent formulations with ciprofloxacin were added to achieve a final 

concentration of 0.5 μg·mL-1 of the antibiotic. A bacterium positive control (Ct) 

containing only the bacterial inoculum in PBS was also carried out. The inactivation 

efficiency of ciprofloxacin, each DES and DES formulations with ciprofloxacin were 

evaluated by quantifying the number of Colony Forming Units per mililiter (CFU·mL-

1). Aliquots of samples and control were taken at different incubation times (0, 1, 2, 

3, 4, 6, 12 and 24 h). Each solution was serially diluted in PBS and each sample 

dilution was pour-plated TSA. The plates were incubated at 37 °C for 24 h and the 

CFU·mL-1 was counted. Experiments were carried out in duplicate and repeated 

three times. 

2.3.9 Bacterial tolerance to ciprofloxacin in DES formulations  

In order to verify the development of tolerance to the treatment with 

ciprofloxacin and the antibiotic formulated in the DES solutions, 7 cycles of 

inactivation under the conditions previously described were performed. The 

concentration of ciprofloxacin was equal to the previous ones used in the 

inactivation profile (0.5 µg·mL-1). The time of exposure used was chosen based on 

the reduction of ca. ~50% in the CFU levels, 4 h for E. coli and 6 h for P. aeruginosa. 

After each cycle of treatment with pure ciprofloxacin and ciprofloxacin formulated in 

DES solutions, the E. coli or P. aeruginosa colonies that survived to the previous 

cycle of inactivation were aseptically removed from the TSA plates and re-

suspended in PBS, and then undertook the same inactivation protocol. The optical 

density of both bacteria suspension, before each assay, was measured to prevent 

differences in the treatment efficiency. Three independent assays in duplicate were 

performed for each strain. 
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2.3.10 Keratinocytes cell culture and cytotoxicity assay  

Immortalized human epidermal keratinocytes (HaCaT cells) obtained from Cell 

Lines Services (Eppelheim, Germany) were cultured in Dulbecco's modified Eagle's 

medium (DMEM) supplemented with 10% of fetal bovine serum (FBS) and 1% of L-

glutamine, penicillin– streptomycin and fungizone (Life Technologies, Grand Island, 

NY, USA) and incubated in a humidified atmosphere at 37 °C and 5% CO2. Cytotoxic 

effect of ciprofloxacin aqueous solution, of ciprofloxacin formulated in DES aqueous 

solutions and of the DES formulations without the drug was assessed on HaCat 

cells by the colorimetric MTT (3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) assay. For this purpose, HaCaT cells were seeded in 96-well plates at a 

concentration of 15 000 cells·mL−1 and allowed to adhere for 24h. After adhesion, 

cells were exposed to a range of five concentrations (0.05–0.75 µg·mL−1), of the 

tested compounds diluted in DMEM medium (these previously sterilized with a 0.22 

µm syringe filter) and incubated for 72 h at 37 °C in 5% of CO2. After this period, the 

wells were washed with PBS, and 100 µL of fresh medium was placed in each well, 

as well as 50 µL of MTT solution (1 mg·mL−1 in PBS, pH 7.2) was added to each 

well. After 4 h of incubation, the medium was replaced with 150 µL of DMSO to 

dissolve the formazan crystals. Posteriorly, the plate was shaken for approximately 

2 h, protected from light. Cell viability was measured through the optical density of 

reduced MTT at 570 nm using a microplate reader (Synergy HT from BioTeK 

Instruments Inc., Winooski, VT, USA). The percentage of viable cells was calculated 

as the ratio between the absorbance of treated versus control cells. 

2.4 Results and discussion 

2.4.1 Selection and preparation of DES for ciprofloxacin 

solubilization 

The DES components used in this work were carefully selected given the 

intended purpose, i.e., of improving the antibiotic’s therapeutic action and to allow 

different administration routes for drug delivery. After an initial screening of potential 

biocompatible DES components, three DES with different hydrogen-bond acceptors 

and donors, namely [Ch]Cl:urea ([Ch]Cl:U (1:2)), proline:urea (Pro:U (1:1)) and citric 
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acid:xylitol (CA:Xyl (2:1)) were selected. [Ch]Cl was chosen since it is a strong 

hydrogen-bond acceptor and one of the most extensively explored compounds to 

create DES.127 Urea was selected since it has been one of the most investigated 

hydrogen-bond donor species coupled to [Ch]Cl to create DES,104 whereas citric 

acid was selected due to its effective results reported for the control of skin and soft 

tissue infections,292 The additional hydrogen-bond acceptor, proline, was chosen 

based on the reported capability of proline-based DES to improve the in vivo 

pharmacokinetic parameters of nutraceuticals,131 with the DES Pro:U allowing a 

direct comparison with [Ch]Cl:U. Finally, xylitol was considered due to its 

antibacterial and antioxidant properties.293 All these DES were prepared by the heat 

method, being in a jellified form at body’s temperature, with the exception of 

[Ch]Cl:U that is liquid at this temperature. 

It is known that the pH of wounds can influence the effectiveness and 

performance of antibiotics and antiseptics or potentially alter the metabolic state of 

bacteria.294 Alkaline media allow bacterial growth and acquired resistance; in this 

sense, an acidic environment is more promising for the effective treatment of 

infections. When considering a topical application purpose, for instance, the alkaline 

pH associated with the urea-based DES used in this work could compromise the 

therapeutic action of the formulation. Thus, the pH of the investigated DES was 

adjusted to a more suitable value to fulfil the requirements for a wide range of 

applications. For this purpose, malonic acid was used at a fixed molar ratio in the 

DES [Ch]Cl:urea:malonic acid ([Ch]Cl:U:MA (1:2:0.05)) and proline:urea:malonic 

acid (Pro:U:MA (1:1:0.5)) to adjust the pH of the mixtures to a final pH near 4.5. 

The hydrogen-bond donors/acceptors integrity was maintained over the DES’ 

preparation; the respective chemical stability of the components was confirmed for 

the remaining DES formulations based on 1H and 13C NMR. The results reveal the 

components’ integrity due to the similarity of the characteristic resonances of the 

individual components to those obtained for each DES. The 1H NMR spectrum of 

[Ch]Cl:U (Figure 16a) presented the typical resonances of [Ch]Cl, presenting the 

proton resonances of N(CH3)3 at 3.08 ppm, of the CH2 protons (H-2,1), as multiplets 

at 3.39 ppm and 3.93 ppm, respectively. Similarly, the 13C NMR spectrum of this 

DES (Figure 16b) presented the carbon resonance from N(CH3)3 of [Ch]Cl at 53.86 
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ppm and the ones from C-2 and C-1 at 67.38 ppm and 55.6 ppm, respectively. The 

carbon resonance of C-1’ from urea can be observed at 162.40 ppm, matching those 

found in literature.295  

 

Figure 16. 1H NMR (a) and 13C NMR spectra (b) spectra of [Ch]Cl:U DES in D2O. 

In Figure 17a is presented the 1H NMR spectrum of Pro:U, were likewise the 

observed resonances are coincident with those expected for the single components, 

being possible to observe the proton resonances from H-4,3,5 of proline’s ring at 

1.84 ppm, 2.18 ppm and 3.20 ppm, as well as the resonance of H-2 at 3.97 ppm. 
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The 13C NMR spectrum (Figure 17b) shows carbon resonances of from the CH2 

groups of proline’s ring at 23.69 ppm, 28.87 ppm and 45.97 ppm, and of the C-1 

group at 60.90 ppm. The resonances of the carboxyl and carbonyl group of proline 

(C-1) and urea’s (C-1’) appear at 162.90 ppm and 174.34 ppm, respectively.  

 

Figure 17. 1H NMR (a) and 13C NMR spectra (b) spectra Pro:U DES in D2O. 

The 1H NMR spectrum of CA:Xyl, depicted in Figure 18a, also confirms the 

components integrity. The proton resonances from the CH2 protons (H-2,5) of citric 
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acid, appear as expected as a double duplet at 2.64 ppm, while the proton 

resonances from the H-3’, H-2’,4’ and H-1’,5’ of xylitol can be observed as multiplets 

in the range of 3.26 -3.58 ppm. In the same way, the resonances in the 13C NMR 

spectrum of this DES (Figure 18b) shows the carbon resonance of C-2,5 of citric 

acid (43.00 ppm) and xylitol’s (C-1’,5’ at 63.38 ppm and C-2’,4’ at 70.51 ppm). Also, 

the C-3’ of xylitol and C-3 of citric acid were found at 71.68 ppm and 73.01 ppm, 

respectively. The carboxyl groups of citric acid (C-2,6 and C-4) appear, at higher 

chemical shifts, being observed at 173.12 ppm and 176.39 ppm. 

 

Figure 18. 1H NMR (a) and 13C NMR spectra (b) spectra of CA:Xyl DES in D2O. 
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2.4.2 Ciprofloxacin solubility in aqueous solutions of DES  

The three selected DES ([Ch]Cl:U (1:2), Pro:U (1:1) and CA:Xyl (2:1)) were 

tested allowing to appraise the effect of their HBDs (urea, xylitol) and HBAs ([Ch]Cl, 

proline, citric acid) on the solubilization of ciprofloxacin. Solubility was tested up to 

60% (w/w) of DES due to the high viscosity of the solvent above these 

concentrations. To better understand which concentrations should be applied in the 

formulations, the ciprofloxacin’s solubility enhancement in each DES aqueous 

solution was assessed at both room (25 °C) and human body (37 °C) temperatures. 

Figure 19 depicts the solubility curves and the results in solubility enhancement 

determined for each DES aqueous solution (S/S0, where S corresponds to the 

solubility of ciprofloxacin in the DES aqueous solution and S0 to the solubility of 

ciprofloxacin in water at the same temperature and at the same pH of 4.5).  

 

Figure 19. Solubility behavior of ciprofloxacin in [Ch]Cl:U:MA, Pro:U:MA and CA:Xyl aqueous 
solutions. (a) Solubility studies at room and (b) human body’s temperature. The solubility values 
(mol·L-1) were determined after 72 h of equilibrium. All solutions were studied at the same pH and 
temperature conditions. Solubility enhancement of ciprofloxacin in DES aqueous solutions (c) at 
room temperature and (d) human body’s temperature. The results are expressed as the mean ± SD 
of three independent measurements. 
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Ciprofloxacin shows low solubility in common organic solvents such as 

ethanol, 2-propanol or acetone296 and notably in water (<3.00 × 10-4 mol·mL-1  at 

pH=4.5), limiting its formulation. In fact, ethanol seems to exhibit lower capability 

than water and acetone to solubilize this antibiotic, and even lower for its 

hydrochloride form.296 Due to the pH-dependent solubility of ciprofloxacin in 

aqueous media, its solubility is higher at pH values below 5.5.297 Generally, 

improvements in solubilization are achieved by addition of diluted hydrochloric acid 

(as used in this work), and in case of intravenous formulations, using lactic acid 

achieving pH values up to 4.6.298 Although DES are known for their high solvation 

ability for some APIs, such as anti-inflammatory, analgesic or antifungal drugs,110,134 

the study of the influence of DES aqueous solutions solubilization of APIs has only 

been recently been described. 128,129 The pH adjustment of these mixtures for a 

specific application has not been fully explored for pharmaceutical purposes.  

As determined in the present study, the ciprofloxacin solubility in water was 

found to be (2.28 ± 0.01) × 10-4 mol·mL-1 and (3.61 ± 0.20) × 10-4 mol·mL-1 at room 

and human body temperatures, respectively (which is in the range of the values 

mentioned above). Remarkably, the studied aqueous solutions of DES allowed to 

enhance the solubility of ciprofloxacin in aqueous media to (9.70 ± 0.20) × 10-2 

mol·mL-1 at room temperature (Figure 19a) and (1.50 ± 0.04) × 10-1 mol·mL-1 at 

body’s temperature (Figure 19b), respectively, using Pro:U:MA. This DES allowed 

solubility enhancements up to 430-fold using only at 30% of Pro:U:MA in solution 

(w/w) at room temperature (25 °C, Figure 19c) and at 40% (w/w) at body’s 

temperature (37 °C, Figure 19d). 

The Pro:U:MA DES is not only among the best DES aqueous solutions studied, 

but also allows a similar to higher solubilization ability for ciprofloxacin than its 

hydrochloride form (by 2 orders of magnitude).296 This DES, allows a non-monotonic 

solubility enhancement in aqueous media at both temperatures, with a solubility 

behavior indicative of an hydrotrope- mediated mechanism.299 At room temperature, 

is possible to enhance ciprofloxacin’s solubility from 160-fold (using 10% (w/w) of 

DES) to 430-fold at 30% (w/w) of DES. The solubility enhancement then decreases 

when higher DES concentrations are used, achieving a 44-fold increase at 60% 

(w/w) of DES (Figure 19c). Considering the results at body’s temperature, a similar 
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behavior is observed, solubility improvements from 117-fold, at 10% (w/w) of DES, 

to 430-fold at 40% (w/w) of DES are observed, reaching also a minimum at 60% 

(w/w) of DES, where a 238-fold increase in ciprofloxacin’s solubility could be 

obtained (Figure 19d). 

Aqueous solutions of the DES CA:Xyl present a monotonic increase of 

solubility within the studied DES concentration range, with a minimum at 10% (w/w) 

of DES (10-fold, at body’s temperature (Figure 19c) and 8-fold, at body’s 

temperature (Figure 19d)). The maximum in the solubility enhancement occurred at 

60% (w/w) of DES for both room (50-fold, Figure 19c) and body’s temperature (35-

fold, Figure 19d). The observed behavior is in accordance with a co-solvency 

mechanism.300 Aqueous solutions of [Ch]Cl:U:MA exhibited the lower ciprofloxacin 

solubility enhancement among the studied DES, presenting a maximum of 

approximately 40-fold increase at 40% (w/w) at 25 °C (Figure 19c) and up to 20-fold 

at 37 °C at 20% (w/w) of DES (Figure 19d). The [Ch]Cl:U:MA presents the same 

mechanism of solubilization of Pro:U:MA, hydrotrope-mediated. It is possible to 

increase the solubility of the antibiotic from 24-fold (using 10 % (w/w) of DES) to its 

maximum at 40% (w/w) of DES, and similarly to the Pro:U:MA behavior find a 

minimum at 60% (w/w) of DES (19-fold, Figure 19c) at room temperature. At body’s 

temperature, the solubility enhancements at 10% (w/w) of DES are similar to those 

obtained using a 60% (w/w) DES solution (10-fold, Figure 19d). This DES presents 

the lowest ability of all DES aqueous solutions to solubilize the antibiotic. Although 

[Ch]Cl and proline seem to play a significant role in this mechanism, the [Ch]Cl had 

a lower impact on the solubilization ability. 

Recent studies have been dedicated to understanding the influence of amino 

acid-based DES on antibiotics’ solvation, namely β-lactam ones.301  These findings 

highlight the strong solute−solvent intermolecular interactions along with a slight 

volume expansion. In the case of ciprofloxacin solubilization, the key for the 

observed efficacy of the studied DES relies also in the interactions with the DES 

components taking advantage of the different types of HBA/HBD sites in the 

antibiotic structure, that lead to highly effective interactions in the case of Pro:U:MA. 

Given the high solubility enhancements achieved at 40% (w/w) of all DES in 
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aqueous solution at room temperature, this DES concentration was selected for 

further studies. 

2.4.3 Ciprofloxacin stability in aqueous solutions of DES 

Prior to the solubilization of the components in aqueous media, the physical 

appearance of the three DES with solubilized ciprofloxacin was monitored over one 

week. These formulations were monitored for changes in color, homogeneity and 

drug precipitation. No physical changes were verified for the formulations at room 

temperature conditions (25 °C) as depicted in Figure 20a. To determine the shelf-

life of ciprofloxacin in the novel aqueous formulations, the stability of the solvents 

(DES aqueous solutions at 40% (w/w)) and of the API formulated in the DES 

aqueous solutions was accessed. Stability experiments were carried out at storage 

conditions of 25 °C and 75ꟷ80% relative humidity, in the dark. The drug 

concentration in the DES formulations was determined during a one-month period 

(T30) at the same storage conditions. DES formulations containing the API were 

prepared by dissolving ciprofloxacin below its solubility limit, namely 3.00×10-5 

mol·mL-1, in aqueous solutions of DES and by direct dissolution in water at the same 

pH=4.5 for direct comparison purposes. Table 5 presents the ciprofloxacin content 

in each DES formulation and when solubilized in water (T30), relative to initial drug 

concentration (at T0). 

Table 5. Effect of the solvent on ciprofloxacin’s stability in aqueous media when stored at room 
temperature for 30 days. 

Ciprofloxacin content (% ± SD) 

Solvent T0 T30 

Water 100 ± 0 52.3 ± 3.1 

Water + 40% [Ch]Cl:U:MA 100 ± 0 80.7 ± 0.7 

Water + 40% Pro:U:MA 100 ± 0 98.4 ± 0.5 

Water + 40% CA:Xyl  100 ± 0 94.7 ± 0.6 

 

It is known that ciprofloxacin aqueous solutions have limited stability at room 

temperature, thus being stored at low temperatures (-18 to 4 °C) to decrease 

degradation.302 Alternatively, in aqueous solution, the antibiotic can be stable for 14 

days at room temperature with addition of either 5% dextrose or 0.9% sodium 
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chloride;298,303 the stability of the mentioned solutions can be further improved up to 

one month, through their storage in polyvinylchloride minibags.303 DES have also 

been explored to improve the chemical, thermal, and photostability of drugs, being 

proved to be effective pharmaceutical excipients to enhance the stability of 

formulations during the storage.141,143  

 

Figure 20. (a) Physical appearance of DES formulations comprising ciprofloxacin (1 mg·mL-1) after 
preparation and after one week at 25 °C and 75-80% relative humidity: (1) [Ch]Cl:U :MA, (2) Pro:U 
:MA, (3) CA:Xyl. (b) Stability of ciprofloxacin in DES formulations (Pro:U:MA and CA:Xyl). HPLC 
chromatograms of ciprofloxacin at the day of preparation of the formulations (T0) and after 30 days 
(T30) of storage at 25 °C. Ciprofloxacin’s peak retained its shape and retention time after 30 days. 
Solvent stability during long-term storage. FTIR spectra of 40 (w/w) % of (c) [Ch]Cl:U:MA, (d) 
Pro:U:MA and (e) CA:Xyl in aqueous media at the first (T0) and last day of storage (T30) at 25 °C.  
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The results obtained here for the drug content in pure water, after 30 days, 

show a decrease in the concentration of ciprofloxacin to 52.3%, reinforcing the 

reported instability of this antibiotic in water and the need to develop improved 

formulations. The chromatograms shown in Figure 20b demonstrate that no 

significant degradation peaks of ciprofloxacin appear and only a slight decrease in 

drug concentration was observed after 30 days. More specifically, the DES aqueous 

solutions used here allowed to preserve 98.4% and 94.7% of ciprofloxacin in 

aqueous media, using only 40% (w/w) of Pro:U:MA and CA:Xyl, respectively, well 

above the required 90% as reported in the literature.303 

The stability values are similar to ones achieved by the formulation of the 

antibiotic in lipidic- nanoparticles and nanoemulsions, designed to protect the drug 

from aqueous media and avoid the hydrolysis of APIs.304,305 In the case of 

[Ch]Cl:U:MA aqueous solution only 80.7% of the drug was found in the solution at 

day 30, highlighting the importance of the nature of the DES in the stability of the 

drug. Furthermore, the stability of the studied DES aqueous solutions was analyzed 

by FTIR-ATR after the end of 30 days (Figure 20c, 20d and 20e), and as far as the 

technique can ascertain, no significant changes in the DES functional groups 

vibrations specific were verified at the end of this period. 

 

2.4.4  Susceptibility of bacteria to formulations of 

ciprofloxacin in DES aqueous solutions  

The antimicrobial activity of ciprofloxacin formulated in DES aqueous solutions 

was evaluated towards Gram-negative bacteria, E. coli ATCC 25922 and P. 

aeruginosa ATCC 27853, and Gram-positive bacteria, S. aureus ATCC 6538. The 

results achieved were compared to the antibiotic in water at the same concentration. 

For all the antimicrobial assays, the potential pH interference was eliminated by 

adjusting the pH of all solutions to more suitable values for bacterial growth, namely 

to pH= 6.8. The study involved firstly the determination of the MIC by the dilution 

method, whose results are shown in Table 6. The strains used in this work can be 

classified as susceptible to ciprofloxacin and the drug susceptibility results are in 

agreement with the EUCAST classification.291 As expected, these bacteria are not 

susceptible to the pure DES solutions in the range of the studied concentrations. 
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Table 6. Minimal inhibitory concentrations of ciprofloxacin in water and in DES aqueous solutions for 
E. coli ATCC-25922, P. aeruginosa ATCC-27853 and S. aureus ATCC 6538. Results obtained for 
DES aqueous solutions (results without ciprofloxacin are also included for comparative purposes). 
Results are of three independent concordant experiments for each formulation and for each strain. 

Minimum Inhibitory Concentration (µg·mL
-1

)     

 E. coli P. aeruginosa S. aureus 

    

Ciprofloxacin 0.00488 0.00488 0.00977 

[Ch]Cl:U:MA+ Ciprofloxacin  0.00488 0.00488 0.00244 

Pro:U:MA+ Ciprofloxacin  0.00488 0.00244 0.00244 

CA:Xyl + Ciprofloxacin  0.00488 0.00244 0.00244 

[Ch]Cl:U:MA - - - 

Pro:U:MA - - - 

CA:Xyl  - - - 

 

For E. coli, the results obtained show that the MIC values of the formulations 

of ciprofloxacin in DES aqueous solutions are similar to those observed for the 

antibiotic in water. This fact demonstrates that the solubilization of ciprofloxacin in 

DES aqueous solutions does not affect the efficacy of the drug towards this 

bacterium. In what concerns the P. aeruginosa and S. aureus bacteria, an increase 

in growth inhibition was observed with ciprofloxacin formulated in the DES aqueous 

solutions comparing to the antibiotic in water at the same pH. Furthermore, it is 

noticeable that Pro:U:MA and CA:Xyl aqueous solutions present higher ability to 

improve the antimicrobial activity against P. aeruginosa than [Ch]Cl:U:MA. 

Table 7 and Figure 21 show the results of the antibiotic´ susceptibility in the 

three DES aqueous solutions and in water on the studied bacteria. Overall, the 

diffusion of the drug into the media is not affected by DES aqueous solutions and 

can match or even increase the growth inhibition zones of the pure antibiotic when 

compared to ciprofloxacin in water. As expected, aqueous solutions of DES (without 

ciprofloxacin) do not present antimicrobial activity in the concentrations used for 

ciprofloxacin’s solubilization, being in accordance with the results obtained for the 

MIC analysis. 
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Table 7. Results on antimicrobial susceptibility of E. coli ATCC-25922, P. aeruginosa ATCC-27853 
and S. aureus ATCC 6538 to ciprofloxacin in water and to the antibiotic formulated in DES aqueous 
solutions at different concentrations. 

 Inhibition zone diameter (mm) 

[Cipro] (µg·mL
-1) 

Ciprofloxacin    [Ch]Cl:U:MA + 
Ciprofloxacin 

Pro:U:MA + 
Ciprofloxacin  

CA:Xyl + 
Ciprofloxacin  

E.coli     

0.5  26 26 28 26 

5.0  31 32 35 32 

P.aeruginosa      

0.5 - 2 5 6 

5.0 15 14 18 23 

S.aureus      

5.0 4 3 7 6 

10.0 13 12 17 14 

 

All bacteria are susceptible to ciprofloxacin and to the antibiotic formulated in 

the DES aqueous solutions according with EUCAST classifications, and at the same 

(5.0 µg·mL−1) and even at lower (0.5 µg·mL−1) concentrations. The only exception 

to this trend occurs with S. aureus where higher doses are required to observe 

bacteria susceptibility (Figure 21e and 21d). Similarly, at lower drug concentrations 

(0.5 µg·mL−1) P. aeruginosa seems to be resistant to the antibiotic solubilized in 

water. However, a noticeable enhanced effect is observed when the DES solutions 

are combined with the antibiotic. Considering the results obtained for P. aeruginosa 

(Figure 21b and 21c), a higher impact on the antibiotic’s growth inhibition activity is 

noticed with the formulations comprising Pro:U:MA and CA:Xyl, at both 

concentrations (0.5 and 5.0 µg·mL−1 for P. aeruginosa). In this case, a prominent 

increase on the susceptibility of the bacteria to the antibiotic occurs when using 

aqueous solutions of Pro:U:MA acid and CA:Xyl (5 ± 2 mm and 7 ± 2 mm, 

respectively, comparatively with the antibiotic in water that has no activity). 
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Figure 21. Antimicrobial susceptibility to ciprofloxacin formulated in DES aqueous solutions. 
Representative inhibition zone assay on cultures using disks impregnated with ciprofloxacin’s 
aqueous solutions with [Ch]Cl:U:MA, Pro:U:MA, CA:Xyl on TSA plates. (a) and (b) for E. coli ATCC-
25922, the antibiotic was tested at 0.5 (a) and 5.0 (b) µg·mL−1, respectively. (c) and (d) show the 
representative inhibition zone assays on P. aeruginosa ATCC-27853 cultures using disks 
impregnated with ciprofloxacin’s formulations with the same DES in the same concentrations. (e) and 
(f) demonstrate the antimicrobial susceptibility of S. aureus ATCC 6538 to these solutions with the 
antibiotic at concentrations of 5.0 (e) and 10 (f) µg·mL−1, respectively. Ciprofloxacin in water and the 
DES aqueous solutions (without ciprofloxacin) were evaluated in the same concentrations.  



75 

 

For E. coli and S. aureus, the effect of the antibiotic in DES aqueous solutions 

is less pronounced. For E. coli the susceptibility to the antibiotic is similar when 

solubilized in water or in DES aqueous solutions, with the exception of the 

formulation with Pro:U:MA in which a slight effect is denoted (35 ± 2 mm vs. 31 ± 2 

mm for ciprofloxacin in water at 5.0 µg·mL-1, in Figure 21b). Regarding S. aureus, 

and despite the higher dosages required, the formulations with Pro:U:MA and 

CA:Xyl are also slightly more effective than the ones with the antibiotic in water (7 ± 

2 mm and 6 ± 2 mm vs. 4 ± 2 mm for ciprofloxacin in water at 5.0 µg·mL-1 – cf. in 

Figure 21e). Accordingly, for all strains, the antibiotic formulation with [Ch]Cl:U:MA 

has equal or lower effect than the antibiotic in water. 

It is always relevant to address different DES combinations since, as 

demonstrated in this work, each DES presents a different impact in the therapeutic 

efficacy of the antibiotic. This trend is specially observed for the antimicrobial activity 

of the antibiotic formulated in [Ch]Cl:U. [Ch]Cl:U is amongst the most studied DES, 

with antimicrobial activity studies against similar microorganisms in the absence of 

APIs already reported.151 Nonetheless, this DES does not represent an effective 

alternative to improve ciprofloxacin performance, has seen for its effect on the 

studied bacteria in comparison to the remaining formulations, and additionally for its 

higher toxicity.306 Thereby, the two best formulations correspond to ciprofloxacin in 

aqueous solutions of Pro:U:MA and CA:xyl, which were selected for further 

experiments. Also, 0.5 µg·mL-1 was the concentration selected for further studies 

since it corresponds to the lowest one presenting antimicrobial activity against the 

bacteria, while envisaging the reduction of the antibiotic dosage. 

The inactivation efficiency was evaluated by exposure of the three bacteria 

strains, E. coli (Figure 22a), P. aeruginosa (Figure 22b) and S. aureus (Figure 22c) 

to 0.5 µg·mL-1 of the antibiotic in water and to the antibiotic formulated in the 

selected DES aqueous solutions during 24 h. Bacterial controls without these 

formulations were also evaluated to guarantee the bacterial viability during the time 

and conditions of the experimental procedure. As previously described, the results 

of the new formulations were compared with the activity of ciprofloxacin in water at 

the same concentration and pH in aqueous media. The DES formulations were 

tested in the same concentrations present in the formulations with ciprofloxacin. The 
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gathered results (Figure 22) demonstrate different profiles according to the 

formulation type and strain considered.  

 

Figure 22. Effect of different times of exposure of bacteria to ciprofloxacin in water, to DES solutions 
(without ciprofloxacin) and to the formulations of ciprofloxacin in DES solutions in the inactivation 
efficiency bacteria. Inactivation profiles were determined for (a) E. coli, (b) P. aeruginosa and (c) S. 
aureus strains on PBS at 37 °C. The number of Colony Forming Units per mililiter (CFU·mL-1) from 
samples collected over 24 h are shown. An antibiotic dose of 0.5 µg·mL−1 was used in all 
experiments. (b1) and (b2) demonstrate the difference between ciprofloxacin’s ability to inactivate P. 
aeruginosa in water and formulated in an aqueous solution of Pro:U:MA, respectively, after 24 h. 
Data are presented as mean ± SD values of three independent studies for each sample and for each 
strain. 

The results obtained for the inactivation of E. coli (Figure 22a) with Pro:U:MA 

and CA:Xyl demonstrate that there is no influence or efficacy of the DES aqueous 

solutions (without ciprofloxacin) in the inactivation of this bacterium. Nevertheless, 

the antibiotic in water and the ciprofloxacin formulated in the DES aqueous solutions 

(Pro:U:MA and CA:Xyl) are effective on the inactivation of E. coli. These 

formulations cause a decrease of 3.9 Log10 (ANOVA, p < 0.0001) in the viability of 

the bacterium after 24 h of incubation. In all cases, the bacterial viability decreased 

with the exposure time. However, no significant differences in the activities are 

observed between the two ciprofloxacin DES formulations tested and the antibiotic 

in water. The marked decrease in the bacteria’s viability after 4 h of incubation is in 
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agreement with previous antimicrobial studies for E. coli response to 

ciprofloxacin.307,308  

Regarding the effect of ciprofloxacin DES formulations in the inactivation of P. 

aeruginosa (Figure 22b), a completely different profile was achieved. While aqueous 

solutions of Pro:U:MA had no influence on the bacterial viability, the aqueous 

solution of CA:Xyl without ciprofloxacin showed a small effect on P. aeruginosa 

inactivation. This is in accordance with the antimicrobial activity of citric acid and 

xylitol,292,293,309 causing a decrease of 2.1 Log10 (ANOVA, p<0.0001) in the 

bacterium viability after 24 h of incubation. However, when the antibiotic is 

formulated in DES aqueous solutions of Pro:U:MA and CA:Xyl, the inactivation of P. 

aeruginosa has a distinct profile when compared to the antibiotic in water. Such 

differences highlight the improved efficacy of the inactivation rates of the antibiotic 

when formulated in DES aqueous solutions. In fact, ciprofloxacin alone was not able 

to inactivate P. aeruginosa after 24 h of incubation (Figure b1).  

Nevertheless, when formulated with the selected DES aqueous solutions the 

antibiotic’s effect is enhanced. This potentiated effect is verified only after 6 h of 

incubation, where a decrease in the viability of P. aeruginosa of 1.0 and 2.6 Log10 

(ANOVA, p<0.0001) was achieved for ciprofloxacin formulated in aqueous solutions 

of Pro:U:MA and CA:Xyl, respectively. After 24 h of incubation, the pronounced 

effect of the DES formulations with ciprofloxacin is more notorious (Figure b2), 

achieving P. aeruginosa inactivation values of 5.6 and 3.6 Log10 (ANOVA, 

p<0.0001) for formulations of Pro:U:MA and CA:Xyl with ciprofloxacin, respectively.  

Interestingly, for the Gram-positive bacteria S. aureus, the effect of 

ciprofloxacin formulated in CA:Xyl is in contrast with the one obtained for Pro:U:MA. 

Both the antibiotic in aqueous solution and the ciprofloxacin formulated in CA:Xyl 

have no significant effect on the inactivation of the bacterium for an incubation 

period of 24 h. However, after 12 h of exposure to the antibiotic formulated in 

Pro:U:MA, a decrease in the viability of 2.4 Log10 (ANOVA, p<0.0001) was achieved. 

The exposure of the bacterium to this formulation was more effective than to the 

aqueous solution of the antibiotic and the antibiotic formulated in aqueous solution 

of CA:Xyl, causing a decrease of 3.1 Log10 (ANOVA, p<0.0001) in the inactivation 

of S. aureus after 24 h. 
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2.4.5  Ciprofloxacin activity after storage in DES 

formulations.  

The drug activity was assessed based on the results for the MIC value and 

inactivation efficiency. To evaluate the stability of the drug in the DES formulations 

after storage, the assays were carried out on the day of preparation (T0) and after a 

month (T30) period, stored at 25 °C and 75ꟷ80% relative humidity. An antibiotic 

dosage of 0.5 µg·mL−1 was used for the inactivation efficiency experiments and for 

all the bacteria studied (Figure 23). The MIC values of ciprofloxacin at T0 and after 

1 month are similar, showing a maintenance of the antimicrobial activity of the drug 

after storage (see Table 8). The bacterial inactivation for E. coli (Figure 23a), P. 

aeruginosa (Figure 23b) and S. aureus (Figure 23c) was analyzed for the results 

obtained after 24 h of incubation. The obtained data show that the inactivation 

efficiencies for ciprofloxacin formulated in the DES aqueous solutions after 1 month 

storage are comparable to those obtained with freshly prepared formulations 

. 

Figure 23. Activity of ciprofloxacin after 1 month storage in DES formulation. The antibiotic activity 
in the DES formulations was evaluated at the day of preparation (T0) and after 1 month storage at 
25 °C (T30). The inactivation efficiency was studied in (a) E. coli, (b) P. aeruginosa and (c) S. aureus 
strains in PBS at 37 °C. Activity was evaluated in 3 independent experiments. 

Table 8. Minimal inhibitory concentrations of ciprofloxacin in DES aqueous solutions for E. coli 
ATCC-25922, P. aeruginosa ATCC-27853 and S. aureus ATCC 6538. Results obtained for 
ciprofloxacin in DES aqueous solutions at preparation day and after 30 days in storage conditions at 
25 °C. 

                                                         Minimum Inhibitory Concentration (µg·mL
-1

)     

 E. coli P. aeruginosa S. aureus 

Pro:U:MA+ ciprofloxacin (T0) 0.00488 0.00488 0.00244 

Pro:U:MA+ ciprofloxacin (T30) 0.00488 0.00488 0.00244 

CA:Xyl + ciprofloxacin (T0) 0.00488 0.00244 0.00244 

CA:Xyl + ciprofloxacin (T30) 0.00488 0.00244 0.00244 
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2.4.6  Evaluation of the development of bacterial tolerance to 

ciprofloxacin in DES formulations  

The effective eradication of bacteria has become challenging due to their 

remarkable ability to resist antibiotics, as seen for ciprofloxacin.310,311 Given the 

medical prescription of this antibiotic to tackle infection conditions caused by Gram-

negative bacteria,312 it is demonstrated the relevance of ciprofloxacin DES 

formulations. To evaluate the potential development of bacterial resistance to 

ciprofloxacin formulated in the DES aqueous solutions, is simulated a 7-day 

treatment with specific dosages (0.5 µg·mL-1) administered at each 4 h (E. coli 

(Figure 24a)) and 6 h (P. aeruginosa (Figure 24b)). This behavior was monitored in 

both strains and selected the administration intervals according to the inactivation 

profiles previously presented. Bacterial controls were also conducted in the same 

conditions, being subcultured in the same number of cycles but in the absence of 

the antibiotic and DES.  

 

Figure 24. Inactivation efficiency of seven consecutive cycles of exposure to ciprofloxacin in water 
and in DES formulations. Data on (a) E. coli, and (b) P. aeruginosa. Efficiency was determined after 
4 and 6 h of incubation in PBS at 37 °C, respectively, with ciprofloxacin in water and ciprofloxacin 
formulated in the DES solutions at 0.5 µg.mL-1. N0 and N represent, respectively, the number of 
Colony Forming Units per mililiter (CFU·mL-1) for the first treatment with each formulation and the 
values after the respective cycle. The results are expressed as mean ± SD of three independent 
experiments for each formulation and for each strain.  
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According to the results depicted in Figure 24a, there is no significant increase 

in resistance of E. coli to ciprofloxacin in water or to the antibiotic formulated in DES 

aqueous solutions after 7 days of consecutive administrations at each 4 h treatment. 

A similar behavior is seen with P. aeruginosa (Figure 24b) since no significant 

increase in the inactivation efficiency was detected after 7 cycles of administration 

at each 6 h using the antibiotic formulated in the DES aqueous solutions at the same 

concentration. 

Ciprofloxacin’s resistance in P. aeruginosa is of complex and multifactorial 

nature still, it has been mostly attributed to target-site modifications and upregulation 

of efflux pumps.313–316 In addition to numerous gyrAB and parCE genes mutations, 

this  bacterium stand out for their low permeable outer membrane (1/100 of the 

permeability of E. coli’s).317 Usually drug combinatory therapies are selected, 

attempting to avoid drug resistance and improve the treatment success rate.318 

However, due to ciprofloxacin’s resistance mechanisms, the resistance to other 

antibiotics might also be increased, being this one of the major disadvantages of the 

use of such strategy.319 The reduced susceptibility of ciprofloxacin is usually 

associated with mutations in regulatory genes of efflux pumps and their resulting 

overexpression, which increases the ciprofloxacin’s expulsion from the bacteria 

cells, decreasing the intracellular concentration.320,321 In this work, the possibility not 

only of the DES’ ability to enhance antibiotic’s solubility in several orders of 

magnitude but also its capacity to promote variations in the cellular envelope 

permeability322 and manipulated the concentration as an advantage to improve the 

efficacy of ciprofloxacin was explored. By increasing the bacterial cell permeability, 

and the ciprofloxacin concentration in the media, is not only possible to increase the 

intracellular concentration of antibiotic, as well as to compromise the bacterial 

integrity improving the susceptibility of the bacterium to this formulation. 

In general, and as seen for the inactivation efficiency rates depicted in Figure 

24, the formulation of ciprofloxacin in DES aqueous solutions do not induce the 

development of tolerance to the treatment or potentiate resistance mechanisms of 

these bacteria to the antibiotic. The use of DES formulations in combination with 

ciprofloxacin can maintain an enhanced efficacy of bacterial inactivation during 7 

days of treatment of infections with both strains. 
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2.4.7 Cytotoxicity of DES formulations  

Envisaging the application of the novel DES formulations comprising 

ciprofloxacin for human use, the cytotoxicity of ciprofloxacin and of ciprofloxacin 

formulated in DES solutions was in HaCat cells after 72 h of exposure. The 

respective results are given in Figure 25. 

Since anti-topoisomerase drugs like ciprofloxacin can inhibit the expression of 

topoisomerase I,323 some toxicity is expected for HaCat cells at high concentrations. 

In fact, the pure ciprofloxacin was found to be slightly toxic for these cells at 

concentrations higher than 0.5 µg·mL-1. On the other hand, both DES aqueous 

solutions used, namely Pro:U:MA and CA:Xyl, exhibit an increase of more than 20% 

in cell viability in the range of concentrations studied (ANOVA, p<0.0002). 

Notwithstanding, when the antibiotic is formulated in DES aqueous solutions, its 

toxicity is reduced, even at higher concentrations. Although, at the concentration of 

0.5 µg·mL-1, ciprofloxacin presents slight toxicity (<75% cell viability), a significant 

increase of more than 25% in cell viability can be noticed when the antibiotic is 

formulated in both DES aqueous solutions (ANOVA, p<0.025, p<0.0002). 

 

Figure 25. Effect of ciprofloxacin and DES formulations on the viability of HaCaT cells in DMEM 
medium. Cytotoxicity profile at 37 °C after 72 h of exposure vs control cells (CT). Results are 
expressed as mean ± SD of three independent experiments. *p<0.05, **p<0.025, ***p<0.0002, 
****p<0.0001 viability increase compared to ciprofloxacin’s effect on HaCat cells. 
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Conclusions  

In the current study, DES formulations comprising ciprofloxacin were designed 

to tackle antibiotic’s drawbacks. It has been demonstrated how the rational selection 

of the DES components can go further from their common solvent applications to 

the simultaneous improvement of solubility, stability, and therapeutic efficacy of 

antibiotics, such as ciprofloxacin, without tolerance development or cell toxicity. Our 

findings demonstrate that the studied DES in aqueous media can be successfully 

used as common pharmaceutical co-solvents and hydrotropes in antibiotics 

solubilization, allowing to achieve solubility enhancements up to 430-fold. While 

being capable of enhancing ciprofloxacin’s solubility, these formulations are also 

able to improve the stability of the antibiotic solutions by almost 50% in comparison 

to its formulation in water at a similar pH. Our results reveal the long-term stability 

(up to 1 month) of the aqueous DES solutions as well as of the antibiotic in this novel 

media. The DES formulations not only preserve the fluoroquinolone’s activity but 

are capable of increasing the antibiotic’s action against both Gram-negative (E. coli 

and P. aeruginosa) and Gram-positive (S. aureus) strains. The possibility to produce 

a higher effect on the antimicrobial activity than ciprofloxacin in water (up to 2-fold 

for P. aeruginosa and 4-fold for S. aureus) might allow to decrease the drug dosage 

required to achieve the same therapeutic efficacy, thus decreasing the associated 

side-effects upon administration of higher doses. Additionally, the bacterial 

susceptibility to the antibiotic is enhanced by the formulation of the antibiotic in DES 

aqueous solutions, allowing to even produce effect in concentrations where the pure 

API in water presents no antimicrobial activity (0.5 µg·mL-1). This effect can be 

mainly attributed not only to an improvement in the solubility of the antibiotic, but 

also to the ability of DES formulations to increase bacterial cell wall permeation, 

allowing a higher drug content available intracellularly to exert antimicrobial action. 

Such an effect can be achieved by the proper design of DES and the careful 

selection of drug and DES concentrations to the final formulation. To the best of our 

knowledge, this is the first report on DES aqueous solutions where insights on the 

therapeutic efficacy of DES formulations with fluoroquinolones are addressed. 

These results reveal the pioneering use of including DES aqueous solutions in 

antibiotic-based formulations and their remarkable impact on improving 
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fluoroquinolones solubility, stability and therapeutic action and on lowering bacteria 

resistance with low cytotoxicity associated. Given the versatility of DES formulations 

comprising antibiotics, they can be directly incorporated in a vast number of 

materials to develop a wide range of drug delivery systems. 

 

 

 

 



84 

 

  



85 

 

 

Chapter 3. Impact of DES Formulations in the 
Development of Aqueous Thermo-Responsive 
Drug Delivery Systems 

________________________________________________________ 

This chapter has been adapted from the published manuscript:  

Pedro, S. N.; Gomes, A. T. P. C.; Vilela, C.; Vitorino, C.; Fernandes, R.; Almeida A.; Amaral, M. H.; M. G. Freire; 
Silvestre, A. J. D.; Freire, C. S. R. Thermo-responsive microemulsions containing deep eutectic-based antibiotic 
formulations for improved treatment of resistant bacterial ocular infections (2023) Advanced Therapeutics, 
2200235. 
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3.1 Abstract 

The rise of antibiotic resistant strains, such as methicillin-resistant 

Staphylococcus aureus (MRSA), challenges the current treatment of infections. In 

the case of ocular infections, antibiotic eye drops are commonly prescribed. 

However, their efficacy is usually compromised by the low viscosity of these 

formulations and the eye drainage. To overcome these drawbacks, DES-based 

microemulsions with thermo-responsive character that increase their viscosity upon 

contact with the eye have been developed. Using betaine-based DES aqueous 

solutions, it is possible to increase up to 140-fold the water solubility of the antibiotic 

chloramphenicol, typically used in ocular infections. The DES solutions containing 

the antibiotic were applied as water phases in water-in-oil-in-water (w/o/w) 

microemulsions, being stable up to 3 months. Furthermore, a sustained-release and 

a higher permeation of the antibiotic through the cornea than that of commercialized 

eye drops was achieved, while presenting comparable cytotoxicity profiles (cell 

viabilities > 88%). Higher antimicrobial activity and faster action of the antibiotic in 

case of infection with MRSA was observed compared to the commercialized 

formulations (7 log10 of inactivation in 48 h vs. 72 h). Overall, these microemulsions 

comprising DES are a promising strategy to achieve higher antibiotic effectiveness 

in the treatment of resistant bacterial infections.  
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3.2 Introduction 

Ocular infections affect people of all ages and genders and are associated with 

a high degree of visual morbidity and blindness worldwide.324 Bacteria are the major 

responsible for these infections, particularly Gram-positive bacteria, such as S. 

aureus, which usually cause, among many other complications, conjunctivitis.325,326 

Despite the constant demand for new treatments and novel antimicrobial agents, 

antibiotic research, development and industrialization has decelerated in recent 

years.327 Simultaneously, an increase in bacterial resistant strains, such as 

methicillin-resistant S. aureus (MRSA), has been globally observed boosting the 

search for alternative therapeutic options.328 One of the possible solutions to this 

challenge is to consider the re-emerging of old antibiotics, that are no longer first-

selection in clinical practice, to treat complicated infection cases.329 In this context, 

in the present study, the antibacterial potential of chloramphenicol, which remains 

an alternative in the fight against multidrug resistant pathogens, is explored.  

Chloramphenicol presents a bacteriostatic action against Staphylococcus 

species, being used in the treatment of bacterial eye infections.330,331 One of the 

main disadvantages of this drug, when in an ophthalmic solution, is its low water-

solubility, that only allows concentrations up to 0.25% (w/v) (pH = 4.5 to 7.5), which 

is below the usually recommended dosage.332 In addition to its low water-solubility, 

chloramphenicol also presents stability issues in aqueous media, since it easily 

hydrolyzes into glycols. Since most of the ophthalmic formulations are generally 

available as solutions, the improvement of these formulations has focused on 

increasing the drug content, by using co-solvents and cyclodextrin complexes.333 

Such efforts intend to overcome the limited drug concentration in the conjunctival 

sac and the decreasing therapeutic response; however, such approach also 

increases the toxicity associated with the drug administration due to the exposure 

to higher drug dosages.331,334 Therefore, the new generation of ophthalmic 

formulations must focus on enhancing the drug aqueous solubility, the drug 

concentrations at the site of infection, and extend its residence time in the ocular 

environment to achieve a higher therapeutic efficacy while lowering the 

administrated dosage. 
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In this vein, DES have recently arisen as promising options to improve 

solubility134 and stability110 of APIs. Furthermore, they can be advantageously 

designed for different administration routes. These solvents have been studied in 

the solubilization of antifungal APIs134 and applied to improve the chemical stability 

of ꞵ-lactam antibiotics.141 Due to their design and application versatility, DES and 

DES comprising active ingredients have been incorporated in different drug delivery 

systems, such as ion gels,335 hydrogels221,223 eutectogels,222 particles224 and 

nanofibers, 228 aiming at different administration routes. However, and to the best of 

our knowledge, their application in ocular drug delivery systems is still unexplored.  

In the field of ocular drug delivery, microemulsions and gels have been 

considered as strategies that intend to overcome the drawbacks associated with 

conventional eye drops.336 Although DES have also been applied as oil phases in 

microemulsions,337,338 their study towards the development of drug delivery systems 

has not been pondered. Since some of these dispersions still present low viscosity, 

additional approaches, namely the use of in situ gelling polymers, can be an 

appealing solution. Gelling polymers allow an easy, safe and reproducible 

administration of the system as a liquid drop, while presenting a sol-gel transition in 

contact with the ocular surface as a result of changes in temperature, pH or ionic 

strength.339 An example of a thermo-responsive nonionic in situ gelling polymer that 

can be used for this purpose is Pluronic® F-127 (PF-127), a polymer based on 

triblock copolymers of PEG and poly(propylene glycol) (PPG).340 The colorless and 

transparent character of PF-127 solutions, along with its reversible gelation 

properties occurring at body’s temperature, makes it optimal for the development of 

ophthalmic formulations.  

Based on the exposed, in the present work, DES aqueous solutions were 

investigated to improve the solubility of chloramphenicol and then used to prepare 

thermo-responsive microemulsions. Particularly, is demonstrated how DES 

aqueous solutions comprising chloramphenicol can be applied as water phases of 

w/o/w microemulsions and how these formulations can be designed to present a 

thermo-responsive character, thus increasing viscosity upon contact with the ocular 

environment and enhancing the therapeutic efficacy of the drug towards ocular 

infections caused by resistant bacteria, namely MRSA. These novel DES-based 
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microemulsions lead to a significant improvement in the drug stability and are 

capable of effectively eradicating resistant ocular infections in comparison to 

commercial eye drops, with low cytotoxicity and in a controlled manner.  

3.3 Experimental section 

3.3.1 Materials 

The DES studied in this work were prepared using betaine anhydrous (98%, 

Alfa Aesar, Germany), xylitol (≥ 99%, Acros Organics, Thermo Scientific, New 

Jersey, USA) and glycerol (≥ 99%, Sigma-Aldrich, St. Louis, MO, USA). 

Chloramphenicol (≥ 98%) was purchased from Sigma-Aldrich (St. Louis, Missouri, 

USA). The preparation of the microemulsions required the use of Tween® 80 and 

Pluronic® F-127 (≥ 98%), both provided by Sigma-Aldrich (St. Louis, MO, USA), 

while Span® 80 and isopropyl myristate were purchased from Acofarma (Madrid, 

Spain). MTT was purchased from Sigma-Aldrich (St. Louis, MO, USA) and 

fluorescein from Thermo Scientific (New Jersey, USA). PBS (pH 7.4) was acquired 

from Sigma-Aldrich (St. Louis, MO, USA) in the form of tablets. TSA and TSB from 

Liofilchem (Italy) were used in the antimicrobial studies. All other solvents and 

reagents were from HPLC grades. 

3.3.2 DES preparation and characterization  

The DES were prepared by mixing the respective precursors (betaine and 

xylitol or glycerol) in sealed glass vials with constant heating and stirring, until a 

homogeneous transparent liquid was formed (at a maximum temperature of 85 °C). 

DES were prepared at 1:2 and 1:1 molar ratio for betaine:glycerol (Bet:gly) and 

betaine:xylitol (Bet:xyl), respectively. The mixtures were then kept for 1 h at this 

maximum temperature and then allowed to return to room temperature. The DES 

composition was confirmed by NMR spectroscopy. The 1H NMR and 13C NMR 

spectra were recorded using a Bruker Avance 300 at 300.13 MHz and 75.47 MHz, 

respectively. The DES were analyzed in deuterated water and using TMSP as an 

internal reference. 
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Betaine:glycerol: 1H NMR (300.13 MHz, D2O): δ 3.11 (9H, s, N(CH3)3); 3.48 

(4H, dd, H-1’,3’); 3.60 (1H, m, H-2’); 3.74 (2H, s, H-2); 4.68 (solvent(D2O)) ppm. 13C 

NMR (75.47 MHz, D2O): δ 53.24 (N(CH3)3); 62.44 (C-1’,3’); 66.05 (C-2); 72.02 (C-

2’); 168.96 (C-1) ppm. 

Betaine:xylitol: 1H NMR (300.13 MHz, D2O): δ 3.14 (9H, s, N(CH3)3); 3.52 -

3.66 (1H, m, H-3’, 2H, m, H-2’,4’, 4H, m, H-1’,5’); 3.77 (2H, s, H-2); 4.69 

(solvent(D2O)) ppm. 13C NMR (75.47 MHz, D2O): δ 53.28 (N(CH3)3); 62.58 (C-1’,5’); 

66.04 (C-2); 70.73 (C-3’); 71.89 (C-2’,4’); 169.07 (C-1) ppm. 

3.3.3 Solubility assays of chloramphenicol  

Chloramphenicol solubility in water and in aqueous solutions of DES was 

determined by adding the drug in excess to water and to 2.0 g of each DES aqueous 

solution (0ꟷ90% (w/w) of DES). These mixtures were placed in sealed glass vials 

with a stirring bar and allowed to equilibrate in a specific aluminum disk with a stirring 

plate at 900 rpm and at constant temperature (25 and 32 °C) during 72 h. After 

achieving saturation, the samples were removed and then centrifuged. An aliquot of 

the supernatant was taken and diluted in water. After this, the samples were 

carefully filtered with a 0.20 μm syringe filter to remove any solid from the liquid 

phase and subsequently quantified by HPLC-DAD, on a PROMINENCE model 

(Shimadzu, Kyoto, Japan), equipped with an analytical Kinetex 5 μm C18 100 Å 

reversed-phase column (250 × 4.60 mm), from Phenomenex, using similar 

conditions to those described in the method presented in Section 2.3.3. The 

wavelength was set at 277 nm.  

3.3.4 Preparation of thermo-responsive microemulsions  

Two DES-based microemulsions comprising a final concentration of 4 mg·mL-

1 of chloramphenicol were prepared by emulsification and ultrasonication technique 

via a three-step approach. Initially, water phase I of each microemulsion was 

prepared by solubilization of chloramphenicol in the aqueous solutions of each DES 

(70% (w/w)). Then, these DES aqueous solutions were dispersed into an oil phase 

based on isopropyl myristate (75.5% (w/w)) stabilized with Span® 80 (12% (w/w)). 

To guarantee homogeneity and to generate the water-in-oil pre-emulsion, the 



92 

 

samples were stirred at high-speed using an Ultra-Turrax T25 equipment (Janke & 

Kunkel IKA Labortechnik, Staufen, Germany) at 7000 rpm during 5 min. Table 9 

presents the composition of each DES-based pre-emulsion. Secondly, 40% of each 

water-in-oil pre-emulsion was added to the water phase II, an aqueous solution 

composed of a 2:9 mixture of the aqueous solutions of DES (70% (w/w)) comprising 

chloramphenicol and an aqueous solution of Tween® 80 (5% (w/w)). For better 

homogenization of the resulting water-in-oil-in-water (w/o/w) emulsions, stirring 

using an Ultra-Turrax under the previous conditions was carried out, followed by 

sonication at 70% amplitude for 10 mins using a probe sonicator (Sonics & Materials 

Inc. Vibra Cell VCX 130 Model CV 18, Newtown, CT). The resultant microemulsions 

were allowed to equilibrate at room temperature and were then stored at 4 °C. 

Finally, after cooling, the last step consisted in adding PF-127 to each DES-based 

microemulsion using the cold method and under constant stirring. Upon complete 

dispersion of the polymer, DES-based microemulsions with PF-127 (5% (w/w)) were 

obtained and stored at 4 °C. Table 10 presents the full composition of the DES-

based thermoresponsive microemulsions investigated. 

Table 9. Composition of each water-in-oil pre-emulsion prepared for a final mass of 25 g. 

                                                 Water phase I                      Oil phase 

Sample 
DES aqueous 

solution 
(%) 

Drug 
(%) 

Span® 80 
(%) 

Isopropyl 
myristate 

(%) 

Bet:gly ME 10.5 - 12.0 77.5 

Bet:gly + chloramphenicol ME 10.0 0.5 12.0 77.5 

Bet:xyl ME 10.5 - 12.0 77.5 

Bet:xyl + chloramphenicol ME 10.0 0.5 12.0 77.5 

 
 
Table 10. Composition of each DES-based microemulsion (ME) prepared for a final mass of 25 g of 
emulsion. 

                                                         Water phase II 

Sample 
Pre-emulsion 

(%) 
Tween® 80 

(%) 

DES 
aqueous 
solution 

(%) 

Drug 
(%) 

Water 
(%) 

Bet:gly ME 40.0 5.0 10.0 - 45.0 

Bet:gly + chloramphenicol 
ME 

40.0 5.0 10.0 0.5 45.0 

Bet:xyl ME 40.0 5.0 10.0 - 45.0 

Bet:xyl + chloramphenicol 
ME 

40.0 5.0 10.0 0.5 45.0 
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3.3.5 pH and droplet size 

The pH of the different DES-based microemulsions was determined at room 

temperature using a HI 2550 multiparameter meter (Hanna Instruments, 

Woonsocket, Rhode Island, USA). The droplet size of the oil phase of the w/o/w 

microemulsions was assessed by dynamic light scattering using a Mastersizer 3000 

(Malvern Instruments, Malvern, UK). To avoid multiple light scatterings due to high 

droplet concentration, the microemulsions were diluted with ultrapure water (1:100). 

Aiming to evaluate the stability of the prepared microemulsions, both parameters 

were analyzed immediately after preparation and at day 90. All measurements were 

reported as mean values ± standard deviations of triplicates for each microemulsion. 

3.3.6 Rheological measurements  

Initially PF-127 was dispersed at 15% (w/w) in both Bet:gly-based and Bet:xyl-

based aqueous solutions (10 and 30% (w/w) of DES in water). This was carried out 

at low temperature (4 °C) to facilitate the polymer dispersion. Posteriorly, the 

viscosity of these DES-based solutions with PF-127 was evaluated at ocular 

temperature (32 ± 0.5 ºC) using a Thermo Haake VT-550 (Thermo Fisher Scientific, 

Waltham, Massachusetts, EUA) rotational viscometer equipped with an SV-DIN 

coaxial cylinder sensor. The rheological analysis was performed with a stabilization 

time of 900 s and with a variation on the shear rate from 0.1 to 500 s-1 (ascending 

curve) and from 500 to 0.1 s-1 (descending curve). After selection of the best DES 

concentration and preparation of each DES-based microemulsion, the viscosity of 

these formulations was also appraised on the day of preparation and after 90 days 

using the same conditions described. 

3.3.7 Drug stability  

To evaluate the stability of the drug in the novel formulations upon storage, 

thermo-responsive DES-based microemulsions with 4.0 mg·mL-1 of 

chloramphenicol were prepared as previously described and kept in the dark at 4 

°C, for 30 days.  A sample of a commercial formulation of the same drug with the 

same concentration was also stored according with the manufacturer instructions 
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for 30 days. Since the shelf-life of the commercial formulation after opening is 28 

days, we performed the experiments during the same period to allow the 

comparison between formulations. An aliquot of each formulation was collected and 

analyzed by HPLC-DAD according to the previously described protocol (Section 

2.3.3), at given time points (7, 15 and 30 days).  

3.3.8 In vitro  cytotoxicity assay 

The cytotoxic effect of the DES-based microemulsions containing 

chloramphenicol was assessed on human adult retinal pigment epithelial cells 

(ARPE-19) by the colorimetric MTT assay. The cells were seeded in 96-well plates 

at a density of 30 000 cells/well in 200 mL Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F-12) medium (Gibco) supplemented with 

10% (v/v) of FBS (Life Technologies, Carlsbad, California, USA) and 

antibiotic/antimicotic containing 100 units·mL-1 penicillin, 100 µg·mL-1 streptomycin 

and 0.25 µg·mL-1 amphotericin B (Sigma). Twenty-four hours after plating, cells 

were exposed to a range of four concentrations, 12.5–100.0 μg·mL−1
,
 of 

chloramphenicol diluted in sterile PBS. These were then incubated for 24 h at 37 °C 

in a 5% CO2 atmosphere. After this, the wells were washed with PBS, and 50 μL of 

fresh medium and 10 μL of MTT solution of 3 mg·mL-1 was added to each well. After 

4 h of incubation, 150 μL of isopronanol (with HCl 0.04 M) were added to dissolve 

the formazan crystals. Cell viability was measured at 570 nm using a microplate 

reader (Synergy HT from BioTeK Instruments Inc., Winooski, Vermont, EUA) and 

the percentage of viable cells was calculated as the ratio between the absorbance 

of treated versus control cells.   

 

3.3.9 In vitro  drug release 

For the drug release performance, dialysis bags with 5 mL of each 

microemulsion containing 4 mg·mL-1 of chloramphenicol were used. Each bag was 

completely immersed in 200 mL of PBS as dissolution medium (pH 7.4) and was 

maintained under continuous stirring at 150 rpm and a temperature of 32.0 ± 1 °C. 

An aliquot (1 mL) from each container was collected at specific time points (5, 15, 

30, 45, 60, 120 and 180 min). Each sample was diluted 1:1 in running buffer, filtered 
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and analyzed by the sane HPLC-DAD method (Section 2.3.3). For each release 

profile, three different samples were tested, and for each time point, the aliquots 

were measured two times at 277 nm.  

3.3.10 Ex vivo  corneal permeation studies  

The permeation of chloramphenicol through corneal tissue was performed 

using static Franz diffusion cells (PermeGear, Inc., Hellertown, Pennsylvania, USA) 

with a diffusion area of 0.636 cm2 and a receptor compartment of 5 mL. To this 

purpose, fresh porcine corneal epithelium was provided by a local slaughterhouse. 

Briefly, on the experimental day, corneal tissue was carefully harvested from porcine 

eye, and immersed in PBS. After that, the tissue was cut to appropriate size and 

clamped between the donor and receptor compartments faced up. A PBS solution 

was used as receptor media stirred at 600 rpm. The receptor solution was 

maintained at 37 ± 0.5 °C by a thermostatic water pump, thus, the human eye 

conditions were mimicked, since the temperature at the ocular surface (32 °C) was 

assured. An aliquot of 500 μL (with ca. 100 mg·mL-1 of chloramphenicol) for each 

formulation was placed in the donor compartment. Then, 300 μL of the receptor 

medium were removed at designated time points (15, 30, 45, 60, 90, 120, 240, 360, 

480 min) and immediately replaced with the same volume of fresh solution. Each 

collected sample was diluted to 1:3 in acetonitrile, filtered and analyzed by HPLC-

DAD (conditions as presented in Section 2.3.3). The release studies were 

conducted in three independent studies and expressed as average of permeated 

drug ± standard error of mean. Permeation profiles were obtained by plotting the 

cumulative amount of chloramphenicol permeated per surface area against time. 

 

3.3.11 Corneal morphology and integrity  

The apical surface of the corneas treated with the different formulations were 

observed by scanning electron microscopy (SEM) to study their morphology and 

topography. Before the analysis, the samples were dried under vacuum and 

properly spread on a double-sided carbon tape mounted onto an aluminum stud. 

SEM micrographs were registered using a tungsten cathode scanning electron 

microscope JSM 6010LV/6010LA, (Jeol, Tokyo, Japan) Secondary electron mode, 
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an acceleration voltage of 1 kV, a spot size of 30, and a working distance of 10 mm, 

were selected as the operational conditions. 

3.3.12 Bacterial culture conditions  

The strain of methicillin-resistance Staphylococcus aureus (MRSA) DSM 

25693, positive for SE A, C, H, G, and I enterotoxins, was grown on solid medium, 

TSA, at 37 °C, for 24 h and was posteriorly stored at 4 °C. Prior to each assay, the 

bacterium strain was inoculated in liquid medium, TSB, and grown aerobically at 37 

°C under stirring (up to 100 rpm) for 24 h. For each assay, a 300 μL aliquot of the 

referred culture was transferred into a new fresh TSB medium (subcultured in 30 

mL twice) and grew under constant stirring overnight at 37 °C.  

3.3.13 Antimicrobial efficacy of chloramphenicol in the DES-

based microemulsions 

The drug efficacy was first evaluated by testing the antimicrobial susceptibility 

by a modified Kirby-Bauer disk diffusion method. The bacterial suspension in PBS 

was set for a turbidity of 0.5 on the McFarland scale, prepared by peaking up 1–2 

colonies from the pure culture. The suspension was spread plated using a swab on 

Mueller-Hinton Agar plate. Disks containing 100 µg·mL-1 of the drug from each 

formulation were used for MRSA evaluation. The DES-based microemulsions 

without the drug were also assessed as the respective controls to determine its 

impact on the antimicrobial susceptibility. The agar plates with all samples were 

incubated at 37 °C for 18–24 h. Following this, the susceptibility of each formulation 

was determined by measuring the diameter of the inhibition zones and comparing it 

to the breakpoint established by the EUCAST and according to the CLSI.290,291 

The antimicrobial efficacy was determined based on the continuous exposure 

of the bacterium to the DES-based microemulsions with chloramphenicol and the 

respective commercial formulation containing the same drug for comparison 

purposes. The bacterial culture was grown overnight. After dilution and adjustment 

to 0.5 MacFarland scale using liquid medium TSB, the bacterial suspensions were 

distributed equally in 5 mL tubes. Subsequently, a drug dosage of 100 µg·mL-1 of 

each DES-based microemulsion comprising chloramphenicol and of the tested 
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commercial eye drops were added to the bacterial suspensions at specific time 

points. A positive bacterium control (Ct) containing only the bacterial inoculum in 

TSB and the DES-based microemulsions without the drug were additionally carried 

out. Time points were selected according to the clinical prescription of the drug for 

severe skin infections: first applications every 2 h for 48 h, and then every 4 h up to 

5 days. Aliquots of each bacterial suspension were taken after each dosage 

application. Each aliquot was serially diluted in PBS and each sample dilution was 

pour-plated TSA being posteriorly incubated at 37 °C for 24 h. The growth inhibition 

ability of chloramphenicol in both DES-based microemulsions and in the commercial 

eye drops was evaluated by quantifying the number of colonies forming units per 

milliliter (CFU·mL-1). Experiments were carried out in duplicate with three replicates 

for each sample.  

3.3.14 Statistical analysis 

The results obtained were expressed as mean ± SD of independent 

experiments. In the case of cell viabilities, at least four independent studies were 

conducted, analyzing 6 different replicas for each measurement. For the permeation 

profiles, three independent studies were performed using a total of 6 different 

corneal samples for each formulation. The statistical analysis of all data was done 

using a two-way ANOVA, with multiple comparisons. The levels of significance were 

set at probabilities of **p<0.0043, ***p<0.0003, ****p<0.0001 cell viability for cell 

viability and of *p<0.03, ***p<0.003, ****p<0.0001 for the amount of chloramphenicol 

permeated from each ME, all analyzed with Graphpad Prism 8.0.1 software 

(GraphPad Software, San Diego, CA, USA). 
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3.4 Results and discussion 

This work explores an innovative approach to improve antibiotic based 

ophthalmic formulations by using DES-based microemulsions comprising 

chloramphenicol with a thermo-responsive character for the treatment of ocular 

infections. The DES components were selected to ensure biocompatibility for ocular 

administration. In this context, betaine was selected as a hydrogen-bond acceptor, 

and glycerol and xylitol were considered as hydrogen-bond donors. All these 

components present osmoprotectant properties and are suitable to be applied in 

eye drops.341,342 Betaine:glycerol (Bet:gly) and betaine:xylitol (Bet:xyl) DES were 

prepared in 1:2 and 1:1 molar ratio, respectively, based on previous solubility 

studies (data not shown). The composition of the DES and the integrity of the single 

components was confirmed by 1H and 13C NMRspectroscopy. 

The 1H NMR spectrum for Bet:gly (Figure 26a) shows first the proton 

resonances of the N(CH3)3 in betaine’s structure at 3.11 ppm, and of the H-2 at 3.74 

ppm. Likewise, the resonances of the protons associated with CH2 groups (H-1’,3’) 

and of the CH (H-2’) of glycerol appear at 3.48 ppm and 3.60 ppm, respectively. 

Figure 26b depicts the 13C NMR spectrum of this DES, where the carbon resonance 

of the N(CH3)3 in betaine’s structure and the respective C-2 and C-1 can be 

respectively observed at 53.24 ppm, 72.02 ppm and at 168.96 ppm. Regarding 

glycerol’s structure, the carbon resonances from the C-1’,3’ and C-2’ can be seen 

at 62.44 ppm and 66.05 ppm, respectively. For Bet:xyl, concerning the 1H NMR 

spectrum (Figure 27a) similar proton resonances can be found for betaine where  

N(CH3)3 and the H-2 appear at chemical shifts at 3.14 ppm and 3.77 ppm, 

respectively. The proton resonances on xylitol’s structure (H-3’, H-2’,4’ and H-1’,5’) 

can be observed as multiplets in the region between 3.52 to 3.66 ppm.  

The 13C NMR spectrum (Figure 27b) also displays similar carbon resonances 

regarding the betaine’s structure (N(CH3)3 at 53.28 ppm, C-2 at 66.04 ppm and C-1 

at 169.07 ppm) to those observed in the Bet:gly spectrum. The carbon resonances 

associated with xylitol’s structure can be found at 62.58 ppm (C-1’,5’), 70.73 ppm 

(C-3’) and 71.89 ppm (C-2’,4’), respectively.   
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Figure 26. 1H NMR (a) and 13C NMR spectra (b) spectra of Bet:gly in D2O.  
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Figure 27. 1H NMR (a) and 13C NMR spectra (b) spectra of Bet:xyl in D2O. 

These DES were used in aqueous solutions and studied for the solubilization 

of chloramphenicol, and then used in the preparation of microemulsions (Figure 

28a). The DES-based microemulsions were characterized in terms of pH, droplet 
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size and viscosity. The stability of these parameters and of the antibiotic in the 

microemulsions were also assessed. The in vitro cytotoxicity in retinal cells, the in 

vitro drug release and the permeation across corneal tissue were conducted to 

evaluate the effect of the thermo-responsive character of these microemulsions in 

the overall drug delivery and its influence on the therapeutic action of the antibiotic. 

Finally, the antimicrobial efficacy was evaluated against MRSA to assess the 

potential of these formulations to improve the antibiotic capacity to eradicate ocular 

infections caused by multidrug-resistant bacteria (Figure 28b). 

 

Figure 28. a) Schematic representation of the preparation procedure of the thermo-responsive DES-
based microemulsions containing chloramphenicol. b) Thermo-responsive behavior of the w/o/w 
microemulsions: the ophthalmic formulations are liquid at room temperature increasing the viscosity 
upon contact with ocular environment, improving the drug retention time and therapeutic efficacy in 
the treatment of ocular infections.  Image made with Servier Medical Art and adapted by the authors 
according with Servier under the CC-BY 3.0 License (at https://smart.servier.com/). 

3.4.1 Chloramphenicol solubility in DES aqueous solutions  

The solubility of chloramphenicol in aqueous solutions of Bet:gly and Bet:xyl, 

in the range of 0-90% (w/w) of DES, was initially evaluated. For a better prediction 

of the solubility while considering the intended ophthalmic application, 

chloramphenicol’s solubility was studied at room (25 °C) and ocular surface (32 °C) 

temperatures. Figure 29 depicts the solubility curves (Figure 29a and 29b) the 
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respective solubility enhancements achieved by the two types of DES solutions at 

both temperature (Figure 29c and 29d) (S/S0, where S corresponds to the solubility 

of chloramphenicol in the DES aqueous solution and S0 to its in water).  

 

Figure 29. Solubility behavior of the chloramphenicol in Bet:gly and Bet:xyl aqueous solutions. 
Solubility studies at (a) room (25 °C) and (b) ocular (32 °C) temperatures. The solubility values were 
determined after 72 h of equilibrium. The effect of the studied DES and their concentrations in 
solubility enhancement (S/S0) of chloramphenicol are provided at (c) 25 °C and (d) 32 °C. The results 
are expressed as the mean ± SD of two independent experiments and three independent 
measurements for each sample. 

The solubility of chloramphenicol was found to be (4.26 ± 0.10) × 10-3 mol∙L-1 

and (1.45 ± 0.06) × 10-2 mol∙L-1 in water at room and ocular surface temperatures, 

respectively. The DES aqueous solutions investigated in this work allowed to 

considerably enhance the aqueous solubility of chloramphenicol. Both types of DES 

provide a monotonic increase in the solubility with the increment of the percentage 

of DES, in agreement with a co-solvency mechanism.300  

The use of 90% (w/w) of Bet:gly DES should be highlighted since it allows a 

remarkable 140-fold increase in the chloramphenicol solubility at room temperature 

(Figure 29c) and a 65-fold increase at ocular’s surface temperature (Figure 29d) 

when compared to the antibiotic’s water solubility. This corresponds to formulations 
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with 180 to 280 mg∙mL-1 of chloramphenicol solubilized at room and body’s 

temperature. The solubility of chloramphenicol in the Bet:gly aqueous solution at 

room temperature ((6.20 ± 0.12) × 10-1 mol∙L-1) is even more promising when 

compared to its solubility in ethanol, (6.05 ± 0.08) × 10-1 mol∙L-1 (data not shown), a 

common organic solvent used for the solubilization of this drug. The use of 90% 

(w/w) of Bet:xyl, even though not as effective as the previous DES solution, also 

enables to enhance the water solubility of the drug by 30-fold at room temperature 

(Figure 29c) and by 15-fold at ocular temperature (Figure 29d).  

The described solubility enhancements greatly surpass the solubilities 

achieved with existing commercial strategies, which enable formulations with 4 to 

10 mg∙mL-1 of chloramphenicol.343 The high solubilization ability of the DES aqueous 

solutions proposed herein allows easy manipulation of the DES concentrations and 

the drug content according to the intended application. Moreover, these DES 

present higher solubilization capacity than the strategies already commercialized, 

such as the use of β-cyclodextrin complexes.333 Although 90% (w/w) of aqueous 

DES provided the best result in terms of solubility enhancement, due to the intended 

application of the DES aqueous solutions as water phases in the preparation of 

microemulsion, solutions with 70% (w/w) of DES in water were used in the 

subsequent experiments with the goal of increasing the water content. At this DES 

concentration, solubility enhancements ranging from 7- to 15-fold can be obtained 

using Bet:xyl and Bet:gly aqueous solutions, still enabling the preparation of delivery 

systems with high drug content. 

3.4.2 Characterization and stability of the aqueous DES-based 

microemulsions   

Aiming to obtain systems that can be compared with commercial formulations, 

DES-based microemulsions comprising 4 mg∙mL-1 of chloramphenicol were 

prepared and characterized in terms in terms of rheological and physicochemical 

properties. Microemulsions without the drug were equally prepared and 

characterized to infer the DES influence on the properties of these systems. The 

visual aspect of both microemulsions comprising the DES and chloramphenicol is 

depicted in Figure 30a, and their thermo-responsive behavior portrayed in Figure 
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30b. For this purpose, the viscosity, pH and particle size of the microemulsions, 

stored at 4 ºC and protected from light to avoid degradation, were evaluated on the 

day of preparation (day 0) and after 90 days of storage. 

Tear fluid has extremely low buffering ability since pH fluctuations depend 

mostly on the opening time of the eyelids; therefore, the formulations should be in 

the range of the tears’ pH (6.5ꟷ7.6) to avoid ocular damage.344 Following this notion, 

the pH of the microemulsions was monitored to evaluate the need for additional 

excipients to control pH variations. As depicted in Figure 30c, all DES-based 

microemulsions have suitable pH values for ophthalmic administration, namely 7.62 

± 0.02 for Bet:gly and 7.55 ± 0.02 for Bet:xyl. A slight decrease in pH of the 

microemulsions comprising chloramphenicol (7.38 ± 0.02 vs. 7.26 ± 0.01, 

respectively) was verified, especially after 90 days of storage at 4 °C in the dark 

(Figure 30c). However, these values are still in the ocular tolerable range.345  

Regarding the droplet size of the internal oily phase of the multiple (w/o/w) 

microemulsion, the DES-based microemulsions presented a droplet diameter of 

86.1ꟷ112.5 nm after their preparation, as shown in Figure 30d. The droplet size of 

the Bet:xyl-based microemulsions was slightly lower than that of Bet:gly ones 

(approximately 86.1 ± 1.2 and 101.7 ± 3.8 nm, respectively). A slight increase in the 

droplet size of both microemulsions was verified with the addition of 

chloramphenicol with values up to 110.0ꟷ111.0 nm, confirming its incorporation 

inside the droplets of the internal phase (Figure 30d). After 90 days of storage, the 

microemulsions presented a homogeneous appearance without phase separation 

and no significant differences in the droplet size of the internal oily phase. The 

droplet size influences not only the permeation process, but also the stability of the 

product. Microemulsions in a size range from 20 nm to 200 nm present good 

thermodynamic stability and low surface tension, promote mucoadhesion and are 

suitable for ocular administration.346 Therefore, the DES-based microemulsions 

developed in this work not only have internal oily phase dimensions appropriate for 

ocular delivery, but also have good size stability under long-term storage conditions.  



105 

 

 

Figure 30. (a) Photographs of the Bet:gly and Bet:xyl based microemulsions comprising 
chloramphenicol at the day of their preparation (b) effect of temperature in the viscosity (visual 
appearance) of a microemulsion (c) droplet size and (d) pH of DES-based microemulsions (ME) with 
and without chloramphenicol upon 90 days of storage at 4 °C. *p< 0.0115, **p<0.0020, ****p<0.0001 
particle size of DES-based ME comprising the antibiotic in comparison to the respective DES-based 
MEs without the drug. Data points represent mean ± standard deviation (n= 3). 

The DES-based microemulsions were formulated to present a thermo-

responsive character, which will translate into an increase in the viscosity upon 

contact with the ocular media, as ocular surface temperature (32 °C) is higher than 

the room temperature (25 °C). To study the viscosity response of these systems, 

the influence of the DES concentration and of the responsive polymer, that was PF-

127, was tested by dispersing the polymer in DES aqueous solutions (at 10 and 

30% (w/w)) (Figure 31a and 31b). Since dispersions with concentrations of PF-127 

above 15% (w/w) have been reported to present adequate viscosities for ophthalmic 

application and a sol-gel transition below 35 °C,347 we started by testing this polymer 

concentration. DES aqueous solutions with PF-127 dispersed at 15% (w/w) were 
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initially evaluated, showing an increased viscosity at ocular temperature; however, 

the DES concentration affected the two systems differently. At lower DES aqueous 

concentrations (10% (w/w)), the viscosity of both DES aqueous solutions with PF-

127 is similar. Nevertheless, while the increase in Bet:gly concentration (up to 30% 

(w/w)) led to an increase in the viscosity, the increase in Bet:xyl concentration (up 

to 30% (w/w)) led to a decrease in the viscosity of the system (as observed Figure 

31a). On the other hand, the viscosity of both DES aqueous solutions with PF-127 

becomes comparable when chloramphenicol is solubilized in the media at similar 

concentrations to those used in eye drops, namely at 4% (w/w), independently of 

the DES concentration (Figure 31b).  

Based on the described results, the 10% (w/w) of DES aqueous solution was 

selected as final concentration in each water phase of w/o/w microemulsions, to be 

applied in further studies. The viscosity of these DES-based microemulsions with 

PF-127 displayed similar tendencies to those observed for the respective DES 

aqueous solutions with PF-127, as illustrated in Figure 31c and 31d. This was 

particularly assessed by determination of an ascending and descending curve of the 

variation on the shear rate, to conclude about the behavior of these fluids. For both 

DES-based microemulsions, viscosity decreases with the increase of the shear rate 

(consistent with the pseudoplastic or shear thinning behavior), which in accordance 

with the behavior of natural tears, also categorized as a non-Newtonian, shear 

thinning fluid.348 Interestingly, these formulations enhance the viscosity, even at 

lower concentrations of PF-127 (5% w/w), which is comparable to the results 

reported for other microemulsions with higher polymer concentration (15% w/w).191 

For this reason, the polymer concentration selected for the final microemulsions was 

5% w/w of PF-127. 

Similar to the DES aqueous solutions with PF-127 (Figure 31a and 31b), the 

corresponding Bet:gly-based microemulsions have also higher viscosity values than 

the ones with Bet:xyl (Figure 31c and 31d, respectively). This can be attributed to 

the effect of the co-solvents on the gelation ability of PF-127. Glycerol has shown to 

promote the formation of strong hydrogen-bonds with poloxamers such as PF-127, 

causing a slight decrease in the gelation temperature and therefore stronger gels.349 

Conversely, the use of alcohols such as ethanol or propylene glycol has proven to 
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increase the sol-gel transition temperature, decreasing the viscosity of the resulting 

systems, which might resemble the behavior observed for xylitol.350 

 

Figure 31. Rheograms of the effect of the different DES concentrations in aqueous media (10 and 
30% (w/w)) with PF-127. This behavior was also studied in (a) the absence and in (b) the presence 
of the drug in the different DES aqueous solutions with PF-127. Rheograms of the DES-based 
microemulsions before and after the incorporation of chloramphenicol on (c) Bet:gly-based systems 
and (d) Bet:xyl-based systems and their respective stability (e) and (f) when comprising the antibiotic 
after 90 days of storage at 4 °C.  
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After the incorporation of the antibiotic in the DES-based microemulsions, the 

viscosity decreases for both formulations. In fact, the incorporation of drugs in PF-

127 formulations or the inclusion of several additives has been stated to greatly 

modify the sol-gel transition boundaries of this polymer,351,352 since it might increase 

the gelation temperature and decrease the adhesive forces. Other active 

ingredients, like diclofenac, have shown the ability to reduce the gel strength of PF-

127 formulations.353   

The stability of the DES-based microemulsions comprising chloramphenicol 

over 90 days stored at 4 °C was also studied (Figure 31e and 31f). After 90 days, 

the Bet:gly-based microemulsions comprising the antibiotic present only a slight 

decrease in the shear stress, and thereby in the systems’ viscosity (≈ 10%) (Figure 

31e), maintaining the characteristics suitable for ocular application. Bet:xyl-based 

microemulsions comprising chloramphenicol present about a 2-fold reduction in 

their overall viscosity (Figure 31f). However, no visual changes or evidence of 

flocculation in both microemulsions were observed during the storage period. 

Based on all the discussed results, generally, both DES-based microemulsions 

present a long-term shelf-life stability for the evaluated parameters. Furthermore, 

the advantageous use of the selected DES should be highlighted for this purpose 

since it avoids the addition of further excipients to control changes in these 

parameters in pharmaceutical formulations.   

3.4.3 Drug stability in DES-based microemulsions  

The stability of chloramphenicol in the DES-based microemulsions was 

assessed by measuring the drug concentration by HPLC-DAD. This parameter was 

evaluated over a month to allow its comparison with a commercial formulation of 

eye drops containing chloramphenicol, whose shelf-life is up to 28 days after 

opening. For this purpose, the commercial eye drops were stored following the 

manufacturer’s recommendations (T ≤ 25 °C in the dark) and the DES-based 

microemulsions followed the storage conditions previously screened (4 °C in the 

dark). Figure 32a shows the chloramphenicol content at each time point relative to 
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the initial drug concentration. For both DES-based microemulsions, for at least 15 

days of storage, the amount of the drug was kept constant.  

 
Figure 32. (a) Chloramphenicol content of each DES-based microemulsion (ME) and in commercial 
eye drops, quantified regularly over a month period. Each value is the respective mean ± SD. (b) 
HPLC chromatograms of chloramphenicol in each formulation 30 days (T30) after preparation. 

At the end of one month, the drug content was found to be 89% of the initial 

value for the Bet:gly-based microemulsion and 91% for the Bet:xyl-based one. For 

the commercial formulation the decrease in the drug concentration was more 

evident. In the commercial formulation, after 7 days, only 71% of chloramphenicol 

was detected, and, after one month, the drug concentration decreased to 48%, 

highlighting the low stability of the antibiotic in the commercial aqueous eye drops.354 

In fact, a peak of a degradation product was observed in the HPLC chromatogram 

of the commercial eye drops after 30 days of storage (Figure 32b). This has been 

already described for other commercial eye drops,354 and happens due to the 

common degradation of chloramphenicol by hydrolysis of the amide group in 

aqueous media.355 Remarkably, this is not verified in the DES-based 

microemulsions developed in this work, which not only allows us to significantly 

enhance the drug stability but also prevented the formation of hydrolysis products 

after storage, which is certainly due to the entrapping of chloramphenicol in the 

microemulsion droplet interface. The DES-based microemulsions have also shown 

the possibility to increase the stability over other microemulsions reported in the 
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literature to this purpose,354 while offering a higher shelf-life for the drug over 

commercial formulations. 

3.4.4 Cytotoxicity of the DES-based formulations  

The in vitro cytotoxicity of chloramphenicol was studied in aqueous solution 

and in the DES-based microemulsions towards ARPE-19 by exposure for 24 h. 

Each formulation comprising chloramphenicol was evaluated in concentrations 

ranging from 12.5 to 100.0 µg∙mL-1. For comparison purposes the commercial eye 

drops were also tested in the same range of concentrations. These concentrations 

were selected considering the limited amount of drug that crosses the protective 

mechanisms of the eye and that becomes in contact with the cells.356 Initially, the 

effect of chloramphenicol in aqueous solution in ARPE-19 cells viability was 

appraised. This antibiotic seems to present low cytotoxicity in the studied range of 

concentrations since all cell viability was above 90% (Figure 33a). When formulated 

as eye drops, the effect of chloramphenicol and the respective excipients 

demonstrates dosage-dependent toxicity, which decreases in the studied range of 

concentrations up to 80% for a drug dosage of 100.0 µg∙mL-1 (Figure 33b). Similar 

values have been found for the cell viability of human keratinocytes cells, when 

exposed to diluted commercial eye drops in the same range of drug concentrations 

here explored.357 Therefore, the possible decrease in cell viability might be attributed 

to the formulation excipients commonly found in commercialized eye drops. 

Following this, the cytotoxicity of both microemulsions, with and without the 

drug, was investigated. The DES-based microemulsions without the antibiotic 

exhibit non-cytotoxicity towards ARPE-19 cells with cell viabilities always above 

85% (Figure 33c and 33d).  

The incorporation of the antibiotic in both DES-based microemulsions does not 

significantly impact the cytotoxicity of the resultant formulations (Figure 33c and 

33d). These exhibit similar profiles with comparable cell viability values within the 

studied range of concentrations. At higher concentrations, namely 100 µg∙mL-1, the 

cell viability decreases to 88% for the Bet:gly-based microemulsion when containing 

chloramphenicol (Figure 33c) and to 91% for the Bet:xyl-based containing the same 
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drug (Figure 33d). Such values are comparable to those observed for aqueous 

solution containing the same chloramphenicol concentration (100 µg∙mL-1). 

 

Figure 33. Cytotoxicity values after 24 h of exposure vs. control ARPE-19 cells (Ct) determined for 
(a) chloramphenicol in aqueous solution, (b) commercial eye drops, (c) Bet:gly microemulsions (ME) 
with and without chloramphenicol and (d) Bet:xyl MEs with and without chloramphenicol 
incorporated, at 37 °C. Results are expressed as mean ± SD of four independent experiments. 
**p<0.0043, ***p<0.0003, ****p<0.0001 cell viability in comparison to the control cells. 

These findings highlight that safe chloramphenicol concentrations were used 

in the present work and that the incorporation of this drug in the DES-based 

microemulsions does not create a more toxic ophthalmic formulation. Overall, the 

two developed DES-based microemulsions present comparable cytotoxicity values 

to already commercialized eye drops. Therefore, for the next experiments, the 

highest chloramphenicol concentration tested (100 µg∙mL-1) was considered.   
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3.4.5 In vitro  and ex vivo  drug permeation studies 

The in vitro release profile of chloramphenicol from both DES-based 

microemulsions was investigated in PBS (pH 7.4) at 32 °C for 3 h, to simulate ocular 

physiological conditions (Figure 34a). Contrarily to commercial eye drops, in which 

the drug release into the ocular media is instantaneous, and for that reason is not 

here presented, the results of this study revealed a sustained release of the 

antibiotic from DES-based microemulsions. Furthermore, these microemulsions 

present similar release profiles over the assay period. After 1 h, 34.7% and 32.6% 

of chloramphenicol were released from Bet:gly and Bet:xyl-based microemulsions, 

respectively (Figure 34a). At the end of the total assay period (3 h), 79.8% of the 

drug was released from the Bet:gly-based microemulsion and 80.2% from the 

Bet:xyl-based one. These results are quite relevant since due to the low solubility of 

chloramphenicol, its release into aqueous media can be as low as 37%, even after 

7 days, without the application of any solubilization strategy.358 

Studies have reported the use of bi-layered polymer-based films,359 

nanoparticles358 and other microemulsions360 to offer an improvement in drug 

delivery over commercial eye drops. Although these can achieve high amounts of 

drug released, most still present a slow-release rate, which delays the therapeutic 

onset of the drug. The DES-based microemulsions herein prepared allow a 

sustained release of the drug, achieving a high drug content release within only 3 h. 

In fact, after only 5 min, both DES-based microemulsions could deliver 

chloramphenicol concentrations far above the MIC for Staphylococcus species 

(>30% the MIC value for S. aureus291). 

To infer the impact of the formulations on the permeation of chloramphenicol, 

ex vivo studies through corneal tissue were conducted over 3 h at 32 °C, using Franz 

diffusion cells. Figure 34b presents the results obtained for each DES-based 

microemulsion and for the commercial formulation. As observed in the in vitro 

release assays, the permeation of chloramphenicol across the corneal tissue follows 

a sustained permeation pattern. This sustained drug delivery is attributed to the fact 

that DES-based microemulsions were designed to comprise chloramphenicol in in 

both external and internal DES:water phases, providing an immediate therapeutic 

effect from the external phase of the microemulsion and a more sustained release 
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of the drug from the internal phase, as depicted in Figure 34c. These release abilities 

associated with an increase in the viscosity under temperatures closer to the ocular 

environment result in a successful continuous delivery of chloramphenicol and, 

thereby, a sustained release of the drug.  

 

Figure 34. (a) In vitro release profile of chloramphenicol from Bet:gly and Bet:xyl-based 
microemulsions (ME) over 3 h in PBS at 32°C. (b) cumulative amount of chloramphenicol permeated 
across corneal tissue during 3 h for chloramphenicol from Bet:gly and Bet:xyl-based MEs and for 
commercial eye drops. All profile data represented as mean ± standard deviation of three 
independent experiments. *p<0.03, ***p<0.003, ****p<0.0001 amount of chloramphenicol permeated 
from each ME in comparison to the commercial eye drops.  (c) Schematic representation of 
chloramphenicol loading into the water phases of both DES-based microemulsions and the two-
phase drug release at ocular temperature. (d) SEM micrographs of the corneal tissue after 3 h of 
exposure to (d1) Bet:gly and (d2) Bet:xyl- based MEs comprising chloramphenicol, (d3) commercial 
eye drops and of (d4) control. 

Both DES-based microemulsions present similar permeation profiles within the 

first 120 min, with permeated amounts of chloramphenicol up to ca. 49.4 µg·cm-2. 

After this time, the Bet:gly-based microemulsion enabled a higher permeation of the 
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antibiotic across the corneal tissue than the Bet:xyl-based one. Such an effect can 

be expected since glycerol has been used as a permeation enhancer to improve the 

penetration of active ingredients across biological membranes.361 The two DES-

based microemulsions promote the permeation of higher amounts of the drug 

across the corneal membrane than commercial eye drops, during the assay period. 

This can also be anticipated as DES are known to facilitate the permeation of 

solubilized active ingredients across membranes without negatively affecting the 

cells.137 These values reflect an amount of 44.0ꟷ46.1 µg·mL-1 of chloramphenicol 

permeated 120 min after application, which is in accordance with previous values 

reported for chloramphenicol permeation from ointment formulations.362 Since these 

formulations allow reducing the initial drug concentration while distributing similar 

amounts to commercial eye drops through the corneal tissue with comparable 

safety, it is possible to model the amount of drug to be incorporated into DES-based 

microemulsions.  

We have further extended the assay period for 180 min to understand the 

influence of the developed formulations on the corneal tissue during longer periods 

of exposure. Interestingly, the microemulsions, and more particularly the Bet:xyl-

based microemulsion (Figure 34d2), did not induce higher structural changes than 

the eye drops (Figure 34d3) for the same period of exposure (180 min), 

demonstrating that their effect on the morphology of the corneal tissue is 

comparable to the commercial formulation under similar conditions. The most 

sustained drug release and permeation in the DES-based microemulsions are, in 

this sense, advantageous as these formulations allow a higher drug accumulation 

in contact with the cornea, which can locally prolong the therapeutic effect 

comparatively to the commercialized eye drops formulations.  

3.4.6 Antimicrobial efficacy 

Based on the chloramphenicol’s action and the sustained release ability of the 

DES-based microemulsions, their antimicrobial activity in the treatment of multidrug-

resistant infections was finally evaluated. For this purpose, the efficacy of these 

formulations was studied in the eradication of Gram-positive bacteria, namely 
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MRSA. The commercial chloramphenicol eye drops were also used in the same 

drug concentration for comparison purposes.  

Firstly, the determination of the antimicrobial susceptibility to the DES-based 

microemulsions, with and without chloramphenicol and to eye drops, was performed 

(Figure 35a). It is possible to verify that the DES-based microemulsions without the 

drug do not present antimicrobial activity. The composition of the DES-based 

microemulsions differs only in the hydrogen-bond donor. Glycerol does not present 

relevant antimicrobial activity but is used in commercial antibiotic formulations and 

xylitol presents only a slight ability to interfere in biofilm formation, by inhibiting the 

bacterial adherence of S. aureus.363 Overall, the bacteria seem to be susceptible to 

chloramphenicol in all the tested formulations comprising the drug, according to 

EUCAST classifications.291 The Bet:gly and Bet:xyl-based microemulsions 

containing chloramphenicol exhibited growth inhibition zones of 28 ± 2 mm and 27.5 

± 2 mm, respectively, whereas eye drops commercialized formulation showed one 

with 25 ± 2 mm (Figure 35a).  

When considering the treatment of infections caused by resistant bacteria to 

systemic antibiotics, topical treatment can be a more effective alternative due to the 

higher local concentrations. Generally, two drops of chloramphenicol formulation 

are prescribed every 2 to 3 h in the first 48 h, reducing afterwards to 4 to 6 h. The 

drug should be administered for a further 48 h after the eye appears to be normal. 

Based on the clinical prescription of this antibiotic, a severe eye infection caused by 

a resistant bacterium (MRSA) was simulated, treating it with specific drug dosages 

(100 µg·mL-1) initially administered at each 2 h for 48 h, and then each 4 h up to 5 

days to guarantee complete bacterial eradication (results depicted in Figure 35c). 

The drug action in both DES-based microemulsions comprising chloramphenicol 

and the respective commercial eye drops in this strain was monitored. A bacterium 

positive control (Ct) containing only the bacterial inoculum in PBS was also carried 

out, being cultured at the same time points but in the absence of the antibiotic or the 

DES-based microemulsions.  

In the absence of the antibiotic and DES-based microemulsions, the bacterium 

growth increases in the first 48 h (1.9 log10, p < 0.0001), remaining stable during the 

rest of the assay period at high bacterial concentrations. When the bacterium was 
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exposed to the antibiotic formulations, the decrease in the bacterium growth seems 

to be not only time-dependent but also reliant on the number of drug applications, 

reflecting the growth inhibition capability of the formulations studied. The DES-

based microemulsions containing chloramphenicol present a similar profile of 

eradication of MRSA infection without statistical differences between both 

microemulsions, being more effective in the eradication of MRSA infections than the 

commercial eye drops, as presented in Figure 35c. The growth inhibition of the drug 

is comparable between all the studied formulations up to 24 h after the treatments’ 

start, presenting a 2.4 log10 reduction of the bacterium growth (p < 0.0001).  

However, at the end of the second day of dosage applications, the differences 

between the DES-based microemulsions and the commercial eye drops start to 

become obvious. While 4.5 and 4.1 log10 reductions in the bacterium growth (p < 

0.0001) were verified for Bet:gly-based and Bet:xyl-based microemulsions, the eye 

drops enable only a 3.4 log10 decrease (p < 0.0001). After 48 h, the commercial eye 

drops only allowed a 3.8 log10 reduction in the bacterium growth (p < 0.0001) (Figure 

35c and 35d1), while both DES-based microemulsions were capable of fully 

eradicating the MRSA bacteria (Figure 35c, 35d2 and 35d3). In fact, the commercial 

eye drops took 72 h to eradicate the MRSA bacteria till the detection limit of the 

methodology, i.e., more 24 h than the DES-based microemulsions. Considering that 

low drug concentrations were tested, it is expected that with the application of one 

drop of each DES-based microemulsion (4.0 mg∙mL-1) the drug efficacy would be 

even better than the eye drops with similar drug concentration, requiring fewer 

applications to fully eradicate the MRSA infection. 
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Figure 35. (a) Antimicrobial susceptibility of Staphylococcus aureus (MRSA) DSM 25693 to Bet:gly-
based ME and Bet:xyl-based ME with and without chloramphenicol and to the commercial eye drops 
(disks with 100 µg·mL−1 of antibiotic). (b) MRSA viability after exposure to the DES-based 
microemulsions and to the commercial eye drops in PBS media at 37 °C. A positive control (Ct) 
bacterium was also conducted over the same period for comparison purposes. (c) Growth inhibition 
profiles, in liquid medium TSB at 37°C, of Bet:gly-based ME and Bet:xyl-based ME and commercial 
eye drops determined based on the Colony Forming Units per mililiter (CFU·mL-1) from the samples 
collected over each time point after administration of an antibiotic dose of 100 µg·mL−1 and of the 
bacterium without being submitted to any formulation (Ct). Dashed lines represent the different days 
of drug administration. Data are presented as mean ± SD values of three independent studies for 
each sample. (d) Plate photographs of the colonies formed in agar after 48 h of treatment with each 
formulation. 
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In parallel, the toxicity of the DES-based microemulsions towards the bacterial 

cells has been also evaluated, performing a cell viability test after exposure to a 

single chloramphenicol dosage of 100 µg∙mL-1 (data shown in Figure 35b). Such 

study indicated that the two DES-based microemulsions and the commercial eye 

drops do not present toxicity towards MRSA, and that the effective bacterium 

eradication by chloramphenicol in the microemulsions is due to an enhanced 

bactericidal action. Therefore, the behavior observed can be possibly attributed to 

a synergetic effect of both the DES aqueous solutions comprising chloramphenicol 

and the microemulsion formulation. The thermo-responsive microemulsions might 

act as more effective carriers to deliver the drug into the bacterial cells. In fact, both 

DES and microemulsions have been reported to enhance the cellular permeability 

of bacteria, enabling an increase in intracellular concentrations of certain 

compounds.
322,364

 This effect might explain the improved activity of the DES-based 

microemulsions, since chloramphenicol is more readily available inside the bacterial 

cell to exert its action, to bind to the bacterial ribosome structure and inhibit protein 

synthesis.330 
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3.5 Conclusions 

Bet:gly and Bet:xyl-based microemulsions with thermo-responsive character 

were developed and characterized aiming to improve the therapeutic action of the 

antibiotic chloramphenicol typically used to treat ocular infections. The use of 

aqueous solutions of DES proved to be a promising strategy to improve the drug 

water solubility of the antibiotic up to 140-fold, while avoiding the use of common 

organic solvents. Furthermore, their incorporation as water-phases in the 

development of w/o/w microemulsions enabled the design of thermo-responsive 

microemulsions with a final drug concentration of 4 mg·mL-1. The investigated DES-

based microemulsions present pH, droplet size and viscosity values adequate for 

ophthalmic administration. The use of DES in these formulations allowed to 

overcome the use of further preserving excipients, resulting in formulations that are 

stable over, at least, 3 months. Furthermore, the use of DES improved the gelling 

properties of the system requiring the use of a lower percentage of the in situ gelling 

polymer (PF-127) to achieve a higher viscosity at ocular temperature. Additionally, 

when containing chloramphenicol, the DES-based microemulsions improved the 

preservation of the drug stability compared to the commercial eye drops. 

The microemulsions developed herein are non-cytotoxic to ARPE-19 cells (cell 

viability >88%), presenting similar cytotoxic values to those achieved for commercial 

formulations. The incorporation of chloramphenicol in the outer and inner phase of 

the w/o/w microemulsions and the thermo-responsive character of these systems 

allowed to obtain a sustained-release of the antibiotic from the Bet:gly- and Bet:xyl-

based microemulsions, reaching a drug release of 79.8% and 80.2% within 3 h, 

respectively. These profiles translate into an ex vivo sustained permeation of the 

drug through the corneal tissue with higher amounts of permeated drug.  

The use of the DES-based microemulsions shortened the treatment period 

from 72 h to 48 h, when compared to a commercial eye drops formulation. These 

results might translate into a decrease in the chloramphenicol concentration needed 

for the development of future ophthalmic formulations containing this antibiotic.  

In summary, the developed DES-based microemulsions can enhance the 

efficacy of chloramphenicol ophthalmic application by improving its retention in the 

ocular mucosa, allowing a higher drug contact with the affected area. This results in 
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an enhancement in the treatment of ocular infections caused by resistant bacteria, 

such as MRSA. The results here reported pave the way for the use of DES in the 

development of drug delivery systems with improved performance, deserving to be 

further investigated towards their recurrent application. 
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Chapter 4. Incorporation of DES Formulations 
in Biopolymer-Based Drug Delivery Systems 
for Antimicrobial Photodynamic Therapy 

________________________________________________________ 

This chapter has been adapted from the submitted manuscript:  

Pedro, S. N.; Valente, B. F.; Vilela, C.; Oliveira, H.; Almeida, A.; Freire, M.G.; Silvestre, A. J. D.; Freire, C. S. R. 
Photodynamical Switchable Adhesive Pullulan Films Loaded with a Deep Eutectic Solvent Formulation 
Containing Curcumin to Treat Multi-Resistant Skin Infections (2023) Materials Today Bio, 22, 100733. 
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4.1 Abstract  

Antimicrobial photodynamic therapy (aPDT) is a potent tool to surpass the 

global rise of antimicrobial resistance; still, the effective topical administration of 

photosensitizers remains a challenge. Biopolymer-based adhesive films can safely 

extend the residence time of photosensitizers. However, their wide application is 

narrowed by their limited water absorption capacity and gel strength. In this study, 

pullulan-based films with a switchable character (from a solid film to an adhesive 

hydrogel) were developed. This was accomplished by the incorporation of a betaine-

based DES containing curcumin (4.4 µg·cm–2) into the pullulan films, which tune the 

skin moisture absorption ability of the films, and therefore their switch into an 

adhesive hydrogel capable of delivering the photosensitizer. The obtained 

transparent films presented higher extensibility (elongation at break of 68.2%) than 

the pullulan counterparts (1.81%), and the corresponding hydrogels a 4-fold higher 

adhesiveness than commercial hydrogels used for skin applications. These non-

cytotoxic adhesives allowed the inactivation (~ 5 log), down to the detection limit of 

the method of eradication, of multi-resistant strains of Staphylococcus aureus in ex 

vivo skin samples. Overall, these materials are promising for aPDT in the treatment 

of resistant skin infections, while being easily removed from the skin. 
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4.2 Introduction 

Antimicrobial resistance has challenged the global healthcare system, 

becoming a threat during recent decades to treat antibiotic-resistant infections.11,365 

Particularly, the migration of MRSA from its hospital confinement and long-term care 

facilities to community-acquired infections has narrowed the number of antibiotics 

that are still effective to tackle this critical health concern.366 In the search for 

alternative strategies to treat multidrug-resistant skin infections, antimicrobial 

photodynamic therapy (aPDT) has proven to be a promising option.367 This 

approach uses light with appropriate wavelengths, along with a photosensitizing 

agent, which in the presence of molecular oxygen generates oxidant species [ROS 

like superoxide and singlet oxygen, (1O2), that kill pathogens.368 Attempting to 

inactivate MRSA infections, several aPDT approaches and photosensitizers have 

been reported.213 However, a high number of photosensitizers display low water 

solubility, adverse toxicity, severe self-quenching effect and even some might 

present photostability concerns.213,369 A challenge to be tackled in the application of 

aPDT to skin infections and wounds is the selection of more benign photosensitizers 

and the development of carrier systems capable to release these compounds, while 

being transparent for light activating purposes.370 

Hydrogels have been recently considered in aPDT treatments for wound 

therapy.371 The advantage of these systems is the dual capacity for being used as 

both bandage material and delivery system, while providing a moist healing 

environment.370,372 Hydrogels originating from natural polymers, such as alginate,373 

keratin 373 and chitosan,374,375 have been applied for aPDT purposes. Adhesive 

hydrogel films have the advantage of extending the residence time, allowing to 

prolong the local therapeutic action.376 These delivery systems are usually designed 

as flexible systems that can easily adapt to the site of application, being more 

comfortable to use from the patient’s perspective.377 Among these, biopolymers with 

hydrophilic groups are commonly used due to their high potential for adhesiveness 

by electrostatic interactions or hydrogen bonding.378 Biopolymers like silk379 and 

chitosan374,375 have been applied in the production of adhesives aiming to be applied 

in aPDT for tissue repair and oral and skin application purposes. The use of natural 

polymers in this area has shown to enhance cell proliferation and tissue 
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differentiation, allowing to inhibit wound infection while promoting wound repair, 

which would be desirable in the treatment of skin infections.380,381 Yet, some of these 

biopolymers still display low water absorption capacity and gel strength, which need 

to be ideally targeted to develop appropriate biopolymer-based systems for aPDT 

therapy.382,383 

Pullulan is a polysaccharide that originates from highly transparent films, which 

is an appealing feature for application as supports on aPDT. Additionally, this 

polysaccharide possesses good mechanical performance, thermal stability and 

excellent water solubility.229,384 Pullulan has also been reported for its ability to 

improve wounds re-epithelialization, dermal regeneration, blood vessels formation 

and collagen synthesis, proving that pullulan gels could be potential wound healing 

agents.243 The mentioned characteristics might be advantageous for the 

development of target delivery systems that aim to treat topical diseases with 

sensitized areas, such as skin infections. However, so far, the application of 

pullulan-based films in this domain is limited and is mostly focused on 

mucoadhesive-based systems for oral administration,385 and to a smaller extent, to 

produce nanoparticles and nanogels for the photodynamic therapy of cancer.234,386  

Herein, we aimed to develop a biopolymer-based adhesive film loaded with a 

photosensitizer that could present enhanced mechanical and adhesive properties, 

as well as superior photodynamic action, for topical application. To this purpose, the 

application of pullulan and a natural and low toxicity photosensitizer, viz. curcumin, 

in the development of a delivery system to be used as aPDT towards skin infections 

was explored. Furthermore, this system presents a switchable character when in 

contact with skin moisture by transitioning from a solid film into a highly adhesive 

hydrogel, achieved by the incorporation of an aqueous solution of DES. The system 

can simultaneously adhere to skin and deliver the photosensitizer in an infected area 

using the single film layer, and thus enhance the photodynamic action of curcumin. 

All films were characterized in terms of optical, thermal and mechanical properties, 

and the adhesiveness of the final films was tested on ex vivo skin samples. The 

photodynamic antimicrobial action was initially studied in S. aureus ATCC 6538 in 

solution and then, as a proof-of-concept, was tested against MRSA on ex vivo skin 

samples.  
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4.3 Experimental section 

4.3.1 Materials and culture conditions 

The DES studied herein was prepared by combining betaine anhydrous (98%, 

Alfa Aesar, Germany) and levulinic acid (≥ 98%, Sigma-Aldrich, St. Louis, Missouri, 

USA). The photosensitizer used was curcumin (≥ 95, Sigma-Aldrich, St. Louis, 

Missouri, USA). Pullulan powder (98%, MW 272 kDa) was supplied by B&K 

Technology Group (Xiamen, China). MTT was purchased from Sigma-Aldrich (St. 

Louis, Missouri, USA). Other reagents and solvents were from HPLC grades. For 

the bacterial cultures, TSA and TSB were used and supplied by Liofilchem (TE, 

Italy). The PBS (pH 7.4) was prepared by dissolution of tablets acquired from Sigma-

Aldrich (St. Louis, Missouri, USA). HaCaT cells obtained from Cell Lines Services 

(Eppelheim, Germany) were cultured in DMEM supplemented with 10% of FBS and 

1% of L-glutamine, penicillin– streptomycin and fungizone (Life Technologies, 

Grand Island, NY, USA) and incubated with 5% CO2 in a humidified atmosphere at 

37 ºC. 

4.3.2 DES composition and preparation  

The DES investigated in this work was prepared by the heating method by 

mixing the respective precursors (betaine and levulinic acid, Bet:Lev) in sealed glass 

vials at 1:1 molar ratio. These vials were placed under constant heating and stirring 

until a homogeneous transparent liquid was obtained (maximum temperature of 85 

°C). The DES was then allowed to return to room temperature. The respective DES 

components’ integrity was confirmed by 1H NMR and 13C NMR spectroscopy. The 

referred spectra were recorded using a Bruker Avance 300 at 300.13 MHz and 

75.47 MHz, respectively, in deuterated water and using TMSP as an internal 

reference. 

Betaine:levulinic acid: 1H NMR (300.13 MHz, D2O): δ 2.06 (3H, s, H-5’); 2.42 

(2H, m, H-2’); 2.70 (2H, m, H-3’); 3.10 (9H, s, N(CH3)3); 3.74 (2H, s, H-2); 4.71 

(solvent, (D2O)) ppm. 13C NMR (75.47 MHz, D2O): δ 27.84 (C-5’); 29.82 (C-2’); 37.87 

(C-3’); 53,25 (N(CH3)3); 65.93 (C-2); 168.84 (C-1); 177.12 C-1’); 213.34 (C-4’) ppm. 
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4.3.3 Curcumin’s solubility assay  

The determination of the solubility of curcumin in water and in the aqueous 

solutions of Bet:Lev followed a previously reported procedure in Section 2.3.3. 

Briefly, the solubility was determined by saturation of 2.0 g of pure water or of each 

DES aqueous solution (0ꟷ90% (w/w) of DES) with curcumin at both room (25 °C) 

and human body (37 °C) temperatures. A measured aliquot of each saturated 

solution was diluted to a well-defined final total v/v, carefully filtered with a 0.45 μm 

syringe filter to remove any solid and subsequently quantified by HPLC-DAD 

(Shimadzu, model PROMINENCE, Kyoto, Japan) to determine the curcumin 

solubility. HPLC analyses were performed with an analytical C18 reversed-phase 

column (250 × 4.60 mm2), Kinetex 5 μm C18 100 Å, from Phenomenex conducted 

in isocratic mode under a flow rate of 1 mL·min−1 and operated at 35 °C. The mobile 

phase contained 40% (v/v) of methanol, 15% (v/v) of acetonitrile and 45% (v/v) of 

ultra-pure water with 0.3% (v/v) of ortho-phosphoric acid. Samples were analyzed 

at 377 nm in duplicates and using an injection volume of 10 μL. 

4.3.4 Photostability of curcumin in the Bet:Lev solution  

Photostability was evaluated by placing the samples in 6-well plates filled with 

a final volume of 5 mL of PBS and under stirring. DES aqueous solutions (50% w/w) 

comprising curcumin and aqueous solutions of curcumin solubilized in acetone 

(50% w/w) were added to each well to obtain specific curcumin concentrations in 

the range of 5 to 200 µM. After 15 min of incubation in the dark, the samples were 

exposed to a light source with an irradiance of 50 mW∙cm−2 for 60 min. Aliquots (100 

µL) of each well were collected at each 15 min and curcumin was quantified by 

HPLC-DAD using the previously described method. Three independent studies for 

each curcumin concentration were conducted, and each sample was analyzed at 

least in duplicate. 

4.3.5 Preparation of the Pullulan-based films 

Four different pullulan-based films were prepared using an aqueous solution 

of 6.0% (w/v) of pullulan, i.e., films without the photosensitizer (PL), with curcumin 
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solubilized in aqueous solution with acetone (PL-C) (4.4 µg·cm−2 dose), with the 

Bet:Lev aqueous solution (PL-DES) and with curcumin solution in aqueous Bet:Lev 

(PL-(DES+C) (4.4 µg·cm−2 dose). For the films with curcumin in aqueous Bet:Lev 

solution and the ones only with Bet:Lev aqueous solution, the DES was added to 

present the same concentration of the biopolymer (1:1 mass ratio). For the PL-C 

films, due to the low solubility of curcumin in water, the DES amount was replaced 

by aqueous acetone (both 50% w/w). Finally, films were obtained by casting the 

solutions in silicone plates with dimensions of 5 × 15 cm2, placed at 40 °C in a 

ventilated oven overnight. All films were produced in triplicates. 

4.3.5 UV-Vis Spectroscopy 

Transmittance spectra of the films were recorded at room temperature (200-

800 nm). Acquisition was made with a Shimadzu UV-1800 UV-Vis 

spectrophotometer (Shimadzu Corp.,Kyoto, Japan) equipped with a quartz window 

plate, bearing the holder in the vertical position. For better comprehension of the 

UV-Vis spectra in transmittance mode behavior of the films comprising the 

photosensitizer, curcumin absorption spectrum was also recorded in the same 

conditions. 

4.3.6 FTIR-ATR Spectroscopy 

FTIR-ATR spectra were collected for all pullulan-based films and for the 

Bet:Lev and for the curcumin used (for comparison purposes). With this aim, a FTIR 

system Spectrum BX (Perkin-Elmer Inc., Waltham, Massachusetts, USA) equipped 

with a diamond crystal and a single horizontal Golden Gate ATR cell was used. All 

analyses were performed at room temperature with controlled relative humidity 

(75ꟷ80%) in the range of 4000ꟷ400 cm-1 with a resolution of 4 cm-1 and by 

accumulating 64 scans with an interval of 1 cm-1. A background air spectrum was 

subtracted in all the spectra acquired, and the results were recorded as 

transmittance values.  
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4.3.7 Thermogravimetric analysis   

Samples were heated at a constant rate of 10 °C∙min−1 from room temperature 

up to 800 °C under a nitrogen flow of 20 mL∙min−1. The assays were carried out with 

a SETSYS Setaram TGA analyzer (SETARAM Instrumentation, France) equipped 

with a platinum cell. 

4.3.8 Mechanical tests 

The mechanical properties of the pullulan-based films were evaluated through 

tensile tests performed on an Instron 5966 Series machine (Instron Corporation, 

Norwood, Massachusetts, USA). Analyses were conducted in traction mode at a 

crosshead velocity of 10 mm∙min−1 and using a static load cell of 500 N and at room 

temperature. Rectangular specimens (5 × 1 cm2) were used, and at least 5 

replicates were tested for each sample, with final values expressed as the average 

± SD. The Young’s modulus, the tensile stress and the elongation at break were 

calculated using the Bluehill 3 material testing software. Multiple group comparisons 

were executed by One-Way ANOVA analysis using GraphPad Prism, version 6.01 

(GraphPad Software, San Diego, California, USA). 

4.3.9 Adhesive properties 

Tissue adhesiveness was determined by following the 180-degree peel and 

lap-shear standard protocols with slight modifications (ASTM F2256 and ASTM 

F2255 respectively). Briefly, fresh porcine skin pieces obtained from a local butcher 

(7 × 2.5 cm2) were washed with PBS to clean the skin surface. Glass films, with 1 

mm of thickness were applied using ethyl cyanoacrylate super glue (Loctite®) as a 

stiff backing for the skin pieces. Unless otherwise indicated, all adhesives were 

tested upon an adhesion area of 2.5 cm width and 2.5 cm length and adhere to the 

skin samples under gentle pressing; mechanical tests were performed 3 min after 

initial pressing to ensure moisturizing equilibrium of the adhered samples. The 

commercial adhesive tested (Hydrocoll®) was applied to the skin following the 

conditions provided in the manufacture’s manual. Since these do not possess 

double adhesive properties, they were unable to be used in lap-shear tests. All tests 
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were performed in an Instron 5966 Series (Instron Corporation, Norwood, 

Massachusetts, USA) testing machine, equipped with a load cell of 50 kN and 

conducted with a constant speed of 10 mm∙min−1. Interfacial toughness was 

calculated by measuring the peeling force until a plateau was achieved and then 

determined by dividing the resulting force two times by the width of the tested 

sample. Shear strength resulted from the ratio of the maximum force by the 

adhesion area (0.25 mm2). Maximum adhesion force was distinguished as the point 

at which the two skin pieces started to detach. 

4.3.10 Cell viability 

Cell culturing followed the protocol previously described in Section 2.3.10. The 

cytotoxic effect of the Bet:Lev formulations without the curcumin (20ꟷ50% (w/w) of 

DES), the curcumin formulated in Bet:Lev aqueous solutions (in a range of 0–25 µM 

of curcumin), and the pullulan film containing the Bet:Lev aqueous solution 

comprising curcumin (20 µM) was evaluated. HaCaT cells were seeded in 96-well 

plates at a concentration of 5 000 cells·mL−1 and allowed to adhere for 24 h. After 

adhesion, cells were exposed to each formulation diluted in DMEM medium and 

incubated for 24 h at 37 °C in 5% of CO2. After this period, the wells were washed 

with PBS, and the cell viability was evaluated by the colorimetric MTT assay (1 

mg·mL−1 in PBS, pH 7.2), according to the protocol followed in Section 2.3.10. The 

percentage of viable cells was calculated as the ratio between the absorbance of 

treated versus the control cells (Ct).  

4.3.11 Bacterial strains and culture conditions  

S. aureus ATCC 6538, S. aureus DSM 25693, a methicillin-resistant (MRSA) 

strain, positive for SE A, C, H, G, and I;387 and MRSA M98070 strain isolated from 

a hospitalized patient at Hospital de Coimbra, possessing the mecA gene, were 

used in this work. These strains were grown on TSA medium at 37 °C for 24 h and 

posteriorly maintained at 4 °C. Each bacterium strain was inoculated whenever 

necessary in liquid medium TSB and grown aerobically under stirring (100 rpm) at 

37 °C for 24 h. Prior to each aPDT assay, an aliquot of this culture (300 μL) was 
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transferred twice into a new fresh TSB medium (subcultured in 30 mL) and grew 

overnight at 37 °C also under stirring. 

4.3.12 In vitro  photodynamic assays  

The photodynamic treatment was first tested in vitro against S. aureus ATCC 

6538 to validate the system efficacy. The assays were performed in PBS in 6-well 

plates with a final volume of bacterial suspension of 5.0 mL per sample with a final 

bacterial concentration of ~107 CFU∙mL-1. Curcumin solutions in aqueous DES (50% 

w/w) and in aqueous solutions of acetone (50% w/w) were added to each well to 

attain a final concentration of 20 µM of curcumin. A blank of DES aqueous solution 

(50% w/w) (without the photosensitizer) was also tested for comparison purposes. 

Light and dark controls were also conducted along with the samples: in the light 

controls, a bacterial suspension in PBS was exposed to light without addition of 

photosensitizer solution in aqueous DES; for the dark controls, all samples were 

exposed to the same conditions (time points, stirring rate and temperature), 

however, protected from any light source. After the addition of the solutions to the 

bacterial suspension, the final solutions were incubated in the dark for 15 min under 

stirring to promote the binding of the photosensitizer to the bacterial cells. After dark 

incubation, the samples and light controls were exposed to a white light-emitting 

diode (LED) at an irradiance of 50 mW∙cm−2, for 60 min under stirring. Dark controls 

were analyzed over the same period. Aliquots (100 µL) of each sample and of each 

control were collected at specific time points (0, 15, 30, 45 and 60 min). These were 

serially diluted in PBS and pour-plated in TSA Petri dishes. After incorporation of 

the photosensitizer on pullulan-based films, the in vitro the efficacy of the PL, PL-C, 

PL-DES and PL-(DES+C) films (2.5 × 2.5 cm2) was also tested solubilized in a S. 

aureus suspension (5.0 mL) following the previously described aPDT protocol but 

extending the irradiation time to 90 min. 

4.3.13 Photoinactivation on skin (ex vivo  assay) 

After the in vitro assays, the inactivation of the collection strain of S. aureus 

and both MRSA strains in ex vivo models after application of novel pullulan-based 

films was studied. Porcine skin samples were prepared by cleaning with cold 
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running water and the remaining water was dried using soft filter paper. After dried, 

the adipose tissue was removed using a scalpel. The skin was cut under sterile 

conditions into 9 cm2 pieces (3 × 3 cm2) and placed in sterilized 6-well plates. The 

skin samples were sprayed with 70% ethanol, incubated for 15 min, and then placed 

under ultraviolet radiation, for 30 min each side. After the removal of the resident 

bacteria, the skin samples were subjected to bacterial contamination with S. aureus 

or MRSA strains. Each strain was grown overnight and diluted in PBS to be equally 

distributed over the skin, in order to obtain a concentration of ~107 CFU∙mL-1. After 

1 h of bacterial incubation on the skin, PL, PL-C, PL-DES and PL-(DES+C) film 

samples (2.5 × 2.5 cm2) were applied on the skin pieces, one piece of skin per 

sampling time for each sample and for controls. Additionally, a bacterial control (not 

contaminated) to which only PBS was added was used to verify the efficiency of the 

skin disinfection. All skin pieces were incubated for 45 min in the dark, to promote 

the photosensitizer binding to bacterial cells. Posteriorly, all samples and respective 

controls were irradiated using a light at 50 mW∙cm-2 for 180 min for S. aureus ATCC 

6538 and 270 minutes for both MRSA strains divided by cycles of irradiation of 90 

min each. For each cycle, a new sample of pullulan-based film was applied to the 

skin over the initial sample and moistened with 200 µL of PBS to maintain the skin 

humidity at surface. Dark controls were also performed alongside the aPDT 

samples. After specific time points (0, 90, 180 or 270 min) of irradiation, samples 

were collected and the bacteria was removed from each skin portion by sterile cotton 

wool swabs, 30 times each. The bacteria present in the cotton wool swabs were 

suspended in 1.0 mL of PBS, serially diluted in PBS, and each sample dilution was 

pour-plated using TSA as culture medium. The plates were incubated at 37 °C for 

24 h and the CFU·mL-1 was counted in all samples. Experiments were carried out 

in triplicated and repeated three times for each condition. 

4.3.14 Statistical analysis 

The results presented are expressed as mean ± standard deviation of at least 

three independent experiments with three different measurements. In the case of 

mechanical studies, at least 5 different specimens were used for each 

measurement. The statistical analysis of all data was done using a one-way 
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ANOVA, with multiple comparisons. The levels of significance were set at 

probabilities of ****p< 0.0001 for mechanical assays, *p< 0.01 and **p< 0.002 for 

interfacial toughness and adhesive strength, respectively, and of p *< 0.04 and **p 

< 0.001, for the cytotoxicity experiments, all analyzed with Graphpad Prism 8.0.1 

software (GraphPad Software, San Diego, CA, USA). 

4.4 Results and discussion 

This work focused on the development and characterization of pullulan (PL)-

based films loaded with a DES-curcumin formulation, presenting improved 

mechanical, adhesive and antimicrobial photodynamic properties for application in 

aPDT of bacterial resistant skin infections.  

Pullulan adhesive films with ca. 353 ± 68 μm of thickness were prepared by 

solvent-casting of a 6% (w/v) pullulan solution containing the photosensitizer (20 

µM) in the aqueous solution of Bet:Lev (Figure 36a), resulting in films PL-(DES+C) 

containing 4.4 µg·cm–2 of curcumin dose to be administered. Pullulan films loaded 

with curcumin solutions in aqueous acetone (PL-C) with a 4.4 µg·cm–2 of curcumin 

dose were also studied. Additionally, pure pullulan films (PL) and films only with 

aqueous Bet:Lev (PL-DES) were prepared for comparison purposes. All obtained 

films were characterized in terms of their optical properties, structure, mechanical 

performance, adhesiveness to skin, cytotoxicity towards HaCaT cells and 

antimicrobial activity against different S. aureus. The application of these adhesive 

films in the treatment of skin infections was also investigated on ex vivo skin samples 

to evaluate their ability to inactivate MRSA strains relevant in the clinical setting 

(Figure 36b). 
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Figure 36. Schematic illustration of the (a) preparation and (b) application of pullulan-based hydrogel 
films loaded with Bet:Lev comprising curcumin in the treatment of skin infections using the aPDT 
approach. Made using arm clipart from Servier Medical Art and adapted by the authors according 
with Servier under the CC-BY 3.0 License (at https://smart.servier.com/, accessed on 15 June 2022). 

To this purpose, the DES composed of betaine (N,N,N-trimethylglycine) and 

levulinic acid (Bet:Lev), in a 1:1 molar ratio, was selected due to the known 

acceptance of both components in skin care products.341,388 The integrity of the 

pristine DES components in the formulation was confirmed by 1H and 13C NMR 

spectroscopy, as shown in Figure 37. The 1H NMR spectrum for Bet:Lev (Figure 

37a) shows first the proton resonance of H-5’ (at 2.06 ppm) and two multiplets 

associated with H-2’ (2.42 ppm) and H-3’ (2.70 ppm) from levulinic acid’s structure. 

Likewise, the proton resonances associated with N(CH3)3 and H-2 of betaine appear 

at 3.10 ppm and 3.74 ppm, respectively. The 13C NMR spectrum (Figure 37b) 

displays the carbon resonances of levulinic acid’s at 27.84 ppm (C-5’), 29.82 ppm 

(C-2’) and 37.87 ppm (C-3’). The carbon resonances related to the N(CH3)3 and C-

2 of betaine can be found at 53.25 ppm and 65.93 ppm, respectively. The carbon 

resonances of both carboxyl groups of betaine (C-1) and levulinic acid (C-1’) can be 

observed at 168.84 ppm and 177.12 ppm, whereas the carbonyl group (C-4’) of 

levulinic acid is found at 213.34 ppm.  
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Figure 37. 1H NMR (a) and 13C NMR spectra (b) spectra of Bet:Lev DES in D2O. 

The DES was used to tune the properties of the pullulan-based films, while 

allowing to enhance the solubility and photostability of the photosensitizer. Curcumin 

was solubilized in an aqueous solution of 50% (w/w) of Bet:Lev, herein used as a 

co-solvent, and whose concentration was selected according with optimization 

studies (Figure 38a). The use of this solution allowed to achieve remarkable 
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concentrations of (1.4 ± 0.4) × 103 µM and (2.6 ± 0.02) × 103 µM of curcumin in 

aqueous media at room and body’s temperature, respectively.  

 

Figure 38. (a) Solubility behavior of curcumin in aqueous solutions of Bet:Lev at room (25 °C) and 
body (37 °C) temperatures. Photostability of curcumin in (b) acetone aqueous solutions and (c) DES 
aqueous solutions at 50% (w/w), exposed to 50 mW∙cm−2 irradiation at room temperature under 
stirring. Values are expressed as the mean ± SD of independent experiments and independent 
measurements for each sample. 

The solubility enhancement was accompanied by the extension of the 

curcumin’s photostability (only 48ꟷ59% loss of the initial amount vs 100% loss in 

common solvent media like aqueous acetone in 60 min- see Figure 38b and 38c). 

Furthermore, the aqueous Bet:Lev studied here does not require to be removed 

from the final formulations and can be advantageously used in the development of 

the delivery system. 
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4.4.1 Optical properties, structural and thermal 

characterization 

The visual aspect of the films, when topically applied on ex vivo skin, are 

depicted in Figure 39a. All the prepared films are homogeneous and without 

insoluble particles. While PL and PL-DES based films are colorless and transparent, 

PL-C and PL-(DES+C) show a uniform yellow color, which is characteristic of the 

photosensitizer, but are still considerably transparent.  

The optical properties of the films were also accessed by measuring their 

transmittances in the range of 200ꟷ700 nm (Figure 39b). The spectrum of PL is in 

agreement with its visual aspect, indicating that the film is optically transparent, with 

transmittance values of 75–81% in the visible range (400−700 nm) and up to 75% 

in the ultraviolet range (200–400 nm), which are consistent with previously reported 

data.216 The addition of Bet:Lev did not impact the film transparency, and, 

accordingly, the transmittance values in the visible range remained above 75% as 

for the pure PL films. Yet, the incorporation of curcumin slightly decreased the 

transparency of the films, namely PL-C to 50-80% and PL-(DES+C) to 48ꟷ76% in 

the visible range, due to the intense yellow color of the photosensitizer, which 

absorbs energy in the visible region (near 425 nm), as depicted in Figure 4b. 

However, the considerable preservation of transparency is particularly relevant to 

ensure the adequate irradiation of the photosensitizer essential for the antimicrobial 

action in the aPDT.  

The FTIR-ATR spectrum of PL (Figure 39c) shows the characteristic 

absorption bands of this polysaccharide at 3280 cm−1, consistent with the O‒H 

stretching vibration of the hydroxyl groups, and at 2918 and 2900 cm−1 

corresponding to the C–H and CH2 stretching vibrations, respectively.216,389 The C‒

O‒C stretching of the glycosidic bridges are observed in the region of 1176 to 940 

cm−1, whereas the typical α-glycosidic bond stretching appears at 850 cm−1. The 

incorporation of curcumin solubilized in acetone in the biopolymer matrix does not 

lead to significant differences due to the low amount of the photosensitizer used in 

the film preparation. However, the loading of Bet:Lev into the pullulan film leads to 

the appearance of some characteristic bands of the DES, particularly at 1710 cm−1 

related to the COO− stretching vibration of both DES components.390  
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Figure 39. (a) Visual appearance of the pullulan-based films (PL) loaded with Bet:Lev (PL-DES), 
comprising curcumin (PL-C) and with the DES and curcumin formulation (PL-(DES+C)) placed onto 
ex vivo porcine skin. (b) UV-vis spectra of the films (solid lines) and absorption profile of curcumin 
(dashed line). (c) FTIR-ATR spectra of all films and of the DES and curcumin used in the Bet:Lev 
formulations, presented for comparison purposes. (d) Thermograms of the studied pullulan systems 
with different compositions. 

However, when considering the spectra of the PL-DES and PL-(DES+C) films, 

interestingly, the most significant difference when compared with those of both PL 

and PL-C films is the bending motion of the adsorbed water at 1621 cm−1, which is 

particularly increased due to the high-water sensitivity of the pullulan films with the 

DES.390 This could be related with the high water affinity of the DES and in part with 

the decrease in the strong intramolecular interactions between the polymeric chains, 
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which are in part replaced by intermolecular hydrogen bonding between pullulan 

and Bet:Lev, as happens with the addition of plasticizers.210 

 TGA of the pullulan-based films was performed under a nitrogen atmosphere. 

The respective thermograms are provided in Figure 39d. The thermal degradation 

profile of pullulan follows a single weight-loss step with initial and maximum 

decomposition temperatures of 273 and 400 °C, respectively, leaving a residue at 

800 °C corresponding to about 20% of the initial mass. This single-step degradation 

profile can be associated with the degradation of the PL skeleton and is in 

accordance with previous findings 216. The incorporation of Bet:Lev into pullulan 

films led to a slight decrease in the thermal stability in comparison to the pristine 

polysaccharide, decreasing the maximum decomposition temperatures to 253 °C 

for PL-DES and 241 ºC for PL-(DES+C). This alteration can be attributed to the fact 

that the incorporation of Bet:Lev decreases the interactions between the pullulan 

chains, thereby decreasing its stability. Such modifications have been also reported 

for the incorporation of these co-solvents in other biopolymer matrices, like 

nanocellulose.391 Despite this decrease and the thermal degradation of curcumin 

observed at 171 °C (both in PL-C and PL-(DES+C), these values are still above the 

adequate range for typical sterilization procedures, which take place around 120 °C 

for biomedical purposes.392 

4.4.2 Mechanical performance and adhesive properties  

The mechanical performance of the PL, PL-C, PL-DES and PL-(DES+C) films 

was evaluated by tensile tests. The Young’s modulus, tensile stress and elongation 

at break were determined from the corresponding stress-strain curves (Figure 40a-

c). PL films present high stiffness as confirmed by their easily breakable nature 

during handling, and by the high Young’s modulus (2.7 ± 0.2 GPa, Figure 40a) and 

tensile stress (35.4 ± 2.1 MPa, Figure 40b), and low elongation at break (1.81  ±  

0.34%, Figure 40c) values, which are in accordance with data previously reported 

for this polysaccharide.216,393 The incorporation of curcumin (dissolved in acetone) 

into pullulan (4.4 µg·cm-2) has only a minimal impact on the mechanical 

performance, slightly decreasing the Young’s modulus and the tensile stress to 2.0  

± 0.1 GPa and 23.3 ± 3.1 MPa, respectively, and increasing the elongation at break 
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to 2.3 ± 0.4%. Therefore, these films still present low plasticity and a brittle character, 

being difficult to adapt to the skin irregularities and to be used for topical 

applications. This behavior has been described when incorporating this 

photosensitizer into other biopolymer-based systems, such as gelatin/chitosan394 

and carboxymethyl cellulose-based films.395 However, the addition of the aqueous 

solution of Bet:Lev, on the other hand, has a remarkable effect on the mechanical 

performance of the prepared films, by promoting a significant decrease in the 

Young’s modulus to around 100.3 ± 0.1 MPa and in the tensile stress to 2.4 ± MPa, 

along with a noticeable increase in the elongation at break to 131.4 ± 11.7%. These 

results clearly disclose that Bet:Lev induces a strong plasticizer effect with a 

considerable influence on the mechanical properties of the resultant films, in 

agreement with other studies where different DES have been incorporated on 

polymeric materials.396,397 Furthermore, when curcumin is added to the DES 

aqueous solution, its impact on the corresponding films (PL-(DES+C)) is verified by 

a decrease in the Young’s modulus and the tensile stress, as well as elongation at 

break values, in comparison to the PL-DES films. For the PL-(DES+C) film, a 

Young’s modulus of 60.1 ± 0.1 MPa and a tensile stress of 1.04 ± 0.1 MPa were 

observed, along with values of elongation at break of 68.2 ± 11.1%. This can be 

attributed to the fact that the incorporation of the photosensitizer in the biopolymer 

matrix might create slight breaking points that allow an easier disruption of the PL-

(DES+C) films than with PL-DES.398 Yet, it must be highlighted that the effect 

obtained with Bet:Lev in the PL-(DES+C), particularly on the improvement of 

extensibility of pullulan, is higher than that observed when using common 

plasticizers employed in the preparation of pullulan-based films, such as 

glycerol.210,216 Thus, the results obtained with PL-(DES+C) surpass these values, 

achieving a high degree of stretchability when handled, as portraited in Figure 40d. 

Since skin infections can cause clinical manifestations, such as edema and skin 

deformation,399 the improvement in the film mechanical performance is 

advantageous since it enables the system to better adapt and keep up with the skin 

elasticity. 

For photodynamic treatment purposes, adhesiveness might be particularly 

demanding, since the film loaded with the photosensitizer must be sustained at the 
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infection site during the treatment period.400 The adhesive capacity of the pullulan 

films prepared in this study (PL, PL-C, PL-DES and PL-(DES+C) was evaluated 

through different mechanical tests, by measuring the interfacial toughness through 

peel tests (Figure 40e) and the adhesive strength by lap-shear tests (Figure 40f).  

 

Figure 40. (a) Young’s modulus (GPa), (b) tensile stress (MPa) and (c) elongation at break (%) of 
the pullulan-based films. The results are expressed as mean ± SD. Levels of significance were set 
at probabilities of ****p< 0.0001, calculated through one-way ANOVA and in comparison, to the PL 
system. (d) Graphical display of the extensibility of the PL-(DES+C) adhesive film. (e, f) Adhesion 
performance of PL-DES and PL-(DES+C) on porcine skin, determined by interfacial toughness and 
adhesive strength, respectively. *p< 0.01 and **p< 0.002 increase in interfacial toughness in 
comparison to commercial adhesives (Hydrocoll®). (g) Visual appearance of the transition from solid 
to hydrogel of the PL-(DES+C) adhesive systems upon skin moisture absorption. 

Porcine skin was chosen as model tissue for this evaluation, due to its similarity 

to human skin.401 After immediate application onto skin, both PL-DES and PL-

(DES+C) maintain their solid film appearance and were able to establish tough 

adhesion with the porcine skin samples upon contact and after application of gentle 

pressure. However, after the application, the films with DES start to absorb the skin 

moisture, transiting into hydrogels, as portrayed in Figure 40g. These hydrogels, by 

contrast, exhibit remarkably higher interfacial toughness values in comparison to the 

commercial system (Figure 40e). This switchable character allows to enhance the 

interfacial toughness of the PL-DES film from values ranging from 47.27 ± 7.13 to 

118.12 ± 17.63 J·m-2, and even more notoriously from 44.87 ± 5.43 to 264.10 ± 39.5 

J·m-2 for the PL-(DES+C) film. The interface toughness of PL-(DES+C) after switch 

into a hydrogel state presents a 2-fold increase in comparison to PL-DES and a 4-
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fold increase than that of the commercially available hydrocolloid Hydrocoll® (67.83 

± 6.62 J·m-2). This DES possess a high-water absorption capacity due to the 

hydrophilic nature of its components;402 therefore, Bet:Lev might enhance the 

removal of interfacial water from the tissue surface, while also enabling the 

establishment of hydrogen bonding interactions between the biopolymer system 

with the skin epithelium.403 In addition to the high adhesion capacity, these films 

highly withstand stress after adhesion. The adhesive strength of the films towards 

the porcine skin was found to be (2.11 ± 0.32) × 103 kPa for PL-DES and (1.26 ± 

0.18).× 103 kPa for PL-(DES+C) (Figure 40f). Hydrogels based on pullulan (10% 

w/v) have been reported to present adhesive strength values of only approximately 

25.5 kPa,243 which clearly highlight the positive effect of the incorporation of Bet:Lev, 

bringing improvements in the adhesive capacity of the material and in the local 

administration of the photosensitizer. 

4.4.3 Biocompatibility of DES formulations and pullulan-based 

systems 

The cytotoxicity of curcumin, curcumin in aqueous solution with Bet:Lev and of 

the final adhesive system to be topically applied was initially determined on human 

keratinocytes (HaCaT cell line) (Figure 41). Control groups were also studied 

cultivating them in the absence of the studied samples. Firstly, the influence of the 

aqueous Bet:Lev (50% (w/w)) on the overall toxicity of the formulations was 

appraised, after 24 h of exposure. The aqueous Bet:Lev is non-cytotoxic to HaCaT 

cells in the studied concentration with cell viabilities above 80%; therefore, it will not 

significantly impact the cytotoxicity of the studied adhesive systems. Following this, 

the effect of curcumin on cell viability was accessed at the concentration included in 

the aqueous solution of 50% (w/w) of Bet:Lev during the previous experiments (20 

µM).  

Curcumin is non-cytotoxic in this concentration, with cell viability higher than 

75%. This is expected since curcumin affects the non-cytotoxic cells viability in a 

dose-dependent manner. In fact, it was reported that at concentrations higher than 

20 µM, curcumin effectively inhibited the proliferation and induced apoptosis of 

HaCaT cells with a rate as high as 34%.404,405 Therefore, the concentration selected 
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to be incorporated in the pullulan-based adhesive films is safe to be in contact with 

healthy skin cells. Finally, the cytotoxicity of the pullulan-based films containing 

curcumin (equivalent to a 4.4 µg·cm–2 dose) solubilized in aqueous Bet:Lev was 

evaluated. Our results reveal that both curcumin and aqueous Bet:Lev do not impact 

the overall cell viability of pullulan-based adhesive films (cell viability > 80%). This 

could be expected since pullulan-based materials do not seem to present 

cytotoxicity towards this type of cell line,242 indicating their safeness for contact with 

healthy skin cells and being suitability for topical application.  

 
Figure 41. Effect of Bet:Lev formulation (Bet:Lev 50% w/w) curcumin concentration (20 µM) in 
aqueous Bet:Lev and pullulan-based films (PL-(DES+C)) in the viability of HaCaT cells in DMEM 
medium at 37 °C. Cytotoxicity profiles after 24 h of exposure vs control cells (Ct). Results are 
expressed as mean ± SD of three independent experiments. *p<0.04 and **p<0.001 cell viability 
compared to the control cells. 

4.4.4 In vitro  antimicrobial action towards S. aureus 

Skin and soft tissue infections can range from uncomplicated to invasive and 

life-threatening situations, of which S. aureus is a major contributor.406 Therefore, 

the S. aureus ATCC 6538 strain was chosen to firstly address photodynamic 

antimicrobial action, given that it is used as reference in standard bactericidal tests. 

Since the effectiveness of aPDT can decrease with the sample complexity,407 it is 

particularly relevant to initially test controlled conditions. In this case, the aqueous 

solution of Bet:Lev comprising the photosensitizer was added directly to the 

bacterial suspension before testing it after incorporation in the pullulan film (Figure 

42a). Initially, the antimicrobial activity of the Bet:Lev aqueous solutions and of 

curcumin (20 µM) solubilized in these formulations (50% (w/w) of Bet:Lev in water) 
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was assessed in the dark. Curcumin solution (20 µM) in an aqueous acetone (50% 

(w/w)) solution was also studied to infer about the curcumin’s photodynamic activity 

in the absence of Bet:Lev. As indicated in Figure 42b, without irradiation, none of 

the tested solutions displayed antimicrobial activity towards S. aureus ATCC 6538. 

Then, samples were incubated in the dark for 15 min and irradiated with a light dose 

of 50 mW∙cm-2. In this case, it is possible to verify that both acetone and Bet:Lev do 

not affect the cell viability of the bacterium (Figure 42c).  

 
Figure 42. (a) Schematic illustration of the in vitro aPDT assay process for the eradication of S. 
aureus. (b) Antimicrobial activity of each solution tested initially for dark controls. (c) Photoinactivation 
of S. aureus ATCC 6538 incubated with each sample and irradiated with LED at an irradiance of 50 
mW∙cm-2, using curcumin at 20μM. (d) Photoinactivation profiles of S. aureus treated with pullulan-
based films loaded with curcumin, with the DES, Bet:Lev and with Bet:Lev comprising curcumin. 
Light controls (Ct) represent the exposure of the bacteria to the same conditions in the absence of 
the photosensitizer. All assays were conducted in PBS at 37°C. Results are expressed as mean ± 
SD of three independent experiments with three replicates each. 

On the contrary, both curcumin aqueous solutions (20 µM) lead to successful 

bacterial reduction when irradiated. Thus, the bacterial reduction is owing to the 

photodynamic treatment. Specifically, curcumin in aqueous acetone leads to a 3.9 

log10 of inactivation (p < 0.0001) after 30 min of irradiation, decreasing to 4.2 log10 

of inactivation (p < 0.0001) after a 60 min with aPDT (Fig. 42c), while curcumin in 

aqueous Bet:Lev solution led to an abrupt inactivation of S. aureus, originated an 

8.1 log10 reduction (p < 0.0001) of the bacterium in only 30 min. The difference in 
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the bactericidal activity between both samples can be attributed to the fact that not 

only curcumin is more prone to precipitate in the bacterial suspensions408 when 

solubilized in an acetone solution but also curcumin dissolved in aqueous acetone 

completely degrades after 15 min (as seen in Figure 42b). On the contrary, curcumin 

in aqueous Bet:Lev shows improved photostability (Figure 42c), enabling the 

photosensitizer to exert its effect for a longer period, being possible to fully inactivate 

S. aureus suspensions. 

After the obtained promising results, the antimicrobial activity of the formulation 

after the incorporation in the adhesive film (4.4 µg·cm–2 of curcumin) was 

investigated. PL, PL-DES and PL-C were also tested for comparison purposes. Fig. 

42d shows the photoinactivation profiles of S. aureus treated with all the pullulan-

based films and with the control. Since the photosensitizer is loaded in the 

biopolymeric film, aPDT treatment was extended by an additional 30 min period to 

guarantee the complete release of curcumin into the media.409 PL-C and PL-

(DES+C) films exhibit a similar photoinactivation behavior in the first 15 min with a 

3.2 log10 reduction (p < 0.0001) of the viability of the bacterium. In contrast, in the 

PL-(DES+C), since the photosensitizer shows an enhanced photostability as 

previously stated, this is reflected in the complete photoinactivation of the bacteria 

after 60 min of the aPDT. Given the high efficacy of the tested conditions and the 

bactericidal enhancement of the PL-(DES+C) system in comparison to the PL-C 

one, we further investigated their effect on infected skin samples. 

4.4.5 Bacterial photoinactivation on an ex vivo  skin model  

To better evaluate the final effectiveness of the aPDT using the developed 

adhesive films against S. aureus ATCC 6538, the aPDT conditions were first 

adjusted in skin. Following this, the treatments on skin samples contaminated with 

MRSA DSM 25693 and with MRSA M98070, a clinically isolated strain that 

comprehend different colonization and toxin factors, were conducted. Aiming to 

resemble the conditions found in in vivo skin infections, porcine skin samples were 

individually contaminated with each strain. The adhesive films were placed over the 

contaminated site and the photosensitizer was allowed to incubate. During the 

incubation period the adhesive absorbs skin moisture and switches into a hydrogel, 
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as previously described. After this, the samples were irradiated with a light dose of 

50 mW∙cm-2 over 90 min. Owing to the skin complexity, photoinactivation is not as 

simple to attain as it is in vitro suspension. Therefore, attempting to achieve high 

inactivation rates, initially two cycles of 90 min irradiation each were performed, 

using a new adhesive in each cycle. Figure 43a illustrates aPDT treatment cycle 

using the PL-(DES+C) adhesive films on infected skin for a better understanding.  

The ex vivo experiments were first conducted for the same photosensitizer 

concentrations (topical application of 4.4 µg·cm–2 of curcumin dose) and irradiance 

source (50 mW∙cm-2), tested in the previous assays but extending the dark 

incubation time from 15 to 45 min. This modification was considered since it has 

been already shown that a prolonged incubation period is required in the transition 

from ex vivo skin model as compared to the in vitro circumstances.407 This update 

in the aPDT did not produce relevant alterations regarding the action of PL-C on S. 

aureus ATCC 6538 (Figure 43b). Even after 2 cycles of aPDT, no inactivation of the 

bacterium is verified when applying PL-C, and the viability of the bacterium was not 

affected in the dark controls (data not shown). However, when the PL-(DES+C) 

adhesive was used, a 2.6 log10 reduction (p < 0.0001) is observed over one cycle of 

the aPDT. Over two cycles of the aPDT it is possible to inactivate the bacterium 

down to the detection limit of the method (Figure 43b). In addition, the PL-DES 

system shows only a slight impact in the photoinactivation, allowing 1.5 log10 

reduction (p < 0.0001). Based on these results, it is possible to conclude that the 

efficacy of PL-(DES+C) adhesive is not only due to the photodynamic treatment, but 

also to a synergistic effect between Bet:Lev and curcumin.  

As shown in Figure 43c, by observation of the respective agar plates used in 

the photodynamic experiments, the PL-C films do not exhibit any bacterial killing 

effect; thus, the continuous application of the PL-(DES+C) adhesives seems to be 

an effective strategy to treat S. aureus infections. Such fact prompted us to apply 

these adhesives in skin samples infected with MRSA strains, under the same 

conditions. Interestingly, these systems also show high photodynamic antimicrobial 

ability, enabling a similar inactivation profile for both MRSA strains over two cycles 

of photoinactivation (Figure 43d). However, for these two bacterial strains an 

additional aPDT cycle was necessary. With this addition, it is possible to inactivate 
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MRSA DSM 25693 (>4.7 log10) down to the detection limit and to obtain a reduction 

of 3.3 log10 (p < 0.0001) in the bacterial viability of the clinically isolated MRSA strain. 

The increase in the incubation period, where the PL-(DES+C) adhesive gradual 

switches from a solid film into a thick hydrogel, together with the high stability of the 

curcumin in this system, allows to deliver the photosensitizer in the infected area.  

 

Figure 43. (a) Graphic representation of an aPDT treatment cycle using the adhesive film PL-
(DES+C). (b) Photoinactivation of S. aureus ATCC 6538 by pullulan-based films irradiated with LED 
at an irradiance of 50 mW∙cm-2. (c) Photoinactivation of MRSA DSM 25693 and MRSA strain clinically 
isolated, treated with the adhesive film PL-(DES+C). (d) Visual appearance of the aPDT treatment 
with PL-C and PL-(DES+C) and its impact on skin samples contaminated with S. aureus ATCC 6538. 
Results are expressed as mean ± SD of three independent experiments with three replicates each; 
and (e) photographs of the skin application and removal of PL-(DES+C) adhesives. 

As result, not only is the adhesion of the photosensitizer to the bacteria 

enhanced, but more importantly, the combined delivery of both Bet:Lev and the 

photosensitizer might improve their permeation into the bacterial cell membrane. 

Thus, a higher yield of ROS and free radicals is likely achieved upon the treatment. 
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This contrasts with the reported reduced attachment and penetration of 

photosensitizers in ex vivo and in vivo conditions, which lead to a lower inactivation 

efficacy.410 As herein verified, the antimicrobial activity is enhanced even in 

situations where agglomeration and biofilm formation can be foreseen, such as 

verified for the results of contaminations with both MRSA strains. MRSA strains 

obtained from chronic wounds seem to harbor more virulent genes compared to 

other strains and different abilities for biofilm formation.411 Such a fact can justify the 

slight difference between the photoinactivation of S. aureus ATCC 6538 and of both 

MRSA strains after four cycles of the aPDT. Furthermore, by using the adhesive film 

with Bet:Lev and curcumin, it is achieved a higher killing efficacy than liquid 

porphyrinic formulations tested ex vivo on skin contaminated with similar MRSA 

strains.412 The application of these liquid formulations usually implies the use of 

water–ethanol solutions, which are not only associated with the photobleaching of 

the photosensitizer, but also dry the stratum corneum impacting the efficacy of the 

aPDT in skin samples.  

The systems herein developed are capable of overcoming the drawbacks of 

liquid formulations without causing skin staining after application, particularly in the 

adhesive film form (as portrayed in Figure 43e) and after transition into the hydrogel. 

More importantly, these adhesives can be easily removed after the treatment (in 

hydrogel form) with water, due to the soluble character of all employed components, 

while being gentle to skin.  
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4.5 Conclusions 

In this study, pullulan-based adhesive films loaded with Bet:Lev and curcumin 

formulations were developed. The selection and use of 50% (w/w) aqueous Bet:Lev 

allowed not only to solubilize curcumin in aqueous media, but also enabled to extend 

its photostability and the incorporation in a hydrophilic matrix like pullulan. The 

resultant pullulan-based films presented enhanced mechanical properties, namely 

higher extensibility and adhesive properties. The developed adhesive films present 

a switchable character, being capable of absorbing skin moisture, and thus passing 

from solid films to strong adhesive hydrogels with higher adhesiveness than 

commercial hydrogels (4-fold increase). These adhesives are capable to deliver the 

photosensitizer in specific skin areas, with no significant cytotoxicity associated 

(HaCaT cell viability >80%). More importantly, the combination of these properties 

provides a higher therapeutic effect than the photosensitizer solubilized in common 

solvents such as acetone. This translates into a higher in vitro photodynamic 

antimicrobial action against S. aureus ATCC 6538 during the aPDT. PL-(DES+C) 

adhesive films allow to decrease the viability of multidrug-resistant bacteria, such as 

MRSA strains, below the detection limit of the method when tested in ex vivo skin 

sample models. These results are of high relevance since the PL-C films do not 

present antimicrobial activity in any of the ex vivo assays. Overall, the developed 

novel switchable adhesive films loaded with curcumin solutions in aqueous Bet:Lev 

proved to be effective systems to eradicate skin infections caused by drug-resistant 

strain.  
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Chapter 5. Application of DES Formulations in 
Biopolymer-Based Drug Delivery Systems for 
Transdermal Delivery Improvement 

________________________________________________________ 

This chapter has been adapted from the published manuscript:  

Pedro, S. N.; Mendes, M. S. M.; Neves, B. M.; Almeida I. F.; Costa, P.; Correia-Sá, I.; Vilela, C.; Freire, M. G.; 
Silvestre, A. J. D.; Freire, C. S. R. Deep Eutectic Solvent Formulations and Alginate-Based Hydrogels as a New 
Partnership for the Transdermal Administration of Anti-Inflammatory Drugs (2022) Pharmaceutics, 14(4), 827. 
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5.1 Abstract 

The transdermal administration of nonsteroidal anti-inflammatory drugs 

(NSAIDs) is a valuable and safer alternative to their oral intake. However, most of 

these drugs display low water solubility, which makes their incorporation into 

hydrophilic biopolymeric drug-delivery systems difficult. To overcome this drawback, 

aqueous solutions of bio-based DES were investigated to enhance the solubility of 

ibuprofen, a widely used NSAID, leading to an increase in its solubility of up to 7917-

fold when compared to its water solubility. These DES solutions were shown to be 

non-toxic to macrophages with cell viabilities of 97.4% (at ibuprofen concentrations 

of 0.25 mM), while preserving the anti-inflammatory action of the drug. Their 

incorporation into alginate-based hydrogels resulted in materials with a regular 

structure and higher flexibility. These hydrogels present a sustained release of the 

drug, which is able, when containing the DES aqueous solution comprising 

ibuprofen, to deliver 93.5% of the drug after 8 h in PBS. Furthermore, these 

hydrogels were able to improve the drug permeation across human skin by 8.5-fold 

in comparison with the hydrogel counterpart containing only ibuprofen. This work 

highlights the possibility to remarkably improve the transdermal administration of 

NSAIDs by combining new drug formulations based on DES and biopolymeric drug 

delivery systems.  
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5.2 Introduction 

Nonsteroidal anti-inflammatory drugs (NSAIDs) represent one of the most 

prescribed medications for pain and inflammation treatment.413 The key effect of 

NSAIDs is primarily linked to their ability to block specific prostaglandins synthesis 

by the inhibition of cyclooxygenase enzymes (COX-1 and COX-2).413 This inhibition 

also plays a major role in the side-effects associated with their oral intake.50 The 

inhibition of COX-2 plays a central role anti-inflammatory and analgesic effects of 

these drugs; however, its inhibition also impacts cardiovascular health with chronic 

drug usage. On the other hand, the inhibition of COX-1 is responsible for severe 

gastrointestinal ulceration and renal toxicity. Although the gastrointestinal safety of 

these drugs can be improved by association with phospholipids or the concomitant 

administration of gastroprotective pharmaceuticals, such as proton pump inhibitors, 

the cardio-nephrotoxic side-effects are still substantial.50 Considering the chronic 

use of NSAIDs, the transdermal administration of these drugs can be an 

advantageous alternative, with considerable efficacy and safety.414 Studies have 

shown that NSAIDs administered by this vein can permeate across skin.415,416 

Following this, numerous formulations of NSAIDs have become available, including 

creams, gels, patches and solutions (lotions), which have mainly been used for 

musculoskeletal pain conditions.417 However, similarly to many antimicrobial agents, 

the formulation of NSAIDs in these systems is hindered by their low-water solubility, 

requiring the use of high contents of organic solvents, such as ethanol, to solubilize 

them and improve their permeation.418 

In an attempt to avoid the use of organic solvents and to improve the delivery 

of low-water-soluble molecules, eutectic mixtures, and particularly DES have been 

explored as alternative pharmaceutical solvents and permeation enhancers.108,137 

As previously described, DES can improve the solubility of anti-inflammatory drugs 

(such as ibuprofen, naproxen, ketoprofen)134 and paracetamol,110 being particularly 

appealing to enhance NSAIDs’ permeation across skin. Nevertheless, the use of 

hydrophobic DES to this purpose poses the same issues as associated with the use 

of organic compounds concerning the development of biopolymer-based drug 

delivery systems, such as hydrogels, which are typically based on hydrophilic 

biopolymers, such as polysaccharides.419 Therefore, the study and application of 
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water-soluble DES needs to be further explored as an approach to the simultaneous 

solubilization of NSAIDs and their incorporation in hydrogel-based drug-delivery 

systems. Since hydrogels possess a high-water content and a 3D microstructure, 

they can be valuable as delivery systems for transdermal drug administration, 

ensuring simplicity of application, with a significant minimization of side effects.419 

One example of a biopolymer that is commonly used in these systems is alginate.201 

Furthermore, alginate-based hydrogels have been also studied for the incorporation 

of NSAIDs, such as ibuprofen; however, these present a low loading capacity and 

low homogeneity.420 This limitation has increased the search for strategies to 

improve the compatibility of hydrogels and hydrophobic drugs. Even though the 

combination of alginate and DES is promising, it has scarcely been explored, with 

only one study, focused on the use of DES to favor the encapsulation of curcumin 

into alginate/chitosan beads for oral administration. 226 So far, there are no previous 

reports on the combination of alginate hydrogels and DES for the improvement in 

the transdermal delivery of pharmaceutical ingredients. 

Taking advantage of the properties of both DES and alginate, in this study, 

their partnership for the transdermal administration of hydrophobic molecules, such 

as NSAIDs, using ibuprofen as a model drug, was explored, showing that the DES 

benefit in these systems can be applicable to other drug classes. Herein, we 

demonstrated the possibility to enhance the solubility and stability of ibuprofen by 

using aqueous solutions of DES, and the improvement in its skin permeation when 

incorporated into an alginate solid hydrogel system. 

 

 

 

 



156 

 

5.3 Experimental Section 

5.3.1 DES preparation and characterization 

In this work, the DES arginine:glycerol (Arg:Gly) was studied to solubilize 

ibuprofen (Alfa Aesar, Haverhill, MA, USA, 99%). This DES was prepared by mixing 

L-arginine (Panreac, Barcelona, Spain, 99%) with glycerol (Sigma-Aldrich, St. Louis, 

MO, USA, ≥99.5%) in a 1:4 molar ratio. This mixture was placed in sealed glass 

vials with constant stirring while heated (maximum temperature of 85 °C), until a 

homogeneous transparent liquid was obtained. After being kept at the maximum 

temperature for 1 h, the mixture was allowed to return to room temperature. 

Aqueous solutions (0ꟷ60% (w/w)) of Arg:Gly were prepared from this neat DES by 

addition of the proper water amount. 

To infer the integrity of the Arg:Gly components in the DES, 1H and 13C NMR 

spectroscopy was carried out. The spectra were recorded using a Bruker Avance 

300 spectrometer (Bruker Corporation, Billerica, MA, USA) operating at 300.13 MHz 

for 1H NMR, and at 75.47 MHz for 13C NMR. The mixtures were dissolved in 

deuterated water using TMSP as an internal reference.  

Arginine:glycerol: 1H NMR (300.13 MHz, D2O): δ 1.41 (4H, m, H-3,4); 2.98 (2H, 

m, H-2); 3.05 (1H, m, H-5); 3.39 (4H, m, H-1’,3’); 3.55 1H, m, H-2’) ppm. 13C NMR 

(75.47 MHz, D2O): δ 24.40 (C-3); 31.50 (C-4); 40.86 (C-2); 53.21 (C-5); 62.15 (C-

1’,3’); 71.97 (C-2’); 156.57 (C-1); 182.54 (C-6) ppm. 

The interactions between the components of the DES were analyzed by FTIR-

ATR spectroscopy. The spectra of arginine, glycerol and the Arg:Gly (1:4) were 

obtained on a Perkin Elmer spectrometer (Perkin-Elmer Inc., Waltham, MA, USA) 

equipped with a single horizontal Golden Gate ATR cell and a diamond crystal. Data 

were recorded by the accumulation of 32 scans performed at room temperature in 

the range of 4000–400 cm−1, with a resolution of 4 cm−1 and an interval of 1 cm−1. 

All spectra were subtracted against background air spectrum and recorded in 

transmittance mode. 
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5.3.2 Ibuprofen’s  solubility assay 

To determine the drug solubility, ibuprofen was added in excess to 2.0 g of 

arginine:glycerol (1:4) aqueous solutions (0ꟷ60% (w/w) of DES) and pure water. 

These solutions were placed in sealed glass vials and allowed to equilibrate in a 

specific aluminium disk at constant temperatures (room (25 °C) and body (37 °C) 

temperatures) and under stirring (900 rpm) over 72 h. The solubility of ibuprofen 

was studied in the range of from 0 to 60% (w/w) of Arg:Gly in water, given the high 

viscosity of the mixtures above this concentration. After saturation of each DES 

aqueous solution (0ꟷ60% w/w), the samples were centrifuged, and an aliquot of the 

supernatant was collected and diluted in distilled water. The sample was then 

carefully filtered with a 0.45 μm syringe filter to remove any solid from the liquid 

phase and subsequently analyzed by HPLC-DAD (Shimadzu, model 

PROMINENCE, Kyoto, Japan). The HPLC quantifications were performed in 

isocratic mode with an analytical C18 reversed-phase column (250 × 4.60 mm), 

Kinetex 5 μm C18 100 Å, from Phenomenex. The mobile phase consisted of 45% 

(v/v) of acetonitrile and 55% (v/v) of ultra-pure water with 0.3% (v/v) of ortho-

phosporic acid. The separation was conducted using an injection volume of 10 μL 

at a flow rate of 0.8 mL·min−1 and operated at 25 °C. The wavelength was set at 

264 nm and each sample was analysed at least in triplicate. Calibration curves were 

obtained using ibuprofen dissolved in the mobile phase. Under the referred 

conditions, ibuprofen displays a retention time of 15.2 min. 

5.3.3 Drug stability storage 

To evaluate the stability of ibuprofen in the novel formulations, the drug was 

dissolved in water and in the Arg:Gly aqueous solution (60% (w/w) of DES) below 

the solubility limit. An initial aliquot of each solution was then analyzed by HPLC-

DAD to determine the drug content in each formulation (T0). The solutions then were 

kept at 25 and 37 °C and at 75ꟷ80% relative humidity for 30 days and protected 

from light. After this period, new aliquots were collected and quantified by HPLC-

DAD using the previously described method. Two independent studies were 

conducted, and each sample was analyzed at least in triplicate. 
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5.3.4 Biological activity 

5.3.4.1 Cell culture 

Murine Raw 264.7 macrophages (ATCC number: TIB-71) were cultured in 

DMEM containing 4.5 mg·mL−1 glucose, 4 mM L-glutamine, 1.5 mg·mL–1 sodium 

bicarbonate and supplemented with 10% non-inactivated FBS, 100 IU·mL−1 

penicillin, and 100 μg·mL−1 streptomycin. Cells were incubated in a humidified 

atmosphere of 95% of air and 5% of CO2 at 37 °C and were used after reaching up 

to 80% confluence. 

5.3.4.2 Cell viability assays 

The impact of ibuprofen solubilized in Arg:Gly aqueous solutions on 

macrophage cells viability was evaluated by the resazurin assay. Firstly, 4 × 104 of 

Raw 264.7 cells/well were plated on a 96 well plate and let to stabilize overnight. 

Then, pure ibuprofen, the Arg:Gly aqueous solution (60% (w/w) of DES in water and 

ibuprofen solubilized in the Arg:Gly aqueous solution, in the concentrations rang of 

0.01–4 mM, were added to the cell cultures for 24 h. After this, resazurin (Sigma-

Aldrich, cell culture grade) was added to the cells during the last hour of incubation, 

achieving a final concentration of 50 μM. Lastly, the absorbance was measured at 

570 and 600 nm in a BioTek Synergy HT spectrophotometer (Biotek Instruments, 

Winooski, VT, USA). The reported data are from three biological independent 

experiments conducted in duplicate for each condition and the results were 

expressed as the average cell viability ± SD. The aqueous solutions used in the 

assay were previously sterilized by filtration. 

5.3.4.3 Anti-Inflammatory assays 

The anti-inflammatory action of ibuprofen solubilized in water and in the 

Arg:Gly aqueous solution was evaluated by the ability to inhibit the LPS-induced 

nitric oxide (NO) production in macrophages. The NO production was measured by 

a colorimetric assay with the Griess reagent (0.1% (w/v) N-(1-

naphthyl)ethylenediamine dihydrochloride (Sigma-Aldrich, ≥98) and 1% (w/v) 

sulfanilamide (Sigma-Aldrich, ≥98) containing 5% (w/v) H3PO4) (Sigma-Aldrich, ≥85 
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wt.% in H2O), that aimed to detect the accumulation of nitrite in the culture 

supernatants. To this purpose, the cells were plated at 3 × 105 cells/well in 48-well 

culture plates, allowed to stabilize for 12 h, and then incubated as previously 

described with non-cytotoxic concentrations of formulations. Incubations with the 

culture medium (control), ibuprofen (250 μM), ibuprofen (250 μM) in the DES 

aqueous solution (60% (w/w) of DES in water) were performed over 24 h. After 

incubation, 100 μL of culture supernatants were collected and mixed with an equal 

volume of the Griess reagent and kept during 15 min in the dark. The absorbance 

of these samples was measured at 550 nm, using a standard spectrophotometer 

BioTek Synergy HT (Biotek Instruments, Winooski, VT, EUA). Multiple group 

comparisons were executed by One-Way ANOVA analysis using GraphPad Prism, 

version 6.01 (GraphPad Software, San Diego, CA, USA). 

5.3.5 Incorporation of aqueous solutions of DES in the 

alginate hydrogel 

5.3.5.1 Preparation of the alginate-based hydrogel 

Four different solid hydrogels were prepared using an alginate aqueous 

solution with a concentration of 4% (w/v), namely, alginate hydrogels without the 

drug (Alg), with ibuprofen (Alg-Ibu), with the Arg:Gly aqueous solution (Alg-DES) 

(60% (w/w) of DES) and with ibuprofen solubilized in the Arg:Gly aqueous solution 

(Alg-(DES + Ibu)). Ibuprofen was previously solubilized in the Arg:Gly aqueous 

solution to obtain hydrogels loaded with 20 mg of ibuprofen. For the hydrogels 

containing ibuprofen solubilized in the Arg:Gly aqueous solution and the ones only 

solubilized with the Arg:Gly aqueous solution, the solvent represented 3% (w/v) of 

the totality of the hydrogel. In the Alg-Ibu hydrogels, due to the drug’s low-water 

solubility, the DES amount was replaced by a 0.1 M aqueous NaOH solution.421 

Firstly, alginate was dissolved in water under continuous stirring (500 rpm) until a 

homogeneous solution was obtained. The Arg:Gly aqueous solution, ibuprofen, and 

ibuprofen solubilized in the Arg:Gly aqueous solution were added to the 

corresponding alginate solutions during the biopolymer solubilization process. 

These solutions were then placed in a sonication bath (ElmaSonic S 300, Singen, 

Germany) for removal of the entrapped air bubbles. Finally, samples were poured 
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into circular molds and crosslinked for 1 h at room temperature, by osmosis, using 

a 10% (w/w) calcium chloride (CaCl2) solution. 

For the hydrogels containing ibuprofen, the drug incorporation efficiency was 

calculated based on the total amount of ibuprofen added to the formulations and the 

amount retained in the hydrogels after their preparation, according to the following 

equation: 

Incorporation efficiency% = 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑖𝑏𝑢𝑝𝑟𝑜𝑓𝑒𝑛 𝑖𝑛 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑏𝑢𝑝𝑟𝑜𝑓𝑒𝑛
 × 100% 

 

The mass of ibuprofen retained in the hydrogel was calculated by subtracting 

the amount of ibuprofen dissolved in the CaCl2 solution during cross-linking of the 

hydrogel to the total amount initially added to the formulations. 

5.3.5.2 Evaluation of the morphology and mechanical 

properties of the hydrogels 

The morphological analysis of the hydrogels loaded with ibuprofen and with 

the DES aqueous solution comprising ibuprofen was performed by SEM. For this 

analysis, the hydrogel samples were first frozen in a refrigerator at −80 °C for 24 h 

and then freeze-dried for 72 h at −85 °C and 0.01 mbar using a freeze dryer (Telstar, 

LyoQuest, Tokyo, Japan). Freeze-dried samples were coated with carbon using an 

EMITECH K950 coating system before the analysis. The micrographs of the cross-

sections of the samples (obtained by cutting with a sharp razorblade) were acquired 

using a high-voltage microscope (HITACHI SU 70, Tokyo, Japan) operated at 4.0 

kV. For determination of the porous sizes of the hydrogels, SEM micrographs were 

processed with ImageJ software (version 1.53 for Windows, 64-bit, free software, 

National Institutes of Health, Bethesda, MD, USA) and values are expressed as 

mean of 50 different measurements. 

Mechanical properties of the hydrogels loaded with ibuprofen, Alg-Ibu and Alg-

(DES + Ibu), and of Alg and Alg-DES (for comparison purposes), were evaluated 

through compressive assays performed using an Instron 5564 (Instron Corporation, 

Norwood, MA, USA) testing machine with Bluehill 3 software in compressive mode 

with a 50 N load cell. Circular samples with a 2-cm diameter and 4-mm gauge length 

were used. At least 5 replicates were tested for each sample. The corresponding 
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compressive Young’s modulus (MPa) and the compressive stress at 30% (MPa) 

values were determined and expressed as the average ± SD. Multiple group 

comparisons were executed by One-Way ANOVA analysis using GraphPad Prism, 

version 6.01 (GraphPad Software, San Diego, CA, USA). 

5.3.6 Ibuprofen dissolution test 

The Alg-Ibu and Alg-(DES + Ibu) solid hydrogels were immersed in 200 mL of 

a 0.01-M phosphate buffer (pH 7.4) solution. The dissolution was then carried out 

at 32.0 ± 1 °C and constant stirring (100 rpm). Aliquots of 1 mL were collected at 

specific timepoints (0, 5, 10, 30, 60, 90, 120, 180, 240, 300, 360, and 420 min) for 

a total of 8 h. The same volume of fresh buffer solution was added to maintain a 

constant volume. The dissolved ibuprofen in each aliquot was quantified by HPLC-

DAD, at 264 nm, using the previously described method. The percentage of 

ibuprofen release at each time was determined based on the ratio of the amount of 

drug released and the total drug content in the hydrogels. Three replicates were 

performed for each sample. 

5.3.7 Skin permeation assays 

Human abdominal skin samples were used for the permeation assays. These 

samples were obtained from women under the ages of 25–35 who were submitted 

to an abdominoplasty in Centro Hospitalar São João, Portugal. All patients signed 

the respective informed consent. The approval of the Ethics Committee of Hospital 

São João was also obtained for this procedure. After collection, the skin samples 

were transported under refrigerated conditions. Hypodermis was removed using a 

scalpel, and then the skin surface was washed, dried and frozen at −20 °C. Skin 

biopsies were obtained using a biopsy punch (30 mm diameter) to fit the Franz 

diffusion cell apparatus. The skin was placed in water at 65 °C for 80 s to separate 

the epidermis, as previously reported in the literature.422 The experiments with 

epidermal membranes were conducted on glass Franz-type diffusion cells with a 

receptor volume of ca. 7 mL and a diffusional area of 1.77 cm2. A hydroalcoholic 

solution of PBS (pH 7.4) and ethanol (1:1) was used as the receptor media. The 

receptor compartment was maintained at 37 °C and under constant stirring. Alginate 
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hydrogels with a load of 20 mg of ibuprofen were cut to fit the surface area (1.77 

cm2) of the donor compartment and cover the entire epidermal surface. After 6 h, 

the receptor solution was withdrawn from the receptor compartment and the amount 

of permeated ibuprofen was quantified. The drug content was analyzed by HPLC-

DAD, at 264 nm, using the method previously described for ibuprofen. The 

permeation assays were executed in triplicate, and each aliquot was measured 

twice. Results were expressed as the average of permeated drug ± SD. 

5.4 Results and discussion 

NSAIDs, such as ibuprofen, present very low water solubility at room 

temperature (4.3 × 10−5 mol·L−1 for ibuprofen).423 However, this solubility not only 

increases with temperature, it can also be increased by adding organic co-solvents 

to the aqueous solutions, such as ethanol, which are commonly used in commercial 

topical formulations.424,425 Due to the negative effect of ethanol on skin, such as 

dryness, and its association with the development of several skin disorders (e.g., 

eczema, psoriasis),426 the solubilization of ibuprofen and its stability in DES aqueous 

solutions was studied in this work. The components of the DES used herein, viz. 

glycerol and arginine, were selected due to their administration route and the 

intended efficacy improvement. Glycerol is widely used as a humectant in skin 

formulations,427 and arginine has been reported to down-regulate cytokine secretion 

and decrease the activity of metalloproteinases, helping to decrease 

inflammation.428 This DES, Arg:Gly (1:4 molar ratio), was prepared by the heat-

method and ibuprofen was added to the respective aqueous solution (Figure 44a); 

then, the drug solubility, stability, cytotoxicity and anti-inflammatory action were 

appraised. The DES formulation comprising ibuprofen (with 60% (w/w) of DES in 

water) was then incorporated in an alginate-based hydrogel (Figure 44b), which was 

characterized in terms of its morphology, mechanical properties, dissolution and 

permeation profiles through human skin. A hydrogel containing ibuprofen solubilized 

in a slightly alkaline aqueous solution was prepared and characterized for 

comparison. These characterizations were performed to evaluate the potentialities 

of the partnership between DES solutions and alginate hydrogels to improve the 

transdermal delivery of ibuprofen. 
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Figure 44. Schematic illustration of the preparation of a DES aqueous solution with higher 
solubilization ability for ibuprofen (a) and its incorporation in an alginate-based hydrogel (b) 
developed for the transdermal delivery of ibuprofen. Image made with Servier Medical Art and 
adapted by the authors according with Servier under the CC-BY 3.0 License (at 
https://smart.servier.com/, accessed on 23 January 2020). 

5.4.1 DES characterization 

Firstly, the structure of the hydrogen-bond donor/acceptors was assessed after 

the preparation of the DES containing Arg:Gly. This was evaluated by 1H and 13C 

NMR spectroscopy, as depicted Figure 45.  

The recorded spectra show that both components maintain their structure after 

the DES preparation. Such conclusions can be drawn due to the similarity of the 

resonances observed for Arg:Gly to those predicted for the single components’ 

spectra. The 1H NMR spectrum (Figure 45a) reveals the proton resonance of H-3,4 

of arginine can be found as a multiplet at 1.41 ppm, while the protons from the CH2 

(H-2) and CH (H-5) groups directly linked to the NH groups can be observed as 

multiplets at 2.98 ppm and 3.05 ppm, respectively. Likewise, the H-1’,3’ and H-2’ of 

glycerol can be found as two multiplets at range between 3.39 ppm and 3.55 ppm. 

The signals in the 13C NMR spectrum of this DES (Figure 45b) show the carbon 

https://smart.servier.com/
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resonances from the CH2 groups of arginine’s backbone (at 24.40 ppm (C-3), 31.50 

ppm (C-4), 40.86 ppm (C-2) and 53.21 ppm (C-5) respectively) and those expected 

in glycerol’s structure (62.15 ppm (C-1’,3’) and 71.97 ppm (C-2’)). Finally, the carbon 

resonances of C-1 and C-6 of arginine can be observed at 156.57 ppm and 182.54 

ppm, respectively. 

 

 

Figure 45. 1H NMR (a) and 13C NMR spectra (b) spectra of Arg:Gly DES in D2O. 
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Afterwards, the DES formation and the interaction between the components 

was confirmed by FTIR-ATR spectroscopy (Figure 46).  

 

Figure 46. FTIR-ATR spectra of glycerol, arginine and the DES Arg:Gly. 

By comparing the FTIR-ATR spectra of the pure compounds with that of the 

DES, it is possible to observe that the DES spectrum is more similar to that of 

glycerol. This can be expected since Arg:Gly was prepared in a 1:4 molar ratio. 

Specifically, it is possible to verify that, in the spectrum of glycerol, there is an 

absorption band at 3279 cm−1, which corresponds to the hydroxyl groups’ (O–H) 

stretching vibration and the peaks corresponding to the C–H stretching in the region 

of 2812–2980 cm−1.429 For arginine, O–H and N–H stretching vibrations appear at 

the region of 2940–3324 cm−1, while the absorption bands observed at 1550 cm−1 

and 1560 cm−1 correspond with the C–O vibration and the C=O stretching of the 

carbonyl group, respectively 430. In the DES spectrum, the establishment of 

hydrogen–bond interactions, among others, between both components leads to a 

slight deviation in the vibration of the N–H and O–H groups to 3255 cm−1, and of the 

peaks’ corresponding to the C–H stretching to values in the region of 2838–2970 

cm−1. This is also verified for the C–O vibration and the C=O stretch of the carboxyl 

group of arginine, which are found at 1565 cm−1 and 1634 cm−1, respectively, in the 

DES spectrum. 
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5.4.2 Ibuprofen solubility in DES aqueous solutions 

Aqueous solutions of Arg:Gly (1:4) were tested up to 60% (w/w) of DES given 

the high viscosity of solutions above this concentration. To understand the 

solubilization mechanism of ibuprofen, and which Arg:Gly concentration is the most 

effective to the intended purpose, the solubility of the drug at both room (25 °C) and 

human body (37 °C) temperatures was investigated in aqueous solutions with 

different DES percentages (Figure 47a). The solubility enhancements presented in 

Figure 47b are calculated from the ratio (S/S0) between the solubility of ibuprofen in 

each Arg:Gly aqueous solution (S) and its solubility in water (S0) at the same 

temperature. 

 

Figure 47. Solubility enhancements for ibuprofen in Arg:Gly aqueous solutions achieved at both 
room and body temperatures. The results are expressed as the mean ± SD of three independent 
experiments. 

The solubility of ibuprofen in water increases from (2.16 ± 0.16) × 10−5 

mol∙mL−1 up to (3.19 ± 0.18) × 10−5 mol∙mL−1 from room to body temperature. 

However, these concentrations are still inadequate for therapeutic purposes. The 

dosage of ibuprofen in common commercial formulas is generally 200 mg, 

administered every 6 h.51 However, the quantity required for therapeutic purposes 

in an adult is only approximately 20 mg. The usually commercialized forms possess 

more than 10-fold this amount, not only due to their first pass metabolism and poor 

absorption, but also due to the poor aqueous solubility of the drug. This limited 

solubility and the rate of dissolution from the currently available solid forms leads to 

poor bioavailability; therefore, higher doses need to be administered to reach the 
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therapeutic dosage contributing to the increase in some of the unwanted adverse 

effects.50 

For the Arg:Gly aqueous solutions studied here, the solubility of the drug 

increases proportionally to the increment of the Arg:Gly percentage (w/w) in water. 

This monotonic behavior reveals that the Arg:Gly solubilization ability is in 

agreement with a co-solvency mechanism.300 When using 60% (w/w) of Arg:Gly in 

the aqueous solution, (1.71 ± 0.02) × 10−1 mol∙mL−1 of ibuprofen are solubilized 

(Figure 47a); this amount is equivalent to 46.92 mg, which is 2-fold the therapeutic 

dosage needed.51 This represents a notable 7917-fold increase in the drug solubility 

when compared to its solubility in water at the same temperature (Figure 47b). At 

body temperature, since the drug solubility is higher, this value was increased up to 

(1.82 ± 0.03) × 10−1 mol∙mL−1, meaning a 5705-fold increase in the solubility of 

ibuprofen when compared to its water solubility at 37 °C (Figure 47a and 47b). Since 

the amount of ibuprofen that can be solubilized in the Arg:Gly aqueous solutions 

shows a monotonic increase, maximum solubility was not fully achieved. Higher 

drug amounts are expected to be solubilized above 60% (w/w) of DES in water; 

however, these values were not determined due to the viscosity of the mixtures 

above these concentrations, as previously stated. Nevertheless, the solubility 

enhancements obtained using this DES solution surpass the increases in solubility 

achieved using aqueous solutions of co-solvents, such as propylene glycol and PEG 

300, that allow for a 400-fold and 1500-fold increase in the water solubility of 

ibuprofen at room temperature, when using 80% (w/w) of each co-solvent 133. 

Eutectic mixtures, and particularly DES, have also been studied to improve the 

solubility of ibuprofen in water and in neat DES, for transdermal applications.110,135 

For example, a 4-fold increase in water solubility was achieved with the mixture 

menthol:camphor (1:1).135 However, the DES menthol:camphor presents itself as 

having low water solubility, presenting a problem for its application in water-rich 

matrices. Solubility enhancements of more than 3810-fold have also been verified 

for neat DES, such as cholinium chloride:propanediol (1:5); however, this 

enhancement is highly reduced when less than 75% (w/w) of DES is used in an 

aqueous solution.110 
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In sum, by applying Arg:Gly aqueous solutions, it is not only possible to obtain 

higher solubility enhancements than the DES previously reported in the literature135 

and the previously mentioned co-solvents,133 but also, to use less co-solvent (in this 

case, DES) in the final formulation. Therefore, the aqueous solution with 60% of 

Arg:Gly (w/w) was selected for further studies.   

5.4.3 Ibuprofen stability in the DES aqueous solutions 

The stability of ibuprofen in aqueous solution containing 60% (w/w) of DES 

was investigated at 25 and 37 °C. The content of ibuprofen solubilized in the Arg:Gly 

aqueous solution, and in water for comparison, was analyzed each 15 days for both 

temperatures, as shown in Figure 48. 

 

Figure 48. Effect of the solvent in the stability of ibuprofen at 25 °C (a) and 37 °C (b) over a period 

of 30 days. The results are expressed as the mean ± SD of three independent experiments. 

When stored at 25 °C, ibuprofen presents high stability in both water and the 

DES aqueous solution, making it possible to quantify 93–95% of ibuprofen after 30 

days of storage (Figure 48a). For higher temperatures, namely, 37 °C, the stability 

of ibuprofen in water decreases, with 76.2% of ibuprofen being quantified in solution 

after 15 days and only 62.1% after 1 month. The use of DES aqueous solutions 

clearly improved the stability of ibuprofen when the drug was submitted to higher 

temperatures, as depicted in Figure 48. After 15 days at 37 °C, the drug content was 

94.5%, and there was still 84.1% of ibuprofen in the formulation after 1 month. 
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It has been reported 431 that when ibuprofen is solubilized in 0.9% sodium 

chloride or 5% dextrose aqueous solutions, more than 92% of its initial concentration 

is retained when stored for 14 days at 4 °C. Liposomal formulations of ibuprofen 

were also reported to be stable under similar conditions during the same period.432 

Thus, it was possible not only to improve the ibuprofen solubility by using the 

aqueous DES as a pharmaceutical co-solvent, but also to improve the stability of 

the drug without requiring the use of additional excipients or storage under 

refrigerated conditions. 

5.4.4 Cytotoxicity and anti-Inflammatory activity of DES-based 

formulations containing ibuprofen 

The cytotoxicity of ibuprofen that is solubilized in the Arg:Gly aqueous solution 

(60% w/w), of ibuprofen and of the Arg:Gly aqueous solution for comparison was 

evaluated in cells that were relevant for the intended application, namely, 

macrophages. In Figure 49, the cytotoxicity results obtained for a concentration 

range of 0.01–4.00 mM of ibuprofen are presented. The Arg:Gly aqueous solution 

(60% w/w) was tested in the same concentrations as the one with the Arg:Gly, 

comprising ibuprofen for comparison purposes. 

As depicted, the Arg:Gly aqueous solution is not cytotoxic towards 

macrophages at concentrations up to 2.0 mM. This cytotoxicity profile is expected, 

since the DES’ components and the initial DES concentration were carefully 

selected to be non-toxic, in accordance with previous findings in the literature.342,433 

Although there are no data in the literature about the cytotoxicity of the DES used in 

the present study, the cytotoxicity of other DES comprising several alcohols and 

cholinium chloride has been reported in the literature for HaCaT,306 and, in most 

cases, these were shown to be harmless even at concentrations up to 500 μg·mL−1 

(above the ones tested in this work). The cytotoxicity profile of ibuprofen solubilized 

in the Arg:Gly aqueous solution is generally similar to that of the aqueous solutions 

of ibuprofen, and non-toxic to macrophages in concentrations below 0.5 mM (Figure 

49a). This dose–response profile, obtained for ibuprofen solubilized in both water 

and in the Arg:Gly aqueous solution (60% w/w), is in accordance with previous 

results for ibuprofen solubilized in water towards the same cell line and range of 
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concentrations.434 Therefore, our results show that the Arg:Gly aqueous solution 

containing ibuprofen in concentrations up to 0.5 mM is safe to be applied in 

transdermal drug delivery administration. 

 

Figure 49. Effect of ibuprofen, Arg:Gly aqueous solution (60% w/w) and ibuprofen solubilized in 
Arg:Gly aqueous solution on the (a) cell viability profile of Raw 264.7 macrophages, measured by 
the metabolic conversion of resazurin; and on the (b) anti-inflammatory action evaluated by the NO 
production of Raw 264.7 macrophages. Results were expressed relative to the control as mean ± 
SD of three independent biological experiments. Statistically significant differences were using one-
way ANOVA (**** = p ≤ 0.0001). 

To find the influence of these formulations on the anti-inflammatory activity of 

ibuprofen, their effect on the NO and LPS-induced production in macrophages was 

analyzed (Figure 49b). Macrophages can increase NO secretion after LPS 

stimulation in vitro, providing a good model to evaluate the anti-inflammatory 

potential of drug formulations.435 If a given drug formulation presents anti-

inflammatory action, the NO production after the LPS stimulation will decrease. 

Figure 49b shows that the Arg:Gly aqueous solution per se does not present the 

ability to inhibit NO production. Ibuprofen treatment decreased LPS-triggered NO 

production by macrophages. This may be attributed to its inhibition of NF-κB, a 

transcription factor essential for iNOS expression. However, this inhibition is 

relatively modest, and the anti-inflammatory activity of ibuprofen mostly relies on its 

inhibition of the COX-2 enzyme.50 Surprisingly, when ibuprofen is solubilized in the 

Arg:Gly aqueous solution, a synergistic effect can be observed, and it is possible to 

obtain a statistically significant decrease in NO production when compared to both 

components separately. By solubilizing ibuprofen in the Arg:Gly in aqueous solution, 

it was verified that this formulation does not jeopardize the anti-inflammatory action 
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of the drug and allows for a reduction in inflammation by providing a small increase 

in the therapeutic activity of the drug. 

5.4.5 Incorporation of aqueous solutions of DES in an alginate 

hydrogel 

The DES aqueous solution (60% (w/w) of DES in water) has shown promising 

ability to enhance the solubility and stability of ibuprofen, while preserving its anti-

inflammatory action without cytotoxicity towards macrophages. To deliver this 

formulation with improved efficacy, the incorporation of this ibuprofen formulation 

into an alginate-based hydrogel was investigated. The effect of the use of Arg:Gly-

based DES on the morphologic and mechanical properties of the biopolymer-based 

system, and on ibuprofen's dissolution in a buffer solution and permeation across 

human skin, was evaluated. 

The alginate hydrogels with ibuprofen solubilized in a slightly alkaline aqueous 

solution (Alg-Ibu) and ibuprofen in the Arg:Gly aqueous solution (Alg-(DES + Ibu) 

present distinct visual aspects and morphologies, as depicted in Figure 50. 

While Alg-Ibu hydrogels exhibited a rougher and waver surface (Figure 50a), 

Alg-(DES + Ibu) ones showed a relatively smoother surface (Figure 50b). To 

corroborate these visual observations, the cross-sections of both freeze-dried 

hydrogels (Alg-Ibu and Alg-(DES + Ibu)) were also examined by SEM. The obtained 

micrographs show that both hydrogels have a porous 3D structure (Figure 50c and 

50d). However, the pore shapes of the Alg-Ibu hydrogel are more irregular than 

those of Alg-(DES + Ibu), which present more clearly defined walls and a 

considerably higher homogeneity. A similar trend was reported for Basiak et al. 436, 

where the microstructure of wheat starch films also showed an increase in the 

homogeneity and a smoother surface when glycerol (a component of the DES used 

in the present study) was added to the biopolymer-based system. Moreover, Alg-

(DES + Ibu) hydrogel presented slightly smaller pores (112.24 ± 8.51 μm) than the 

Alg-(Ibu) counterpart (138.77 ± 9.30 μm). Additionally, when considering the 

micrograph of the Alg-Ibu cross-section (Figure 50c), is possible to notice a mild 

drug precipitation, which is not observed for the Alg-(DES + Ibu) systems (Figure 

50d) and which can possibly justify the mechanical properties further discussed in 
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this section. This observation is certainly due to the higher solubility of ibuprofen in 

the aqueous solutions, as previously described. 

 

Figure 50. (a,b) Visual aspect of alginate-based hydrogels with (a) ibuprofen (Alg-Ibu) and (b) with 
DES aqueous solutions comprising ibuprofen (Alg-(DES + Ibu)) and (c,d) the corresponding cross-
section SEM micrographs. 

The mechanical performance of the two solid hydrogels were studied by 

compressive tests. To better understand their performance, pure alginate hydrogels 

(Alg) and hydrogels with the DES solution (Alg-DES) were also tested for 

comparison purposes. The Young’s modulus (Figure 51a) and the compressive 

stress at 30% (Figure 51b) of the different samples were determined from the 

respective stress–strain curves. 

The Alg hydrogel showed a Young’s modulus of 580.20 ± 50.27 kPa and a 

compressive stress at 30% of 38.92 ± 1.56 kPa. A lower Young’s modulus of 213.60 

± 13.84 kPa (Figure 51a) and a lower compressive stress at 30% of 25.63 ± 1.72 

kPa (Figure 51b) was obtained for the Alg-DES hydrogel. These results reveal that 

the incorporation of the DES solution has a noticeable plasticizer effect, with a 

considerable impact on the mechanical properties of the Alg hydrogel network. This 

effect was previously observed for other biopolymers-based systems, for instance, 

for cellulose 437 and starch-based ones,438 comprising DES, such as cholinium 
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chloride:glycerol and other cholinium and alcohol-based DES. In the present study, 

this can be obviously attributed to the effect of glycerol, which is known to present 

a plasticizer effect on biopolymers, and particularly on alginate hydrogels.439 The 

use of glycerol-based DES not only promotes the formation of hydrogen-bonding 

between the biopolymer and the DES, but also decreases the biopolymer matrix’s 

strong intramolecular attraction, thereby increasing the interchain spacing, as see 

in previously reported alginate-based systems plasticized with glycerol.396,439 This 

reduction in the interchain interactions of alginate, which can be attributed to the 

effect of glycerol from Arg:Gly, results in alginate hydrogels with lower rigidity. 

However, the incorporation of ibuprofen solubilized in a slightly alkaline 

aqueous solution in the alginate hydrogel (Alg-Ibu) promoted an increase in the 

Young’s modulus and on the compressive stress at 30%, with values of 1283.50 ± 

46.57 kPa and 45.13 ± 3.15 kPa, respectively (Figure 51a and 51b). Therefore, the 

incorporation of the drug in the hydrogel network turns it into a more rigid and brittle 

system. These findings have also been reported for the incorporation of ibuprofen 

into gellan gum-based hydrogels.440 

The Alg-(DES + Ibu) displayed a Young’s modulus of 559.00 ± 38.38 kPa and 

compressive stress values of 26.59 ± 1.35 kPa. Regarding the Young’s modulus, 

the obtained value is similar to that observed for the Alg system and higher than the 

that observed for the Alg-DES hydrogel. These results are certainly due to the 

combined effect of both the drug incorporation, which increases the Young’s 

modulus, and the plasticizer effect of the DES, which strongly decreases this 

parameter, as observed in Figure 51a. In addition, for the compressive stress at 

30%, the plasticizer effect of the DES is highlighted for both the Alg-DES and Alg-

(DES + Ibu), which presented similar values to each other, but lower values than 

those of the other systems (Figure 51b). The Alg-(DES + Ibu) hydrogel presents 

more appealing mechanical properties for transdermal delivery purposes, since 

these mechanical properties translate into a loss of stiffness, allowing for a more 

pliable delivery system than Alg-Ibu to be obtained, enabling the hydrogel to better 

adapt to the wrinkles and deformations of the skin, and consequently allowing for 

better contact with the skin surface for drug permeation.268 
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Figure 51. (a) Young’s modulus and (b) compressive stress at 30% of pure alginate (Alg), and 
alginate with DES solution (Alg-DES), ibuprofen (Alg-Ibu) and DES solutions containing ibuprofen 
(Alg-(DES + Ibu)) hydrogels obtained from the compressive tests. Values are presented as mean of 
five replicates and respective standard deviations. ** p < 0.0080, **** p < 0.0001 compared to the 
Alg-based hydrogel mechanical performance results. 

5.4.6 Dissolution and permeation across human skin 

The in vitro dissolution profile of ibuprofen was determined for the hydrogels 

loaded with ibuprofen solubilized in a slightly alkaline aqueous solution, or in the 

aqueous Arg:Gly solution. Before the dissolution tests, the incorporation efficiency 

of the drug in the hydrogels was calculated, and it was observed that both systems 

presented high incorporations of ibuprofen, viz. 82.5 ± 3.9% and 77.4 ± 2.3% for 

Alg-(DES + Ibu) and Alg-Ibu hydrogels, respectively. Since ibuprofen is commonly 

administered from 6 to 8 h,441 the dissolution assay was carried out in vitro for 8 h. 

As depicted in Figure 5.4.6, ibuprofen shows a sustained dissolution profile for 

both systems; however, the dissolved amounts are higher for the hydrogels 

containing the DES solution with ibuprofen. After the first hour, the Alg-(DES + Ibu) 

hydrogel released 39.6 ± 1.5% of the total ibuprofen content, which represents a 

released amount that is 1.6-fold higher than that released by the Alg-Ibu system, 

with only 24.1 ± 1.7% released (Figure 52). After 8 h, the duration of the test, the 

Alg-(DES + Ibu) hydrogel released 93.5 ± 2.2% of the drug content, and the hydrogel 

Alg-Ibu only released 68.9 ± 2.5% (Figure 52).  
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Figure 52. In vitro release profile of ibuprofen from alginate-based hydrogels in PBS solution. Profile 
data represented as mean ± SD of three independent experiments. 

Indeed, for other, previously reported transdermal delivery systems442,443 

ibuprofen’s incomplete delivery represents an obstacle towards a more effective 

therapeutic outcome. For example, membranes of synthetic polymers, such as 

latex, prepared for the transdermal delivery of ibuprofen, released only 60% of the 

drug after 96 h.442 These values can be enhanced when considering alternative 

formulations, such as nanoliposomes, which showed a drug release of 81ꟷ92% 

over a 24 h period 444. However, the delivery period is still lengthy. The use of 

biopolymer-based membranes, such as bacterial cellulose, also enables a low 

release of ibuprofen to the media, achieving a plateau of 25ꟷ40% of total release 

within the first hour.434,443 The development of more soluble forms of ibuprofen, such 

as ionic liquids, namely, cholinium ibuprofenate,434 or the drug conjugation with L-

valine alkyl esters443 can improve the drug release, especially when considering 

their incorporation into bacterial cellulose membranes. Cholinium ibuprofenate 

incorporation in bacterial cellulose allows for fast release of the drug, enabling 90% 

of release to be achieved within 10 min, which is beneficial for a fast therapeutic 
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action.434 The drug conjugation with L-valine alkyl esters also enables a high and 

faster delivery of the drug content, 87ꟷ90%, from 30 to 120 min, but does not 

necessarily translate into a higher permeation capacity and, therefore, into faster 

therapeutic action.443 In this context, the Alg-(DES + Ibu) hydrogels developed in 

this work present a sustained release of the drug, with a high drug release, providing 

a fast and increasing drug dosage over the treatment period. 

To infer if the improved dissolution profile of the hydrogels containing the DES 

solution translated into an effective drug permeation, the cumulative amount of 

ibuprofen that permeated from the two solid hydrogel systems on human epidermal 

skin was tested using a Franz diffusion cell. The cumulative mass of the drug, which 

permeated through the human skin samples after 6 h at 32 °C, is presented in Table 

1. In terms of absolute quantities, after 6 h, ibuprofen permeated to a higher extent 

from the Alg-(DES + Ibu) hydrogel than from the Alg-Ibu (382.43 ± 16.62 µg∙cm−2 

vs. 44.81 ± 15.71 µg∙cm−2). The presence of the DES aqueous solution comprising 

ibuprofen in the alginate hydrogel allowed for an 8.5-fold increase in the amount of 

ibuprofen that permeated through human epidermis. These results are in total 

agreement with the previously described dissolution profiles. 

Table 11. The average cumulative mass of ibuprofen after 6 h permeation from the hydrogel with 
ibuprofen and the hydrogel with ibuprofen solubilized in the DES aqueous solution test across human 
epidermis. 

Sample Cumulative Mass (µg Ibu∙cm−2) 

Alg-Ibu 44.81 ± 15.71 

Alg-(DES + Ibu) 382.43 ± 16.62 

The amount of ibuprofen that permeated from the Alg-Ibu hydrogel is in 

accordance with the values obtained for commercial ibuprofen gels (≈40 µg∙cm−2) 

for 6 h of permeation.445 The incorporation of this model drug in biopolymer-based 

systems, such as bacterial cellulose membranes, has been proven to enhance the 

transdermal delivery of the drug when compared to commercial gel formulations.446 

The amount permeated achieved using a DES solution comprising ibuprofen in 

alginate-based hydrogels is not only considerably higher (8.5-fold) than the amount 

achieved for commercial formulations (≈40 µg∙cm−2) and for other biopolymer-based 

systems, but also comparable to the values that were observed for formulations of 



177 

 

ibuprofen conjugated with L-valine alkyl esters, which also display high drug 

solubility (382.35 ± 1.05 µg∙cm−2).447 The Alg-(DES + Ibu) hydrogels reported herein 

enable higher permeation enhancements than those previously reported when 

using DES formulations that comprised the drug and a permeation enhancer, such 

as menthol (ibuprofen:menthol).448 However, the previously mentioned values are 

commonly evaluated for a 24 h assay period. The Alg-(DES + Ibu) hydrogels 

presented herein provided higher permeated amounts after only 6 h, allowing for a 

faster therapeutic onset to be obtained than that of typical delivery systems. 
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5.5 Conclusions 

DES aqueous solutions comprising ibuprofen were studied in this work, aiming 

to improve the drugs’ characteristics and their transdermal delivery when using an 

alginate hydrogel. Herein, is demonstrate that Arg:Gly aqueous solutions are able 

to improve the solubility of ibuprofen up to 7917-fold (solution with 60% w/w of the 

DES) at room temperature, providing competitive pharmaceutical co-solvents to 

those commonly applied in pharmaceutical formulations. Furthermore, this DES 

aqueous solution can preserve the ibuprofen’s stability even when the drug is 

submitted to higher room temperatures (up to 37 °C over 1 month), allowing for their 

storage in non-refrigerated conditions. Moreover, these formulations showed non-

toxicity towards macrophages, and slightly increased the therapeutic action of the 

drug (namely, its anti-inflammatory activity). 

The combination of these DES aqueous solutions and an alginate-based 

hydrogel resulted in efficient drug-delivery systems for the transdermal 

administration of ibuprofen. Based on the results, the plasticizer effect of the Arg:Gly 

DES can be highlighted, which allowed for hydrogel systems with a more 

homogenous and defined structure to be obtained, which are more flexible when 

handled. Moreover, the dissolution of the drug from the biopolymer-based system 

with the Arg:Gly solution shown a sustained release of the drug, achieving 93.5 ± 

2.2% of drug release after 8 h. Finally, the permeation of the drug through the human 

skin was improved by up to 8.5-fold when the Ag:Gly aqueous solutions comprising 

ibuprofen was used, highlighting the successful partnership between DES and 

alginate hydrogels for the transdermal delivery of this drug. Moreover, this study 

forms a basis for future optimizations of the developed systems and additional 

studies using different drugs, DES and polymeric systems, with the aim of improving 

the transdermal administration of distinct drugs. In advanced stages of this research, 

in vivo studies will also be considered, aiming to guarantee a safe and efficient 

administration of these systems and confirm their potential as a strategy for use in 

different clinical scenarios. 
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Final Remarks and future work 
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The high number of active pharmaceutical ingredients with low water-solubility, 

low permeation and stability issues in the market are a driving force towards the 

research of more effective formulations with the goal of developing safer and more 

effective treatments. Drug reformulation can be seen as an appealing strategy to 

tackle some of the marketed drugs’ limitations. In this sense, the selection of better 

formulation components that can improve the drug efficacy improvement, could 

benefit both the industry and the patient’s treatment quality. 

With this in mind, in this thesis, the use of DES formulations was explored to 

improve the properties of marketed drugs’ and, ultimately, their drug delivery and 

therapeutic efficacy. The works herein presented are a reflex of the growing 

knowledge and application of DES formulations, that range from the simple use of 

aqueous DES formulations to their use in complex drug delivery systems.  

To explore the versatility of DES in this realm, DES aqueous solutions were 

applied for the solubilization of antibiotics (ciprofloxacin, chloramphenicol), 

photosensitizers (curcumin) and non-steroidal anti-inflammatory drugs (ibuprofen). 

The effect of DES aqueous solutions, comprising active pharmaceutical ingredients, 

were studied in simple aqueous formulations, thermo-responsive microemulsions, 

adhesive films and hydrogels aimed for ocular, topical and transdermal delivery, 

respectively. It was demonstrated how the rational selection of the DES components 

can be adjusted to the administration route and to go further from their common 

solvent application, playing multiple roles as pharmaceutical excipients. In 

particular, in this thesis, DES aqueous solutions of cholinium chloride:urea:malonic 

acid ([Ch]Cl:U:MA), proline:urea:malonic acid (Pro:U:MA) and citric acid:xylitol 

(CA:Xyl) (used to solubilize ciprofloxacin), betaine:glycerol (Bet:gly) and 

betaine:xylitol (Bet:xyl) (applied for chloramphenicol solubilization), betaine:levulinic 

acid (Bet:Lev) (applied for curcumin solubilization) and arginine:glycerol (applied for 

ibuprofen solubilization) have been studied.  

The findings herein presented highlight the remarkable ability of the studied 

DES for the solubility enhancement in aqueous media by several orders of 

magnitude for all the active ingredients studied (maximum enhancements ranging 

from 140- to 7917-fold in comparison to water). In this context, the studied DES can 
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be successfully used as common co-solvents and hydrotropes in pharmaceutical 

active ingredients solubilization. 

The use of these DES also proved to be advantageous in extending and 

improving drug stability in aqueous media. This capability covers the improvement 

of the hydrolytic (ciprofloxacin and chloramphenicol), photochemical (curcumin) and 

thermal (ibuprofen) stability of the studied ingredients, stored from 30 days to 3 

months. Furthermore, in the case of chloramphenicol formulations, it was 

demonstrated how the studied DES can not only improve the antibiotic stability but 

also the stability of the drug delivery system (a thermos-responsive microemulsion). 

This is particularly advantageous since the selected DES play an additional role as 

excipients capable to control changes in the pharmaceutical formulation (such as 

pH, particle size and viscosity), avoiding the addition of multiple components to this 

purpose. 

The incorporation of DES aqueous solutions in the drug delivery systems also 

seemed to impact the permeation ability of the active ingredients through biological 

membranes. This was specifically observed in the thermo-responsive 

microemulsions and in the alginate hydrogel-based systems developed. These two 

studies explored different biological membranes, namely porcine corneal tissue and 

human skin. The formulation of the target drugs using DES improved the release 

abilities of the systems resulting on a successful sustained delivery of 

chloramphenicol; and with higher amounts of chloramphenicol and ibuprofen 

permeated across the biological membranes than the values achieved with the drug 

alone. Both achievements result from the higher solubility of the active 

pharmaceutical ingredients in the studied aqueous DES media, that allow a higher 

amount of drug available to be permeated, but also, from the permeation enhancer 

effect of the DES used. 

These formulations have shown to strongly influence the properties of the 

delivery systems. For instance, in the development of the DES-based thermo-

responsive microemulsions, it was shown that the studied DES improved the 

system's gelling properties. The adjustment of the DES concentration allowed to use 

a lower percentage of the in situ gelling polymer (PF-127) to achieve a higher 

viscosity than other microemulsions of this type, at ocular temperature. Furthermore, 
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it was shown that DES acted also as plasticizers of pullulan and alginate, resulting 

in biopolymer-based materials with improved mechanical properties, namely 

reducing the rigidity of the materials and allowing for flexible systems to be 

developed. These two systems were designed for topical and transdermal delivery 

purposes, in which their reduced stiffness allowed an easier adaptation to skin 

irregularities and maximization of the contact with the targeted area. More 

interestingly, the studied DES also provided additional properties to the biopolymer-

based systems, notably, in the case of pullulan-based films, the studied DES 

provided higher adhesiveness to the material and a switchable character allowing it 

to change from a film to a highly adhesive hydrogel when in contact with skin 

moisture.  

Overall, the impact of the studied DES on the drugs and on the delivery 

systems’ properties was reflected on their performance and in the final therapeutic 

efficacy. DES aqueous solutions were capable of preserving the therapeutic action 

of the different active ingredients, but more importantly, regarding the antimicrobial 

agents, an increase in their action was verified. The susceptibility of Gram-negative 

and Gram-positive bacteria to the antibiotics is higher in the studied aqueous DES 

formulations than in water. The ability of these DES formulations to increase 

bacterial cell wall permeation allowed a higher antibiotics action. This might allow to 

decrease the drug dosages while providing the same therapeutic efficacy, thus 

decreasing the associated side-effects upon administration of higher doses. 

Furthermore, the DES formulations can be used without inducing the development 

of tolerance to the treatment or potentiate resistance mechanisms in bacteria. In 

fact, it was shown that when dealing with multidrug-resistant strains, delivery 

systems containing DES can act faster to eradicate bacterial infection than 

commercialized formulations (48 vs.72h). Moreover, the beneficial partnership of 

DES and biopolymers can even help active ingredients, such as photosensitizers, 

to have antimicrobial action against multidrug-resistant bacterial strains in ex vivo 

skin samples, when systems without these solvents cannot exert any effect.  

All the described studies highlight the need to carefully select the DES 

components and their concentration to obtain a biocompatible drug delivery system. 

Since all the DES components were selected according with the administration 
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route, to minimize toxicity in the delivery site and given the selection of 

biocompatible biopolymers (such as pullulan and alginate), all presented low 

associated cytotoxicity (with cell viabilities > 80%).  

The knowledge acquired with these studies also emphasizes the versatility of 

DES formulations, and that they can be combined with different active ingredients 

and directly incorporated in different material-based systems for distinct drug 

delivery purposes. This means a wide variety of opportunities for DES in the 

pharmaceutical field. Given the potential demonstrated so far, DES usage can 

envisage the development of more effective therapies and in the future their final 

approval in the pharmaceutical market. 

 

Future work 

However, there is still a significant path to follow until the complete 

understanding and adjustment of the use of DES in drug delivery systems. This 

knowledge will be fundamental for their full acceptance and pharmaceutical 

application.  

DES application in the pharmaceutical context should be studied from simple 

to complex systems and, if possible, from in vitro to in vivo studies. When the 

gathered knowledge is sufficient, different animal models can be considered. These 

results will more easily prompt the pharmaceutical industry to accept these 

excipients and apply them in the new formulations. When considering the 

development of oral drug delivery systems, pharmacokinetic and pharmacodynamic 

studies are expected to be conducted.  

In the future, more studies should be dedicated to understanding the 

mechanisms of solubilization in DES aqueous media, to allow the fast and easy 

selection of DES for a specific pharmaceutical application. Furthermore, stability 

studies concerning DES and active ingredients should probe for possible 

degradation products that can impact systemic safety. 

Regarding the interaction of DES and other formulation components, insights 

into the molecular impact of DES should be assessed. For example, the parameters 

governing the influence of DES in the thermo-responsive behavior of polymers 

should be identified. Furthermore, the interaction of DES and biopolymers deserves 
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a more dedicated look, exploring the impact of the different DES in the distinct 

biopolymers. For this purpose, different combinations should be encouraged for the 

easier selection of both components in future drug delivery design.  

Finally, the research of the effect of the DES in the therapeutic efficacy of 

active pharmaceutical ingredients should be a main goal. The different mechanisms 

by which DES improve the action of the different pharmacological classes of drugs 

must be enlightened to allow to tune and select the best mixture for the intended 

therapeutic purpose.  
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