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Formulação de uma plataforma de entrega de fármacos para a libertação de ácido 5-

aminossalicílico no trato gastrointestinal 

Resumo 

Com o aumento da incidência de doenças inflamatórias intestinais (DII), a necessidade de desenvolver e 

administrar novas terapias é cada vez maior. O ácido 5-aminosalicílico (5-ASA) é um anti-inflamatório não 

esteroide frequentemente prescrito a pacientes com doença inflamatória intestinal leve, devido à sua 

segurança e eficácia em certos estados da doença. No entanto, apresenta algumas limitações em estados 

mais agravados da doença e, em particular, em doença de Crohn, o que realça a necessidade de 

desenvolver novos sistemas de entrega que melhorarem o seu perfil farmacocinético. 

Este trabalho tem como objetivo avaliar o uso de recombinâmeros tipo-elastina (elastin-like 

recombinamers, ELR) para a formulação de sistemas de entrega de fármacos, focando especificamente 

no encapsulamento e libertação de 5-ASA para aplicação em terapias de DII. Os ERL são polímeros 

proteicos produzidos por engenharia genética, inspirados na tropoelastina de mamíferos, que têm sido 

amplamente estudados para aplicações biomédicas. Uma característica notável dos ELR é a sua 

transição de fase dependente da temperatura. Quando sujeitos a um estímulo térmico, estes polímeros 

proteicos auto-organizam-se, formando aglomerados proteicos, num processo completamente reversível. 

Neste trabalho, o polímero proteico A200 – um ELR composto por múltiplas repetições do pentâmero 

VPAVG – foi avaliado relativamente à capacidade de encapsular e libertar 5-ASA. Devido ao seu 

comportamento de transição de fase reversível, a purificação de A200 foi conseguida com recurso a 

ciclos de aquecimento/arrefecimento, evitando assim a utilização de processos cromatográficos 

complexos. Este comportamento termorresponsivo foi explorado para o encapsulamento de 5-ASA em 

condições não agressivas nomeadamente, em PBS e 37 ºC. A eficiência do sistema de A200 foi avaliada 

através da determinação da capacidade de encapsulamento (expressa em termos de quantidade de 

fármaco encapsulado e capacidade de carga) e cinética de libertação do fármaco, usando espetroscopia 

de absorção e fluorescência para a quantificação de 5-ASA. A cinética de libertação cumulativa foi 

avaliada por ajuste dos dados experimentais a uma série de diferentes modelos cinéticos, sugerindo um 

mecanismo de difusão. Este trabalho contribui para o aumento do conhecimento sobre o potencial de 

ELR como plataformas de entrega de fármacos, focando no encapsulamento e libertação de moléculas 

bioativas. 

Palavras-chave: Ácido 5-aminosalicílico, doenças inflamatórias intestinais, entrega de fármacos, 

recombinâmeros tipo elastina  
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Formulation of a drug delivery platform for the release of 5-aminosalicylic acid in the 

gastrointestinal tract 

Abstract 

As the incidence of inflammatory bowel disease (IBD) increases, the need to design and administer new 

therapies also increase. 5-aminosalicylic acid (5-ASA), a nonsteroidal anti-inflammatory drug, is commonly 

prescribed to inflammatory bowel disease patients with mild disease due to its safety and effectiveness 

in earlier disease stages. However, it presents some limitations in advanced disease stages, particularly 

in Crohn’s disease, which highlights the need to develop new delivery systems to improve its 

pharmacokinetic profile.  

The present work aims at assessing the use of elastin-like recombinamers (ELR) as a new drug delivery 

system, targeting the encapsulation and release of 5-ASAto apply in IBD therapy. ELR are genetically 

engineered protein polymers, inspired in the mammalian tropoelastin that have been widely studied for 

biomedical applications. A remarkable feature of ELR is the temperature-dependent phase transition 

behaviour. Upon a thermal stimulus, the protein molecules self-assemble into protein aggregates, in a 

fully reversible process. In this work, A200 – an ELR comprising multiple repetitions of the pentamer 

VPAVG – was evaluated for its ability to encapsulate and release 5-ASA. Due to the reversible phase 

transition behaviour, the recombinant A200 was easily purified by hot and cold cycles, avoiding the use 

of cumbersome chromatographic processes. This thermoresponsive behaviour was also exploited for the 

encapsulation of 5-ASA using mild conditions (PBS and 37 ºC). The efficiency of the A200-based system 

as a drug carrier was assessed by determination of drug loading (expressed as loading capacity and 

encapsulation efficiency) and release kinetics, using absorbance and fluorescence spectroscopy for 5-

ASA quantification. The cumulative release kinetics were evaluated by fitting the experimental data against 

a series of different release kinetic models. Results provide indications for the physical mechanistic 

processes behind drug release, indicating that it is dependent on diffusion and polymer swelling. This 

work contributed to expand the knowledge on ELR as drug delivery platforms, targeted to the 

encapsulation and release of bioactive molecules.  

 

Keywords: 5-aminosalicylic acid, drug delivery, elastin-like recombinamers, inflammatory bowel disease 

  



vii 
 

Table of Contents 

LIST OF ABBREVIATIONS ................................................................................................................................ VIII 

LIST OF FIGURES .............................................................................................................................................. XI 

LIST OF TABLES .............................................................................................................................................. XIII 

1. INTRODUCTION ....................................................................................................................................... 1 

1.1. INFLAMMATORY BOWEL DISEASE ................................................................................................................. 1 

1.2. 5-AMINOSALICYLIC ACID ............................................................................................................................ 4 

1.2.1. Physicochemical and pharmacokinetic properties .......................................................................... 5 

1.2.2. Clinical significance ......................................................................................................................... 6 

1.2.3. 5-ASA drug carriers .......................................................................................................................... 8 

1.3. ELASTIN-LIKE RECOMBINAMERS ................................................................................................................. 15 

1.4. OBJECTIVES ........................................................................................................................................... 17 

2. MATERIALS AND METHODS .................................................................................................................. 18 

2.1. BIOLOGICAL MATERIAL AND CULTURE MEDIA ................................................................................................ 18 

2.2. PROTEIN EXPRESSION AND PURIFICATION .................................................................................................... 18 

2.3. SDS-PAGE ........................................................................................................................................... 19 

2.4. CHARACTERIZATION OF THE SELF-ASSEMBLY ................................................................................................. 20 

2.4.1. Determination of the transition temperatures .............................................................................. 20 

2.4.2. Particle size distribution and surface charge ................................................................................. 21 

2.4.3. SEM analysis .................................................................................................................................. 22 

2.5. QUANTIFICATION OF 5-ASA BY ABSORBANCE AND FLUORESCENCE ................................................................... 22 

2.5.1. Absorbance spectrum and calibration curve ................................................................................. 22 

2.5.2. Fluorescence spectrum and calibration curve ............................................................................... 22 

2.6. DRUG LOADING AND RELEASE ................................................................................................................... 23 

2.6.1. Drug loading .................................................................................................................................. 23 

2.6.2. Cumulative drug release ................................................................................................................ 24 

2.7. ATR-FTIR ANALYSIS ............................................................................................................................... 27 

3. RESULTS AND DISCUSSION .................................................................................................................... 27 

3.1. ELR PRODUCTION AND PURIFICATION ......................................................................................................... 27 

3.2. ELR CHARACTERIZATION .......................................................................................................................... 30 

3.2.1. Thermal transition properties........................................................................................................ 30 

3.2.2. Particle size and surface charge .................................................................................................... 32 

3.3. DETERMINATION OF CALIBRATION CURVES................................................................................................... 35 

3.4. DRUG ENTRAPMENT AND RELEASE ............................................................................................................. 38 

3.5. RELEASE KINETICS MODELS ....................................................................................................................... 44 

3.6. PARTICLE MORPHOLOGY .......................................................................................................................... 47 

4. CONCLUSIONS AND FUTURE PERSPECTIVES .......................................................................................... 48 

5. REFERENCES .......................................................................................................................................... 50 

6. ANNEXES ............................................................................................................................................... 63 

 
  



viii 
 

List of Abbreviations 

5-ASA – 5-aminosalicylic acid 

A – L-Alanine 

AdR2 – Adjusted R2 

AIC – Akaike information criterion 

ATR-FTIR – Attenuated total reflectance Fourier transform infrared spectroscopy 

BMPs – Bone morphogenetic proteins 

CD – Crohn’s disease 

COX – Cyclooxygenase  

CRC – Colorectal cancer 

CS – Cooling stage 

DLS – Dynamic light scattering 

DMP – Dexamethasone phosphate 

DSC – Differential scanning calorimetry 

EE – Encapsulation efficiency 

ELP – Elastin-like polypeptides 

ELR – Elastin-like recombinamers 

ELS – Electrophoretic light scattering 

G – Glycine  

GIT – Gastrointestinal tract 

HPA – Hypothalamic-pituitary-adrenal 

HPLC – High performance liquid chromatography 

HS – Heating stage 

IBD – Inflammatory bowel disease 



ix 
 

IFN-γ – Interferon gamma 

IL – Interleukin(s) 

ITC – Inverse transition cycling 

ITT – Inverse temperature transition 

IUPAC – International Union of Pure and Applied Chemistry  

K – L-Lysine  

Kan - kanamycin 

LB – Lysogeny broth 

LC – Loading capacity 

MMX® – Multi matrix 

MSC – Model selection criterion 

MWM – Molecular weight marker 

NAT – N-acetyl transferase 

NF-κB – Nuclear Factor-Kappa B 

NSAID – Nonsteroidal anti-inflammatory drug 

OD – Optical density 

P – Proline  

PBS – Phosphate-buffered saline 

PCL – Poly(ε-caprolactone) 

PDI – Polydispersity index 

PLA – Poly(lactic acid) 

PLGA – Poly(lactic-co-glycolic acid) 

PPARγ – Peroxisome proliferator-activated receptors γ 



x 
 

RI – Refractive index 

SCFAs – Short-chain fatty acids 

SD – Standard deviation 

SDS-PAGE – Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SEM – Scanning electron microscopy 

TB – Terrific broth 

TBlac – Terrific broth supplemented with 2 g/L of lactose 

TE – Tris-EDTA 

TNF-α – Tumour necrosis factor-alpha 

Ts – Dissolution temperature 

Tt – Transition temperature 

UC – Ulcerative colitis 

V – Valine 

ZP – Zeta potential 

 

 

  



xi 
 

List of Figures 

Figure 1 - Chemical structures of 5-ASA and its most common prodrugs. .............................................................. 5 

Figure 2 – Proposed 5-ASA anti-inflammatory mechanism and excretion. It is worth noting that NAT metabolism 

and subsequent excretion is a continuous process, even at high concentrations. The key difference stands in the 

fact that at high concentrations NAT conversion rate is not high enough to inactivate all 5-ASA in the 

epithelium. .............................................................................................................................................................. 7 

Figure 3 - Schematic representation of protein purification by ITC. ..................................................................... 20 

Figure 4 - Representation of the temperature program used for DSC analysis. ................................................... 21 

Figure 5 – Schematic representation of the methodology used for cumulative release assessment. Cr is the 

amount (in mg) of 5-ASA released up to that point, CFn and CTPn are the concentrations (in mg/mL) at a given 

time point n (CFn = CTPn for the same n), VFn is the volume of the working solution at the point n (1 mL) and VTPn, 

is the volume of the sample taken at the time point n (200 µL). Colours were assigned according to the number 

of the time point.................................................................................................................................................... 26 

Figure 6 - SDS-PAGE gels representing the purification of A200 by ITC. Gels were stained with (a, b) CuCl2 and (c, 

d) Coomassie blue. The red arrow points to the protein band corresponding to A200. Lane 1 – cell crude extract; 

lane 2 – supernatant after sonication and acidification; lane 3 – supernatant of the 1st heating cycle; lane 4 – 

pellet of the 1st heating cycle; lane 5 – pellet of the 1st cooling cycle; lane 6 – supernatant of the 1st cooling 

cycle; lane 7 – supernatant of the 2nd heating cycle; lane 8 – pellet of the 2nd cooling cycle; lane 9 – 

supernatant of the 2nd cooling cycle. MWM – molecular weight marker (NZYColour Protein Marker II). .......... 29 

Figure 7 - DSC thermograms obtained for A200 samples in water (black) or PBS (red) solutions. The endothermic 

peak during the heating stage relates with the phase transition from the soluble to the insoluble state (self-

assembly) and corresponds to the Tt. The exothermic event during the cooling stage relates with the 

resolubilization of the self-assembled protein polymer and corresponds to the dissolution temperature Td. ..... 30 

Figure 8 – Size distribution histograms of A200 at different concentrations in PBS and ultra-pure water obtained 

by dynamic light scattering. .................................................................................................................................. 33 

Figure 9 – Schematic representation of the different aggregation mechanisms for diblocks comprising 200 

repetitions of hydrophobic sequence (in red) and 60 (top) or 30 (bottom) repetitions of the hydrophilic block (in 

blue). Reproduced with permission from Widder et al. (2017) 130. ....................................................................... 34 

Figure 10 - Absorbance (black, primary axis) and emission (green, secondary axis) spectra of 5-ASA. Dashed 

lines indicate the absorbance peak at 332 nm and the fluorescence emission peak at 504 nm. .......................... 36 

Figure 11 - Absorbance (a) and fluorescence (b) calibration curves for the quantification of 5-ASA. For each 

concentration, a total of 9 measurements were performed and plotted with a linear regression. ...................... 37 

Figure 12 -  Infrared spectra of powder 5-ASA (light green), dried A200 (orange) and dried A200 with 5-ASA 

(dark grey), obtained by AT-FTIR. Transmittance values were normalized. .......................................................... 40 

Figure 13 – Predicted charges of lysine and 5-ASA according to their pKa values. The vertical lines and values 

indicate the pKa values for each molecule and the dashed line represents the pH of PBS. .................................. 41 

Figure 14 - Mean curve for the cumulative 5-ASA release over time (1 h, 2 h, 4 h, 8 h, 24 h and 48 h) determined 

from four independent assyas, each in triplicate. ................................................................................................. 43 



xii 
 

Figure 15 - Drug release kinetics curve fitted with the A) Korsmeyer-Peppas and B) Korsmeyer-Peppas with Tlag, 

using DDSolver. ..................................................................................................................................................... 46 

Figure 16 - SEM micrographs for unloaded A200 particles (left) and 5-ASA loaded particles (right). .................. 47 

 

  



xiii 
 

List of tables 

Table 1 - Mode of action and potential side effects of common IBD therapeutic drugs. ........................................ 2 

Table 2 - Microparticulate and nanoparticulate systems for the controlled release of 5-ASA. ............................ 10 

Table 3 – Combinatorial design with letter-number codification used for the initial optimization studies. A letter 

code was attributed to the different ELR concentrations, from A to C in decreasing order. A number code was 

attributed to the different 5-ASA concentrations, from 1 to 5 in decreasing order. ............................................. 23 

Table 4 – Drug release kinetic models and respective mathematical expressions. .............................................. 26 

Table 5 - Values of Tt and Td for the A200 samples in water and in PBS, calculated from the peaks of the DSC 

run. ........................................................................................................................................................................ 31 

Table 6 – Mean size (Z-average) and polydispersity index (PDI) values of A200 in PBS at 37 ºC and A200 in water 

at 37 ºC analysed by dynamic light scattering. ..................................................................................................... 34 

Table 7 – Zeta potential values obtained for the samples in PBS and water, obtained via the Zetasizer software.

 .............................................................................................................................................................................. 35 

Table 8 - Average encapsulated concentration (in mg/mL) determined from the combinatorial design. A letter 

code was attributed to the different ELR concentrations, from A to C in decreasing order. A number code was 

attributed to the different 5-ASA concentrations, from 1 to 5 in decreasing order. [5-ASA]i stands for initial 5-

ASA concentration and [A200] stands for A200 concentration. ............................................................................ 38 

Table 9 – Average encapsulation efficiency (in percentage) determined from the combinatorial design. A letter 

code was attributed to the different ELR concentrations, from A to C in decreasing order. A number code was 

attributed to the different 5-ASA concentrations, from 1 to 5 in decreasing order. [5-ASA]i stands for initial 5-

ASA concentration and [A200] stands for A200 concentration. ............................................................................ 38 

Table 10 – EE and LC values of A200 nanoparticles vs. other reported 5-ASA nanoparticle delivery systems. 

Reports without any mentioned EE and LC values were not included. N/A (not available). ................................. 42 

Table 11 – Results of the cumulative drug release over time. .............................................................................. 43 

Table 12 – Drug release kinetic models and respective fitting parameters AdR2, AIC and MSC for the cumulative 

release assay. In all equations, F stands for the fraction (%) of drug released at time t. k0 is the zero-order 

release constant; k1 is the first-order release constant; Fmax is the maximum fraction of drug released at 

infinite; Tlag is the lag time preceding drug release; kH is the release constant for the Higuchi model; kHC is the 

release constant for the Hixton-Crowell model; kKP is the release constant for the Korsmeyer-Peppas model; n is 

the diffusional exponent; F0 is the fraction for the initial burst release. .............................................................. 45 

 

 



1 
 

1. Introduction 

1.1. Inflammatory bowel disease 

Inflammatory bowel disease (IBD) is the general term for a condition that causes inflammation across the 

gastrointestinal tract (GIT). Its two main forms include Crohn’s disease (CD) and ulcerative colitis (UC), 

both being characterized by chronic recurrent bowel inflammation. CD is characterized by inflammation 

in any part of the GIT in non-continuous segments and commonly causes abscesses, fistulas and 

strictures. On the other hand, UC is associated with a general mucosal inflammation and is limited to the 

colon 1. IBD is a condition that affects the worldwide population, with increasing incidence over the past 

years 2,3. In newly industrialized countries of Africa, Asia and South America, a rising level of incidence 

has been reported. Still, the highest prevalence of IBD is reported in European countries – 505 per 

100 000 person-years for UC in Norway and 322 per 100 000 person-years for CD in Germany – and in 

North America – 286 per 100 000 person-years in the USA and 319 per 100 000 person-years in Canada 

4. Although no direct cause is established, it is well accepted that the IBD pathogenesis is the result of an 

excessive and dysregulated immune response to the intestinal microbiota, with genetic and environmental 

factors playing a major role in the development of the disease 1,5–7. 

IBD is not a particularly dangerous disease mortality-wise. However, patients suffering from IBD have a 

higher risk of developing colorectal cancer (CRC), other gastrointestinal diseases, infections and 

respiratory diseases, which leads to a slightly higher mortality rate compared to the general population 8–

10. The main concern with this disease is related with its substantial morbidity because symptoms persist 

throughout life with social, psychological and physical implications 11. Most patients report urgency of 

bowel movements and/or losing control over them, abdominal pain and/or cramps and fatigue, among 

various other symptoms 12. It is also known that IBD causes extraintestinal manifestations in some patients 

which include anaemia, nutritional deficiencies, arthritis and lesions 13. One aspect often overlooked is the 

mental health impact of the disease. IBD patients show a higher percentage of anxiety and depressive 

symptoms compared to the general population and the management of these symptoms may play an 

important role in the disease’s treatment 14,15. 

There is no known cure for IBD and, therefore, current therapies attempt to mitigate symptoms, stop the 

disease’s progression and overall improve quality of life. Approximately 20 % to 30 % of UC patients and 

about half of CD patients require surgery in order to remove obstruction, mass or abscess within 10 years 

of diagnosis 13. Therefore, pharmaceutical treatments have been employed to delay or prevent surgery, 
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ideally not increasing the risk of other serious conditions. Being an autoimmune disease, the therapeutic 

approach is to repress the excessive immune response by immunosuppressive and anti-inflammatory 

drugs which can have various potential negative effects. The excessive immune response in IBD patients 

is due to an antigen-specific activation of various lymphocytes present in the intestinal mucosa, induced 

by microorganisms present in the gut microbiota. This results in an increase in proinflammatory cytokines 

such as tumour necrosis factor alpha (TNF-α), interferon gamma (IFN-γ) and interleukins (IL) and 

ultimately inflammatory damage in the gut 16. There are three main types of drugs presently used in IBD 

pharmaceutical treatment: corticosteroids, biologics/immunosuppressants and aminosalicylates (table 

1). 

 

Table 1 - Mode of action and potential side effects of common IBD therapeutic drugs. 

Therapy Mode of action Potential side effects Reference 

Aminosalicylates PPARγ-like inhibition of 

proinflammatory 

prostaglandins, leukotrienes 

and cytokines. 

Rash, diarrhoea, headache, fever, 

abdominal pain, impaired renal 

function, dyspepsia, oedema, dizziness, 

constipation, arthalgia 

17 

Corticosteroids Transcription inhibition of 

genes in the production of 

proinflammatory cytokines 

Hyperglycaemia, electrolyte imbalance, 

fluid retention, hyperlipidaemia, hepatic 

steatosis, emotional disturbances, 

psychosis, pseudotumour cerebri, 

glaucoma, cataracts, acne, impaired 

wound healing, skin atrophy, dyspepsia, 

osteonecrosis, osteoporosis, myopathy, 

hypertension, increased infection risk, 

hypothalamic-pituitary-adrenal (HPA) 

axis suppression, growth retardation in 

children 

18 

Biologics/ 

immunosupressants 

Monoclonal antibodies that 

bind to TNF-α, integrins or 

interleukins, stopping 

proinflammatory cascades 

Leucopoenia, thrombocytopenia, 

anaemia, psoriasis, psoriasiform 

lesions, erythema nodosum, cardia 

failure, second and third-degree heart 

block, arrythmias, demyelination, 

increased infection risk, melanoma, 

nonmelanoma skin cancer, lymphoma, 

leukoencephalopathy 

19 
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Corticosteroids tend to be used in patients with moderate to severe disease. These drugs bind to 

glucocorticoid receptors and inhibit the transcription of genes involved in the production of inflammatory 

cytokines such as IL-1, IL-6 and TNF-α, while also inhibiting protein synthesis by affecting the stability of 

mRNA 20. Corticosteroids are effective in inducing remission in both UC and CD and have improved long-

term survival rates of IBD patients 13,20,21. However, corticosteroids typically have a systemic distribution 

and induce serious side effects; thus, their use should be avoided in maintenance therapies and side 

effects should always be monitored during treatment. Side effects include loss of bone marrow, 

hyperglycaemia, psychosis, cataracts, impaired wound healing, osteoporosis, growth retardation in 

children and hypothalamic-pituitary-adrenal axis suppression, among many others, worsened with higher 

doses and prolonged administration times 18. Notwithstanding, efforts have been made to increase 

corticosteroid efficacy and safety, which led to the second generation of these drugs. Budesonide is one 

of the best examples of second-generation glucocorticosteroids in IBD. It is characterized by a high topical 

activity and a low systemic distribution, decreasing the frequency or intensity of side effects 22. 

In cases of severe disease, maintenance therapy or when corticosteroids are contraindicated, 

immunosuppressants and biological therapies should be considered 13. Immunosuppressants such as 

azathioprine and methotrexate inhibit nucleic acid synthesis, leading to a decrease in T cell proliferation 

and cytokine production, ultimately suppressing immune response  23,24. Immunosuppressants play an 

important role in patients who have become steroid dependent 25, although associated with potentially 

serious side effects 23,26. Biological agents show a good capacity to induce and maintain remission 27,28, and 

are primarily monoclonal antibodies that target and specifically bind to TNF-α, integrins or interleukins, 

stopping proinflammatory cascades and its effects 29,30. As expected, the major downside of these drugs 

are the side effects. Potential side effects include a higher risk of infection by virus, fungi, bacteria and 

opportunistic species (tuberculosis being one of the most notorious cases), skin disorders, higher 

frequency of heart failure, autoimmune disorders and demyelination 19,30,31. 

Aminosalicylates are nonsteroidal anti-inflammatory drugs (NSAID) and have been the most used drugs 

in therapies for IBD, with 5-aminosalicylic acid (5-ASA) being the active moiety. Aminosalicylates can be 

administered in many forms and manage localized inflammation with few side effects, making them a 

versatile and safe option 32. Despite its mode of action not being fully understood, some proposed 

mechanisms include inhibition of proinflammatory molecules like prostaglandins, leukotrienes and some 

cytokines, similarly to the activation of PPARγ 33. 5-ASA has demonstrated high efficiency in the treatment 
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of mild to moderate UC although showing limited action in the treatment of CD. Nevertheless, it is still 

being prescribed to CD patients 34. 

 

1.2. 5-aminosalicylic acid 

5-aminosalicylic acid, commonly known as mesalazine, is the first line in step-up therapies of IBD and 

particularly effective in mild to moderate UC. Its prodrug sulfasalazine (or salazopyrin), consists of a 

sulfapyridine moiety coupled to 5-ASA by an azo bond (-N=N-) (figure 1), and has been known to be 

effective in UC treatment for over 70 years 35. It was originally designed to target rheumatoid arthritis, 

which was thought to have a bacterial aetiology and sulphonamides were the first effective antibacterial 

drugs to be discovered 36.  However, it took near 60 years to consider 5-ASA as the drug moiety of choice 

to treat IBD, which happened due to the increased intolerance and allergy risk of the sulfapyridine group 

17.  

Sulfasalazine, as in all azo-bound prodrugs, is converted to 5-ASA in the colon. It is proposed that colonic 

bacterial enzymes are responsible for catalysing this reaction, although non-enzymatic reduction of azo-

bonds has also been demonstrated 37. Other 5-ASA azo bound prodrugs include olsalazine and balsalazide. 

While olsalazine is a 5-ASA dimer, i.e., two 5-ASA molecules bound by an azo bond, the carrier moiety of 

balsalazide is 4-aminobenzoyl-β-alanine, an inert molecule. Although olsalazine is associated with an 

increased risk of diarrhoea, these prodrugs show a higher tolerance than sulfasalazine and with similar 

results in the of clinical remission in UC 38–40. 
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Figure 1 - Chemical structures of 5-ASA and its most common prodrugs. 

 

1.2.1. Physicochemical and pharmacokinetic properties  

The International Union of Pure and Applied Chemistry (IUPAC) nomenclature for 5-ASA is 5-amino-2-

hydroxybenzoic acid. It has a molecular weight of 153.14 g/mol, 3 hydrogen bond donors and 4 hydrogen 

bond acceptors, and appears as odourless white to pinkish crystals or purplish-tan powder. Its solubility 

in water at 20 °C is 0.84 g/mL and it is insoluble in ethanol. It has 2 dissociation constants, with 

estimated pKa values of 2.30 for the carboxyl group and 5.69 for the amine group 41. At pH 7, such as in 

the intestinal environment, 5-ASA is in its monoanionic form, i.e., with a net charge of -1 due to the loss 

of the carboxyl proton. In aqueous solutions, the monoanion (HASA-), neutral (H2ASA) and monocation 

(H3ASA+) forms of 5-ASA present absorption peaks at 332 nm, 298 nm and 303 nm respectively, showing 

high Stokes’ shifts with emissions at 505 nm, 405 nm and 465 nm 42.  

Without any delivery systems or unbound as a prodrug, most of 5-ASA is absorbed in the stomach and 

small intestine, meaning that only approximately 20 % of the administered dose reaches the terminal 

ileum and colon 43,44. Upon absorption, 5-ASA can either be metabolized to N-acetyl-5-aminosalicylic acid 

by N-acetyltransferase (NAT), an inactive compound that is excreted by the kidneys or in the faeces, or is 

transported into the tissue where it will perform its action 44,45.  
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Low doses of 5-ASA typically show no effect in the clinical remission of IBD, comparing with high doses 

46–48. This dose-dependency can be explained by NAT metabolism. At low concentrations, 5-ASA is 

converted by NAT. At higher concentrations, NAT reaction rate is not high enough to convert all the 

absorbed 5-ASA, resulting in higher intestinal concentrations and consequently, increased 

pharmacological effect 45. Interestingly, inflammation is linked to decreased 5-ASA metabolism, which can 

mean an increased drug efficacy in IBD patients that show higher inflammation. Thus, the use of NAT 

inhibitors in combination with this drug may represent a promising treatment approach 49. Nevertheless, 

the concentration of 5-ASA reaches a point above which no significant improvements are observed, 

suggesting a saturation point. In vivo, an oral daily administration of 5-ASA in the range of 1.2 g to 2.4 g 

demonstrated to be correlated with rising concentrations in the rectal tissue, but no significant increase 

was observed from 2.4 g to 4.8 g 50. Most likely, when the oral daily intake is 1.2 g and 2.4 g, the drug 

concentration in the intestine is kept above the NAT metabolism saturation point and its concentration in 

the tissue rises. Close to 2.4 g daily intake, the tissue concentration stabilizes due to saturation of mucosal 

transport and any free 5-ASA is metabolized to N-acetyl-5-ASA by the liver and excreted in the urine 44,45. 

 

1.2.2. Clinical significance 

Many theories have been proposed to describe the mode of action of 5-ASA; however, its underlying 

mechanisms of action are still not fully understood. Since it shares some structural and pharmacological 

properties with common NSAIDs such as acetylsalicylic acid (aspirin) and acetaminophen (paracetamol), 

it is likely that 5-ASA functions as an inhibitor of 5-lipoxygenase and cyclo-oxygenases enzymes (COX-1 

and COX-2), thus preventing synthesis of prostaglandins and leukotrienes, which are involved in 

proinflammatory response 33,44,51,52. Although both COX enzymes catalyse the same reactions, their 

functions are different: COX-1 synthesises prostaglandins essential for physiological functions, whereas 

COX-2 is inducible by proinflammatory cytokines, growth factors and tumour promoters in several cell 

types, playing a crucial role in tumour initiation, promotion and progression 51. 

It is known that 5-ASA’s action depends on more interactions other than COX inhibition. It is hypothesized 

that it leads to the activation of peroxisome proliferator-activated receptors gamma (PPARγ), which are 

highly expressed in the colonic epithelial cells, ultimately leading to an anti-inflammatory response that 

includes the decreased activation of Nuclear Factor-Kappa B (NF-κB), a nuclear transcription factor that 

plays an important role in the expression of proinflammatory genes such as cytokines, chemokines and 

adhesion molecules 53,54. 
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It is also possible that 5-ASA has immunosuppressive effects. It has been found capable of inhibiting T-

cell proliferation and activation, and phagocytosis of polymorphonuclear leukocytes and macrophages 36. 

Figure 2 summarizes 5-ASA interactions in the intestinal epithelium. 

 

 

Figure 2 – Proposed 5-ASA anti-inflammatory mechanism and excretion. It is worth noting that NAT metabolism and 

subsequent excretion is a continuous process, even at high concentrations. The key difference stands in the fact that at high 

concentrations NAT conversion rate is not high enough to inactivate all 5-ASA in the epithelium. 

 

Aminosalicylates, in general, demonstrate great results in mild to moderate UC and are typically the first 

medications to be prescribed in both forms of IBD. These can be administered in two major routes: orally 

or topically 13,55. 5-ASA (and other aminosalicylates) shows a great capacity to not only induce remission, 

but also in preventing clinical relapse, while being well tolerated by UC patients, in either administration 

routes 39,46,56. The topical administration of 5-ASA is typically employed in left-sided colitis, while the oral 

administration is applied to patients with more extensive disease. When prescribed to CD patients, 5-ASA 

seems to be able to maintain surgically-induced clinical remission 48, but has demonstrated to be 

ineffective in inducing remission 13,47,57. 
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The increased risk of developing CRC should be always considered in IBD therapies. 5-ASA has shown 

repeated evidence suggesting antineoplastic and inhibition of CRC cells proliferation caused by PPARγ 

activation, NF-κB dependent mechanisms (which may be a result of PPARγ activation) and COX-2 

inhibition 51,58–60. It is also reported that long-term administration of 5-ASA reduces transcription of cancer-

associated genes 61. This is a great advantage since CRC is one of the most serious conditions associated 

with both UC and CD. Another major advantage of using 5-ASA as therapeutic drug is the decreased 

frequency and seriousness of adverse effects. Mild side effects include dyspepsia, rash, headache and 

dizziness, while rare but more serious events include alveolitis, nephritis, pancreatitis and decreased 

fertility 17,44. Moreover, the frequency of adverse events is low and often comparable to placebo 17,38,44. 

In short, 5-ASA is still pointed as a viable treatment option in IBD patients, showing great results in mild 

to moderate UC, in the prevention of CRC, and presents a low frequency and seriousness of side effects. 

 

1.2.3. 5-ASA drug carriers 

Due to its attractive therapeutic properties, 5-ASA has received a lot of attention over the years. This led 

to continuous efforts in developing excipients and formulations in order to improve its pharmacokinetic 

properties, especially in controlling its release. Oral formulations in particular, must be designed to stay 

intact throughout the GIT and release the drug in the colon. In order to successfully achieve this, there 

are some physiological aspects that can be exploited such as pH, transit time and the intestinal 

microbiome 62. pH-dependent formulations are amongst the most commonly used due to the pH 

differences throughout the GIT. While the stomach lumen is highly acidic, with a pH of 1-2 63, the small 

intestine can present a wide range of pH values. At the proximal small intestine, it varies from 5.5 to 7 

and, at the distal small intestine, it can range from 6.5 to 7.5 in healthy individuals and between 7 to 8 

in IBD patients 64. Finally, at the colon, pH can range from 5.5 to 7.5 in healthy individuals and from 2.3 

to 7.3 in IBD patients 65. This means that these kind of formulations can target a location within the GIT 

by dissolving at a specific pH  For instance, the most common formulations dissolve at pH ≥ 6.5 or pH ≥ 

7, typically starting to release the drug in the distal small intestine 65. 

Regarding transit time, UC patients are reported to have shorter transit times than healthy individuals and 

with significant time variations 62,66. This indicates that transit time is not an adequate approach for colon-

targeted drug delivery, even though it should always be considered. As previously mentioned, the most 

common 5-ASA prodrugs are converted to its active form with the hydrolysis of the azo-bond by bacteria 
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from colon microbiota. Since most bacteria present in the colon are also capable of anaerobic 

fermentation of non-starch polysaccharides, which are typically not absorbed in the intestine, these have 

also been explored for the development of colon-specific drug delivery 67. 

There are two main types of 5-ASA formulations: oral and topical/rectal. The most common oral 

formulations include pills and tablets made of polymers that dissolve in response to certain conditions, 

such as gastrointestinal pH or time in solution 33. The most common examples of orally delivered 5-ASA 

formulations are Asacol® and Pentasa® tablets, which are made with Eudragit® and ethylcellulose 

respectively. Eudragit® is the brand name of a great number of polymethacrylate copolymers with the 

ability to dissolve at certain pH ranges, and it is found in many commercialized intestine-targeted 

formulations 68. On the other hand, topical formulations typically consist in suppositories, suspensions 

and foams. While these can present great results when compared to oral formulations, patient compliance 

is lower due to discomfort and inconvenience 69,70. 

Even with several different formulations on the market, research and development of novel 5-ASA drug 

carriers is still ongoing with the main goal to improve its effectiveness. Micro- and nanoparticulate delivery 

systems have been receiving a lot of attention in the past years for their attractive properties and ability 

to improve pharmacokinetics compared to conventional formulations 62. Some relevant properties to be 

considered in these systems are size and surface charge 62. Nano-scale carriers seem to selectively 

accumulate in inflamed tissue compared to healthy tissue in a size-dependent manner 71,72. One proposed 

mechanism for this phenomenon is based on the higher number of antigen-presenting cells in inflamed 

tissue, which have the ability to phagocyte bacteria and smaller particles 71. Surface charge also plays a 

role in the adhesion of particles in the colon. Positively charged particles adhere to the negatively charged 

mucins present in intestinal mucosa 62. On the other hand, negatively charged particles adhere to the 

inflamed tissue due to a higher concentration of positively charged eosinophil proteins and transferrin; 

however, this is dependent on the ability of particles to penetrate into the mucous layer, which is 

associated with smaller particles 62. Numerous micro- and nanoparticulate delivery systems have been 

proposed as vehicles for 5-ASA controlled release. The most relevant 5-ASA micro- and nanoparticle 

delivery systems are summarized in table 2. 
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Table 2 - Microparticulate and nanoparticulate systems for the controlled release of 5-ASA. 

Material Formulation Release mechanism Reference 

SiO2 Covalently bonded 5-ASA-SiO2 

nanoparticles 

The small particle size is linked to an 

accumulation in inflamed tissue, where the 

bond is enzymatically degraded, releasing 

the drug 

73,74 

 Mesoporous silica microparticles The mesoporous particles are loaded with 

hydrocortisone and the olsalazine groups at 

its surface prevent it from releasing; 

reaching the colon, olsalazine is hydrolysed 

and both drugs are release 

75 

 Diatom silica microparticles 5-ASA is released from the porous 

microparticles by diffusion  

76 

 SBA-16 silica nanoparticles coated 

with Eudragit® polymers 

In colonic pH, the Eudragit® coatings 

dissolve, allowing the drug to diffuse from 

the pores to the colon 

77 

Chitosan Chitosan-Ca-alginate microparticles Chitosan is degraded by colonic bacteria 

and at pH ≥ 6.5 the complex slowly erodes, 

releasing the drug 

78 

 Thiolated chitosan-alginate 

mucoadhesive microparticles 

coated with Eudragit® S 100 

The Eudragit® S 100 coating dissolves at pH 

≥ 7, allowing the release to happen 

exclusively in the colon 

79 

 Chitosan nanoparticles loaded with 

hydroxypropyl-β-

cyclodextrin/mesalazine inclusion 

complex 

While chitosan is degraded in the colon, the 

inclusion complex slowly swells and 

prolongs the drug release 

80 

 Chitosan-carboxymethyl starch 

nanoparticles 

The nanoparticles are eroded or degraded 

in the colon, slowly releasing the drug 

81 

 Rectally delivered chitosan 

microparticles 

Upon rectal delivery, chitosan adheres to 

the mucosa and delivers the drug over the 

course of several hours 

82 

Acetylated inulin Acetylated inulin microparticles Inulin is a prebiotic degraded by colonic 

bacteria, releasing both SCFAs and the drug 

83 

Starch Dissulfide-linked reduction-sensitive 

starch nanoparticles 

It is estimated that the particles would be 

internalized by macrophages, releasing the 

drug 

84 
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 Microcrystalline cellulose-starch 

microparticles coated with resistant 

starch films 

The starch films are resistant to enzymatic 

degradation and erosion, allowing for a 

more prolonged release 

 

85 

Carboxymethyl 

cellulose 

Carboxymethyl cellulose-rosin gum 

hybrid nanoparticles 

5-ASA is released by diffusion with a 

combination of swelling and erosion  

86 

Xylan Xylan-mesalazine nanoparticles The xylan-mesalazine nanoparticles are 

degraded by colonic bacteria, releasing the 

drug 

87 

 Xylan-Eudragit® S 100 

microparticles 

Eudragit® S 100 dissolves in colonic pH 

releasing the drug 

88 

Acemannan Acemannan-acrylonitrile 

nanoparticles 

When in pH 7.4, the polymer matrix swells 

and slowly releases the drug  

89 

Eudragit® S 100 Eudragit® S 100 nanoparticles Upon reaching the colon, Eudragit® S 100 

dissolves and releases the drug 

90 

PCL Mesalazine-PCL bound 

nanoparticles 

Binding the drug to the polymer with a 

covalent bond allows for a more prolonged 

release in the site of action 

91 

PLGA PLGA nanoparticles contained 

inside intestinal organoids  

Organoids target inflamed tissue, where the 

PLGA nanoparticles release the drug 

92 

PLA PLA microparticles 5-ASA is released by diffusion 93 

Carbopol® 971 Carbopol® 971-poly(2-ethyl-2-

oxazoline) complexes nanoparticles 

It is hypothesized that in colonic pH, the 

hydrogen bonds between Carbopol® 971 

and poly(2-ethyl-2-oxazoline) dissociate, 

releasing the drug 

94 

 

Silica-based systems 

Silica-based micro and nanoparticles are commonly used excipient due to easiness of preparation, ability 

to be surface-modified and safe toxicological profiles 62. For instance, surface-modified SiO2 nanoparticles 

with covalently attached 5-ASA have shown great results by preferably accumulating in inflamed tissue 

compared to healthy tissue. An increased mucous production in the inflamed areas leads to a selective 

adhesion and the higher abundance of immune cells can grant a selective uptake of nanoparticles 

compared with healthy tissue, which can be the key to efficacy in CD treatment 73,74. Recently, Teruel et 

al. reported the use of mesoporous silica microparticles for the dual delivery of olsalazine and 

hydrocortisone, showing great results as a colon-targeted therapy 75. In this delivery system, olsalazine is 

bound to the surface of the microparticles while hydrocortisone is entrapped inside the pores. When the 
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azo-bond of olsalazine is hydrolysed by colonic bacteria, both 5-ASA and hydrocortisone are released, 

delivering the two drugs simultaneously. Reports also show that diatom silica microparticles are very 

effective in delivering 5-ASA and prednisone with low toxicity, allying all the above mentioned advantages 

with a cost-efficient and eco-friendly production 76. Trendafilova et al. designed SBA-16 silica nanoparticles, 

a unique mesoporous system with suitable properties to target the delivery of 5-ASA to the colon 77. These 

particles have 3D porous channels and when coated with Eudragit® methacrylates show adequate release 

profiles for colon-specific drug release. 

 

Polymer-based systems 

Methacrylate derivatives such as Eudragit® are amongst the most widely used polymers in 5-ASA delivery 

systems due to the pH-dependent dissolution. Several studies report the use of Eudragit®-based materials 

for the development of micro- and nanoparticle delivery systems. Eudragit® S 100 have been used for the 

preparation of nanoparticles able to encapsulate 5-ASA with a loading efficiency near 60 % 90. This system 

presents the advantage of being dissolvable at pH ≥ 7, indicating its potential for colon-specific release. 

Other polymeric approaches involve the use of 5-ASA covalently bound to poly(ε-caprolactone) (PCL) 

nanoparticles, granting a slower release 91. This system resists degradation in the GIT before reaching the 

colon and the polymeric nanoparticles are further degraded in the inflammation tissue due to uptake by 

immune cells, allowing a drug release specific to inflamed sections of the GIT. Notably, this strategy 

allowed a 60-times higher efficiency compared to both the control group and the physical drug entrapment 

91. Still, the major obstacle of this system is the very limited number of potential drug binding sites. 

Another promising polymer is poly(lactic-co-glycolic acid) (PLGA) due to characteristics such as high 

deposition on inflamed regions and biodegradability. Organoids containing PLGA nanoparticles loaded 

with 5-ASA demonstrated to work as a Trojan horse against IBD, due to the preference of organoids to 

target inflamed tissue 92. Moreover, organoids were shown to grow normally with and without the presence 

of PLGA nanoparticles, showing the biocompatible nature of the polymer. Although further studies are 

needed, this system shows great prospects in IBD treatment.  

Poly(lactic acid) (PLA) has also been used to produce different microspheres capable of entrapping 5-ASA 

by varying the emulsifier concentration and the drug/polymer ratio, some of which were able to effectively 

entrap and release mesalazine 93. More recently, the use of Carbopol® 971 and poly(2-ethyl-2-oxazoline) 

complexes have been proposed, which can self-assemble into nanoparticles capable to successfully 
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encapsulate 5-ASA and delay its release 94. This novel formulation showed great variability depending on 

the polymer mixture and pH in which the system is prepared. 

 

Polysaccharide-based systems 

In addition to silica-based particle systems, a variety of polysaccharides have been also used for the 

production of micro and nanoparticle delivery systems. Chitosan, inulin, starch, cellulose, xylan and 

acemannan are amongst the polymers of choice as these are generally cheap, abundant, and 

biocompatible. Chitosan was one of the first polysaccharides to be used as microparticulate delivery 

system for 5-ASA, displaying mucoadhesive properties and the ability to be degraded by colonic bacteria, 

leading to colon-targeted delivery 95. Mladenovska and co-workers reported the formulation of chitosan-

Ca-alginate microparticles with mucoadhesive properties and the ability to be soluble only at pH higher 

than 6.5, preventing an early drug release 78. Duan et al. developed a similar system with chitosan-alginate 

microparticles coated with Eudragit® S 100 for dual delivery of 5-ASA and curcumin 79. In this system, the 

Eudragit® coating grants that the microparticles are released only at pH ≥ 7, which decreases the chances 

of an early release and possibly helps in mucoadhesion since chitosan is not eroded before reaching the 

colon. This system showed great results in mucosa adhesion and in alleviating inflammation in the colon 

of rats 79. Chitosan nanoparticles have also been used in the loading of a hydroxypropyl-β-

cyclodextrin/mesalazine inclusion complex 80. Although no in vivo studies have been conducted with this 

system so far, in vitro anti-inflammatory tests have shown great results. Saboktakin et al. also produced 

chitosan nanoparticles by complex coacervation with carboxymethyl-starch, which occurs in pure aqueous 

environments and is ideal for maintaining the in-process drug stability 81. Although micro and nanoparticles 

tend to be delivered orally, rectal delivery of mesalazine-loaded chitosan microparticles have also been 

formulated and shown retention lasting up to 48 hours, significant mucoadhesion and therapeutic efficacy 

with concentrations 2-fold lower than a commercially available formulation 82.  

Inulin, a carbohydrate material consisting of linear β(2→1)-linked fructose units 96,  has also been 

employed for the formulation of microparticle 5-ASA delivery systems 83. As a prebiotic, inulin is degraded 

by colonic bacteria into short-chain fatty acids (SCFAs) like acetate, propionate and butyrate that promote 

intestinal health. The use of inulin for the delivery of 5-ASA is thus an interesting approach for colon-

targeted release. Native inulin is hydrophilic and while inulin-based microparticles exhibit an early burst 

drug release, its acetylation demonstrated to increase the hydrophobicity with microparticles presenting 

a more prolonged release 83.  



14 
 

Native starch-based microparticles have been described as unsuitable for controlled release, mainly due 

to its high swelling in aqueous media and rapid enzymatic degradation, originating a fast release 97. 

However, some works have demonstrated its potential as 5-ASA delivery system with some modifications. 

Yang et al. produced dissulfide-linked starch nanoparticles, making them reduction-sensitive 84. These 

carriers demonstrated to be non-cytotoxic, biocompatible, biodegradable and with adequate size, showing 

potential as 5-ASA delivery system. More recently, microcrystalline cellulose cores loaded with 5-ASA were 

coated with resistant starch films, for colon-targeted delivery of existent microparticle systems 85.  

Cellulose has also been considered as an option for novel 5-ASA formulations with the advantage of being 

an abundant and inexpensive source. Although its native form is water-insoluble, which is inadequate for 

micro or nanoparticle delivery systems, water-soluble chemical variants represent viable alternatives. For 

instance, carboxymethyl cellulose is an ionic, biocompatible and water-soluble polysaccharide with 

adequate properties for a 5-ASA drug delivery system, despite presenting some limitations for hydrophilic 

drug delivery 86. Singh et al. designed a carboxymethyl cellulose-rosin gum hybrid nanoparticle capable of 

delivering 5-ASA, with the polymer network controlling the swelling ratio and consequently delaying the 

drug release 86.  

Xylan, one of the most abundant polysaccharides found in plant cell walls, is another polysaccharide used 

for the formulation of new deliverable systems 87. Kumar and co-workers successfully produced xylan-

mesalazine conjugates that self-assemble into nanoparticles 87. This system is degradable by colonic 

bacteria, granting a colon-specific and environmentally friendly nanoparticulate drug delivery system. Also, 

Silva et al. developed xylan/Eudragit® S100 hybrid microparticles by spray-drying, capable to encapsulate 

5-ASA and releasing it at pH 7.4 due to the solubility of Eudragit® S100 88.  

Finally, poly(acrylonitrile) nanoparticles conjugated with acemannan – a water-soluble polysaccharide 

consisting of a combination of mannose, glucose and galactose extracted from aloe vera leaves – were 

developed by Malviya et al., showing an efficient controlled pH-dependent release of 5-ASA 89. 
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1.3. Elastin-like recombinamers 

Elastin is an extracellular matrix protein included in elastic fibres, which grants elasticity and resilience to 

several tissues including the skin, lungs and blood vessels and plays a key role in maintaining the normal 

functioning of these organs 98,99. Over the past few decades, sequence and structure analysis of this protein 

revealed that repetitive sequences, abundant in proline (P), glycine (G) and valine (V) were common and 

had a major role in its properties 100. In the early decade of 1990, the first attempts at producing elastin-

like peptides relied on the synthesis of repeating sequences based on the previously mentioned amino 

acids: these not only granted flexible properties to other peptides 101 but also had an aggregating ability in 

peptides made exclusively from a repeating monomer based on those sequences 102. This gave rise to a 

new type of biomaterials commonly referred as elastin-like recombinamers (ELR) or elastin-like 

polypeptides (ELPs). 

ELR are genetically engineered polypeptides based on the repetition of the mammalian tropoelastin 

sequence VPGXG with X, the guest residue, being any natural amino acid except proline 103. One of the 

most interesting and remarkable properties of these recombinant protein polymers is a reversible self-

assembly ability dictated by a transition temperature (Tt), a process commonly referred as inverse 

temperature transition (ITT) 104,105. In aqueous solutions this process allows for two different ELR 

organizations and solubility according to the temperature: in low temperatures, the polypeptides are 

dissolved whereas in high temperatures self-assembly occurs and ELR form insoluble micro- or nano-

sized structures 105. Below the Tt, due to hydrophobic hydration, ELR chains are hydrated with water 

molecules organized in a clathrate-like structures. Heating above the Tt leads to a phase transition, 

breaking down the clathrate-like water organization and exposing the polypeptide chains, allowing their 

self-aggregation in an entropically driven and reversible process 105,106. The Tt is influenced by several 

different factors, either according to the nature of the ELR or the environmental conditions, meaning it 

can be appropriately designed in conformation with its intended applications. The Tt decreases as 

hydrophobicity increases which is mainly dependent on the repetitive sequence and chain size 105,106. 

Common external factors that influence the self-assembly response include the ionic strength of the 

solution, concentration and pH 105,106; for the latter, this is conditioned by the presence of a charged amino 

acid in the guest residue to confer pH sensitivity as a result of polarity changes between the protonated 

and deprotonated states. Nevertheless, the ability to be custom-designed by genetically engineering its 

structure through the DNA sequence allows to tailor-made its behaviour, adding functional groups that 

confer a stimuli response in the presence of other external factors 105,106. 
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The term recombinamers in the main nomenclature ELR highlights the oligomeric and recombinant 

nature of these biomaterials. Upon constructing the gene with the intended sequence, it is necessary to 

choose an expression system. E. coli is one of the most used, well-known and characterized organisms, 

which led to becoming the most common heterologous expression system of ELR 107. Once produced, the 

polypeptides need to be purified, most commonly by taking advantage of ITT and the associated Tt, 

through a process designated Inverse Transition Cycling (ITC). Once above the Tt, the peptide chains 

undergo self-assembly, folding hydrophobically and aggregating in a phase-separated state, ultimately 

precipitating. Repeated cycles of heat-cold centrifugation and incubation steps result in a purified product 

108. 

A great advantage of ELR-based materials is the high versatility, i.e., they can form a great number of 

different structures, with the most common being nanoparticles, hydrogels and fibres 105 and have many 

applications. As biomaterials, the potential for biological applications is very high due to its 

biocompatibility and thermal responsiveness. Various attempts have been made to formulate drug 

delivery system, with some notable examples like temperature-triggered depots, drug-ELR conjugates and 

functionalized ELR systems, which can be applied in many diseases from cancer to autoimmune disorders 

104,109. Tissue engineering is also an area of interest with reported efforts in cartilage, vascular graft, ocular 

and liver tissue, although ELR have limited loading capacity 105,110. The self-assembly property can also be 

exploited for protein purification by using ELR as fusion proteins, facilitating the methodology required 

and with a low associated cost 105,111. Functionalization of surfaces is also an area of interest, granting 

many properties combined with temperature-responsiveness 111. ELR have the potential to be used in a 

broad range of areas and continued research and development is necessary to unfold more potential 

uses. 

VPAVG is one of the repetitive sequences used as ELR. The substitution of the central glycine in the 

VPGVG sequence by an L-alanine (A), results in a protein polymer displaying the characteristic 

thermoresponsive behaviour of ELR, coupled with a thermal hysteresis – the polypeptide chains 

hydrophobically fold at temperatures above Tt but only dissociate when a strong undercooling is achieved. 

This behaviour has been associated with the presence of a methyl group in the alanine residue that 

provides a more perfectly stable folding state when compared to conventional poly(VPGVG) 112,113. When 

heated above its Tt, poly(VPAVG) self-assembles into sub-microparticles, which allows the entrapment of 

bioactive molecules during the assembly process that can be used for drug delivery purposes 114–116. The 

recombinant protein polymer A200, consisting of 200 repetitions of the VPAVG pentapeptide, 
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demonstrated to self-assemble at a temperature near 32 ºC, resolubilizing only at a temperature of 

approximately 10 ºC 112,113. This allows the spontaneous formation of self-assembled structures above Tt, 

which are stable over a wide range of temperatures due to the thermal hysteresis. The self-assembling 

process of A200 demonstrated to be characterized by the formation of slightly ellipsoidal nanoparticles 

with a hydrodynamic radius ranging from 190 nm to 295 nm, and was able to successfully entrap bone 

morphogenetic proteins (BMPs) with an encapsulation efficiency over 94 % while releasing it in a sustained 

process 114.  

A200-based nanoparticles have also been used as fusion carriers of antimicrobial peptides 117. Hepcidin-

A200, a protein polymer genetically engineered to incorporate the amino acid sequence for the 

antimicrobial peptide hepcidin, demonstrated antimicrobial properties against both gram-positive and 

gram-negative bacteria 117. This approach presents not only the advantage of allowing for the seamless 

production and purification of antimicrobial peptides, but also provides a platform for the development of 

antimicrobial drug delivery systems 115.   

 

1.4. Objectives 

While a great number of 5-ASA formulations has been developed, its effectiveness is still limited in more 

severe disease and in CD. As a solution, this work proposes the use of ELR nanoparticles as a carrier for 

5-ASA. ERLs, and specifically A200, has shown great potential as a controlled release drug carrier, 

combined with a mild and eco-friendly production and great biocompatibility. 

The main goal of this thesis was to assess the feasibility of using a recombinant A200-based protein 

polymer as vehicle for the controlled release of 5-ASA in the gastrointestinal tract. The sequence for the 

recombinamer used in this work, named NCKA200, comprises a block of 200 repetitions of the 

pentapeptide VPAVG, flanked with three lysine (K) residues at the N- and C-terminal. In this work, 

NCKA200 is referred to as A200. To achieve the proposed goal, the work was divided in four main 

objectives: 

1. Production and purification of A200 nanoparticles; 

2. Characterization of the self-assembly process and the produced nanoparticles; 

3. Development of a quantification method of the 5-ASA; 

4. Determination of the loading parameters of 5-ASA in the A200 particles and evaluation of its cumulative 

release profile.  
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2. Materials and Methods 

2.1. Biological material and culture media 

Escherichia coli BL21(DE3) was used for protein production. This strain was previously cloned with the 

plasmid p10NCKA200 in the scope of previous works developed in our lab and was provided for the 

realisation of this study. The plasmid P10NCKA200 is a modified version of the expression vector 

PET25b(+) with substitution of the ampicillin resistance marker by kanamycin (kan), and contains the 

gene encoding for the protein of interest, consisting in 200 repetitions of the pentamer VPAVG flanked 

with a three lysine block at both the N- and C-terminus (Annex I). E. coli propagation from frozen stock 

cells was achieved in Lysogeny Broth (LB) agar medium (10 g tryptone, 5 g yeast extract, 5 g NaCl, 20 g 

agar, per litre), supplemented with 50 µg/mL kanamycin as selection marker. For protein production, 

cells were grown in Terrific Broth (TB) (12 g tryptone, 24 g yeast extract, 5 g glycerol, 0.17 M KH2PO4 and 

0.72 M K2HPO4) supplemented with 2 g/L of lactose for auto-induction (TBlac) 118 and 50 µg/mL of 

kanamycin as selection marker. 

 

2.2. Protein expression and purification 

Before initiating the protein production, frozen E. coli cells harbouring p10NCKA200, stocked in glycerol, 

were refreshed two times in LB agar plates supplemented with kanamycin and allowed to grow overnight 

at 37 ºC. Fresh cells were then used to inoculate TBlac + kan, with a volumetric ratio of 1:4 (e.g. 250 mL 

of medium in 1 L flasks) at 37 ºC, under 200 rpm agitation, for 22 h. After fermentation, the optical 

density (OD) was measured at 600 nm. Then, cells were harvested by centrifugation at 5,807 x g, at 4 

ºC for 10 minutes, and frozen at -20 ºC until purification.  

For protein purification, cells were resuspended in Tris-EDTA (TE) buffer (50 mM Tris-HCl, 1 mM EDTA, 

pH 8.0), in a volume of 60 mL per pellet resultant of 1 L of fermentation, and lysed by ultrasonic disruption 

with a Vibra-Cell™ 75043 (Bioblock Scientific, 750W max power) sonicator, using a 25 mm diameter 

probe. Sonication was performed with an amplitude of 60 %, alternating between pulses of 3 s on and 9 

s off, for a total sonication time of 10 min. Samples were kept on ice throughout the entire lysis process. 

After disruption, the pH of the cell crude extract was adjusted to 3.5 with HCl 1.6 M and agitated for 30 

minutes at 4 ºC. After sonication and acidification, the lysate was centrifuged at 10,695 x g, for 20 min 

at 4 ºC for removal of insoluble debris. The clear supernatant was carefully collected to new tubes and 
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used for purification by ITC, which allows the purification of the recombinant protein by sequential heating 

and cooling cycles, resulting in precipitation and resolubilization respectively (figure 3). The initial step 

comprised a heating stage by incubation at 37 ºC for 3 h, followed by a centrifugation at 10,695 x g, at 

37 ºC for 20 min. Due to the self-assembly and precipitation of A200, the protein is retained in the 

pelleted fraction. The pellet was resuspended in the same volume of cold ultra-pure water and left at 4 

ºC for 3 hours, allowing the protein polymer to resolubilize. To finish the first ITC cycle, the resolubilized 

fraction was then centrifuged at 10,695 x g for 20 min at 4 ºC, and the pellet discarded. Additional 

heating/cooling cycles were performed using the same abovementioned conditions, with the exception 

that 0.1 M NaCl was added at the start of every heating step. Once all the ITC cycles are finished, the 

protein-enriched sample was dialysed against water to remove salts (10 kDa – 12 kDa membrane, 

Medicell Membranes Ltd) and centrifuged at 10,695 x g for 20 min at 4 ºC to discard insoluble debris. 

The resulting solution was frozen at -80 ºC and lyophilized by freeze-drying (Christ Alpha 2-4 LD Plus, 

Bioblock Scientific).  

 

2.3. SDS-PAGE  

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was employed to evaluate 

protein expression levels in bacterial cells after fermentation, as well as to monitor the purification 

process. In all cases, SDS-PAGE analysis was performed using 10 % polyacrylamide gels (Annex II) and 

ran with a voltage of 15 mA per gel. For evaluation of protein expression levels in bacterial cells after 

fermentation, samples were normalized to an equivalent OD600 of 0.1 according to the following formula: 

Eq. 1     𝑂𝐷600  × 𝑉𝑤  = 0.1 × 125 µ𝐿  

Where OD600 is the optical density (OD) of the bacterial cell culture measured at 600 nm, Vw is the volume 

to be loaded, 0.1 is the normalized OD and 125 µL is the volume of each sample (100 µL of sample + 

25 µL of loading buffer 5 X concentrated, Annex II).  

Gels were stained with a freshly prepared 0.3 M CuCl2 solution and images were acquired with a Molecular 

Imager ChemiDoc XRS system. For Coomassie blue staining, the CuCl2-stained gels were destained with 

TE buffer 10 X and stained with Coomassie blue (Annex II). 
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Figure 3 - Schematic representation of protein purification by ITC. 

 

 

2.4. Characterization of the self-assembly   

2.4.1. Determination of the transition temperatures 

Differential Scanning Calorimetry (DSC) was used to identify the temperatures at which the self-assemble 

particles are formed (Tt) and at which the particles resolubilize (Ts). Two solutions of A200 at a 

concentration of 25 g/L, one in dH2O and one in PBS (8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, 0.24 

g of KH2PO4, pH 7.4) were used for DSC analysis in a Mettler Toledo DSC822e. For each DSC run, 25 µL 

of sample was placed in a hermitically sealed aluminium pan and subjected to thermal analysis in a four-
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stage temperature program (figure 4): i) an isothermal stage, where the sample is maintained at 0 ºC 

for 5 minutes; ii) a heating stage (HS) from 0 ºC to 50 ºC at a constant rate of 5 ºC/min; iii) an isothermal 

stage, where the sample is maintained at 50 ºC for 5 minutes; iv) a cooling stage (CS) from 50 ºC to 0 

ºC at a constant rate of -5 ºC/min. Thermogram analysis was completed using STARe™ Evaluation 

Software. 

 

Figure 4 - Representation of the temperature program used for DSC analysis. 

 

 

2.4.2. Particle size distribution and surface charge 

The determination of particle size and zeta potential was achieved by Dynamic Light Scattering (DLS) and 

Electrophoretic Light Scattering (ELS) using a Zetasizer Nano Series (Malvern, UK). DLS analysis was 

carried out at 37 ºC using A200 solutions (0.05 g/L and 0.1 g/L) in PBS  or ultra-pure water. Size 

measurements were carried out using a refractive index (RI) of 1.45 for the material. For water solutions, 

RI and viscosity values were set to 1.330 and 0.5482 cP, respectively; for PBS solutions, the RI and 

viscosity values were set to 1.332 and 0.6875 cP, respectively. Before initiating the measurements, 

samples were subjected to an equilibration time of 180 s once the desired temperature was achieved. A 

total of 5 measurements per sample were performed, detected at a 173º angle (backscatter). For ELS, 

in addition to the previously established conditions, the dielectric constant was set to 70.2 for water and 

74.4 for PBS. Due to the high conductivity of the PBS solution, the analysis model used was monomodal, 

with a voltage of 40 V. All samples were measured 5 times, with a minimum of 10 runs and a maximum 

of 100 runs. 
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2.4.3. SEM analysis  

To evaluate the morphology of the particles and its size, the samples were visualized using Scanning 

Electron Microscopy (SEM). Unloaded and 5-ASA-loaded A200 self-assembled particles were prepared as 

described in section 2.5 and coated with a thin Au/Pd (gold/palladium) layer using a sputter coater and 

visualized in a NanoSEM FEI Nova 200. Mean particle size of 20 random particles was calculated with 

ImageJ software 119. 

 

2.5. Quantification of 5-ASA by absorbance and fluorescence 

Absorbance and fluorescence spectroscopy were used to quantify 5-ASA in all solutions, specifically for 

the drug entrapment and release assays. The first step was to acquire the absorbance and fluorescence 

spectra of 5-ASA for determination of the calibration curve. For all measurements, solutions were 

prepared with 5-ASA 99% (ACROS Organics™) in PBS pH 7.4 and read in 96-well microplates (200 µL) 

in a Tecan i-control Infinite 200 Pro microplate reader.  

 

2.5.1. Absorbance spectrum and calibration curve 

For the absorbance spectrum, an initial reading over the range of 280 nm to 800 nm was acquired using 

optically transparent Nunc™ polystyrene 96-well plates (Thermo Fischer Scientific). Once the spectrum 

was acquired, the absorption peak was identified and a calibration curve was created using ten different 

concentrations of 5-ASA, ranging from 0.03 g/L to 0.3 g/L. The calibration curve was created from the 

average of nine readings for each concentration of 5-ASA and a linear regression was applied.  

 

2.5.2. Fluorescence spectrum and calibration curve  

Fluorescence readings were performed in black Nunc™ polystyrene 96-well microplates (Thermo Fischer 

Scientific). Prior to data acquisition, the parameters of the fluorescence protocol in the microplate reader 

were optimized to yield consistent readings. The optimized parameters were the gain and the height of 

the objective above the sample (Z-position). The gain was calculated for the highest concentration sample 

and the Z-position was determined by the max ratio between the fluorescence intensities of a sample and 

the blank. For acquisition of the fluorescence spectrum, the excitation wavelength was fixed at 300 nm 
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and an initial emission sweep was performed from 330 nm to 800 nm. The emission peak was identified 

and used for the creation of a calibration curve using 12 different concentrations of 5-ASA, ranging from 

1.5625 x 10-4 g/L to 0.01 g/L. The calibration curve was created from the average of nine readings for 

each concentration and a linear regression was applied.  

 

2.6. Drug loading and release  

2.6.1. Drug loading 

Encapsulation/loading of 5-ASA was achieved by exploring the spontaneous self-assembly behaviour of 

the ELR in an aqueous solution. An initial optimization protocol was devised to determine the optimal 

combination of the 5-ASA and A200 concentration. Five different 5-ASA concentrations, selected based 

on literature 80, and three different A200 concentrations were combined for a total of fifteen different 

combinations (table 3). 

 

Table 3 – Combinatorial design with letter-number codification used for the initial optimization studies. A letter code was 

attributed to the different ELR concentrations, from A to C in decreasing order. A number code was attributed to the different 

5-ASA concentrations, from 1 to 5 in decreasing order.  

                   [5-ASA] (g/L) 

[NCKA200] (g/L) 

0.2500 
(1) 

0.1875 
(2) 

0.1250 
(3) 

0.0938  
(4) 

0.0625 
(5) 

10 (A) A1 A2 A3 A4 A5 

5 (B) B1 B2 B3 B4 B5 

2.5 (C) C1 C2 C3 C4 C5 

 

 

Stock solutions of 5-ASA (0.5 g/L) and A200 (20 g/L) were prepared in PBS pH 7.4 and maintained at 

4 ºC overnight to ensure complete dissolution. Due to the possible photodegradation of 5-ASA, all 

solutions were protected from light as much as possible. For encapsulation purposes, the stock solutions 

were used to prepare mixed solutions (A200 + 5-ASA) with adequate concentrations of each component, 

as represented in table 3, for a final volume of 750 µL. The samples were then incubated at 37 ºC for 

1 h at 200 rpm to promote the self-assembly of A200 and consequently, the entrapment of 5-ASA. The 

self-assembled particles were collected by centrifugation at 17,000 x g for 5 min and the supernatants 
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transferred to new tubes. The absorbance of the supernatants was acquired at 332 nm and used for the 

determination of unloaded 5-ASA by application of the calibration curve. The amount of loaded drug was 

calculated using the following mathematical formula and expressed as a result of four independent 

assays, each in triplicate: 

 

Eq. 2     𝑚𝑙𝑜𝑎𝑑𝑒𝑑 = 𝑚𝑖 − 𝑚𝑢𝑛𝑙𝑜𝑎𝑑𝑒𝑑 

Where mloaded is the amount of loaded drug (in mg), mi is the initial amount of 5-ASA in solution (in mg) 

and munloaded is the amount of 5-ASA in the supernatant (in mg).  

 

Determination of the loading parameters namely, encapsulation efficiency (EE) and average loading 

capacity (LC) was assessed after four independent encapsulation assays, each in triplicate. The EE is a 

measure of the amount of encapsulated drug relatively to the initial amount of drug and was calculated 

following equation 3. LC corresponds to the amount of loaded drug per milligram of particles and was 

determined by application of equation 4. The amount of 5-ASA was calculated by application of the 

calibration curve.  

 

Eq. 3    𝐸𝐸(%) =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 5-𝐴𝑆𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐹𝑟𝑒𝑒 5-𝐴𝑆𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 5-𝐴𝑆𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 × 100 

 

Eq. 4     𝐿𝐶(%) =
𝑚(5-𝐴𝑆𝐴 𝑙𝑜𝑎𝑑𝑒𝑑)

𝑚(𝐴200 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠)
 × 100 

Where m(5-ASA loaded) is the amount of loaded 5-ASA (in mg), and m(A200 particles) is the amount of 

A200 (in mg). 

 

2.6.2. Cumulative drug release 

For the drug release studies, particles loaded with 5-ASA were prepared by inducing the spontaneous 

self-assembly at 37 ºC and collected by centrifugation, as described above. Then, 1 mL of warm PBS pH 

7.4 was added to the pelleted A200/5-ASA formulation and carefully mixed to allow particle dispersion. 

The samples were then placed in an incubator for 48 h at 37 ºC and 200 rpm and time points were 
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collected after 1 h, 2 h, 4 h, 8 h, 24 h and 48 h of incubation. For the collection of samples throughout 

time points, the tubes were centrifuged at 17,000 x g for 1 minute and 200 µL of the supernatant was 

transferred to new tubes, replacing the same volume with warm PBS. Samples were then stored at -20 

ºC until analysis. For cumulative drug release, the amount of 5-ASA at each time point was determined 

by acquiring the fluorescence intensity at 504 nm with an excitation wavelength of 300 nm, followed by 

application of the calibration curve. Cumulative drug release was calculated using the following 

mathematical formula using experimental data from four independent assays, each in triplicate: 

 

Eq. 5     𝐶𝑅𝑛 (%) =  
𝑚𝑛+ ∑ 𝑚𝑟𝑖

𝑛−1
𝑖=1

𝑚(5-𝐴𝑆𝐴 𝑙𝑜𝑎𝑑𝑒𝑑)
 × 100 

Where CRn (%) is the percentage of cumulative release at the time point n, mn is the mass of released 5-

ASA (in mg) at the time point n – calculated by multiplying the concentration by the volume of 1 mL – 

and mri is the mass of 5-ASA (in mg) removed from all the previous time point samples – obtained by 

multiplying the obtained concentration by 200 µL. 

A schematic representation of cumulative drug release determination is provided in figure 5. To study 

the kinetics of drug release, the data obtained from the cumulative drug release experiments were 

analysed using DDSolver, an Excel add-in software package used for dissolution data analysis 120. DDSolver 

was used to select the kinetic model that best fits the obtained results. The tested models were zero-

order, first-order, first order with Fmax, first order with Fmax and Tlag, Higuchi, Hixton-Crowel, Korsmeyer-

Peppas, Korsmeyer-Peppas with F0 and Korsmeyer-Peppas with Tlag (table 4). The adjusted coefficient 

of determination (AdR2), Akaike Information Criterion (AIC) and Model Selection Criterion (MSC) were 

automatically calculated by the software and used as the main optimization parameters to select the 

model that best fitted the drug release mechanism.  
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Figure 5 – Schematic representation of the methodology used for cumulative release assessment. Cr is the amount (in mg) 

of 5-ASA released up to that point, CFn and CTPn are the concentrations (in mg/mL) at a given time point n (CFn = CTPn for the 

same n), VFn is the volume of the working solution at the point n (1 mL) and VTPn, is the volume of the sample taken at the time 

point n (200 µL). Colours were assigned according to the number of the time point. 

 

Table 4 – Drug release kinetic models and respective mathematical expressions.  

Model Equation 

Zero-order  𝐹 = 𝑘0 ∙ 𝑡 

First-order  𝐹 = 100 ∙ (1 − 𝑒−𝑘1∙𝑡) 

First order with Fmax  𝐹 = 𝐹𝑚𝑎𝑥 ∙ (1 −

𝑒−𝑘1∙𝑡) 

First order with Fmax and Tlag  𝐹 = 𝐹𝑚𝑎𝑥 ∙ [1 −

𝑒−𝑘1∙(𝑡−𝑇𝑙𝑎𝑔)] 

Higuchi  𝐹 = 𝑘𝐻 ∙ 𝑡0.5 

Hixton-Crowell  𝐹 = 100 ∙ [1 − (1 −

𝑘𝐻𝐶 ∙ 𝑡)3] 

Korsmeyer-Peppas  𝐹 = 𝑘𝐾𝑃 ∙ 𝑡𝑛 

Korsmeyer-Peppas with F0  𝐹 = 𝐹0 + 𝑘𝐾𝑃 ∙ 𝑡𝑛 

Korsmeyer-Peppas with Tlag  𝐹 = 𝑘𝐾𝑃 ∙ (𝑡 − 𝑇𝑙𝑎𝑔)𝑛 

F represents the fraction (%) of drug released at time t; k0 is the zero-order release constant; k1 is the first-order release 

constant; Fmax is the maximum fraction of drug released at infinite; Tlag is the lag time preceding drug release; kH is the 

release constant for the Higuchi model; kHC is the release constant for the Hixton-Crowell model; kKP is the release constant 

for the Korsmeyer-Peppas model; n is the diffusional exponent; F0 is the fraction for the initial burst release. 
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2.7. ATR-FTIR analysis  

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was used as a 

complementary technique to evaluate the presence of 5-ASA in the self-assembled NCKA200 particles. A 

total of three samples were analysed: pure 5-ASA, empty A200 particles and particles loaded with 5-ASA. 

A200 particles were prepared by inducing the self-assembly process in PBS with and without 5-ASA, 

followed by centrifugation 17,000 x g for 5 min. The supernatant was carefully removed, and the pelleted 

particles were dried overnight at 37 ºC, in the dark. ATR-FTIR analysis was conducted in a Spectrum Two 

FT-IR Spectrometer with deuterated triglycine sulfate detector and KBr beam spitter, coupled with a single 

reflection diamond UATR accessory (Perkin Elmer). FTIR spectra were collected at room temperature and 

represented as the accumulation of 64 scans with a resolution of 4 cm-1 from 4000 cm-1 to 400 cm-1. 

 

 

3. Results and discussion 

3.1. ELR production and purification 

The temperature-dependent behaviour of ELR is an attractive property due to the thermoresponsive 

behaviour upon thermal stimulus. In this work, A200 was selected as protein polymer to evaluate its 

feasibility as a drug delivery system for the release of 5-ASA. In addition to the self-assembly behaviour, 

resulting in the spontaneous formation of spherical sub-microparticles, A200 also exhibits a thermal 

hysteresis 113–115. This allows the formation of self-assembled structures that are stable over a range of 

temperatures avoiding the use of additional stabilization methods (e.g., by chemical crosslinking) 117,121,122. 

The protein polymer was produced in E. coli following the procedures previously described and purified 

using a protocol optimized by the group. After fermentation, bacterial cells were lysed by ultrasonic 

disruption to release the cytoplasmic content, and the pH was adjusted to 3.5 to precipitate native E. coli 

proteins and help in unaccomplished cell lysis. Centrifugation of the acidified lysate allows the recovery 

of A200 in the supernatant (figure 6a) whilst bacterial endogenous proteins remain in the pelleted 

fraction. This acidification step (figure 6a, lane 2) demonstrated to be highly effective in the removal of 

a large amount E. coli contaminating proteins comparing with the crude cell extract (figure 6a, lane 1). 

Further recovery of the protein polymer was achieved by ITC. As demonstrated in figure 6b, purification 

by ITC allowed the full recovery of the recombinant protein, resulting in a pure protein fraction by the end 
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of the process (figure 6b, lane 9). This matches the protein temperature-dependent property: during the 

cooling cycles A200 is soluble and, therefore, it is present in the supernatant. Contrarily, during the 

heating cycles, it self-assembles, aggregates and precipitates, remaining in the pelleted fraction after 

centrifugation. Successive cycles further increase the purification efficiency. Analysis of SDS-PAGE gels 

with Coomassie blue staining further supported the presence of ELR at the expected molecular weight. It 

is well known that ELR do not stain or stain very poorly with Coomassie 113,123, possibly due to the low 

amount of charged and aromatic amino acids. Moreover, the abnormal gel mobility at higher molecular 

weights is attributed to the hydrophobic nature of the recombinant protein and has been previously 

observed for other ERLs 113,124,125. By the end of the purification process involving two ITC cycles, 49.54 mg 

of recombinant protein were obtained per litre of production media.  

Overall, purification by ITC allowed a high recovery of A200, with no detected protein losses during 

purification steps, employing a relatively simple, ”green” and inexpensive protocol.  
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Figure 6 - SDS-PAGE gels representing the purification of A200 by ITC. Gels were stained with (a, b) CuCl2 and (c, d) 

Coomassie blue. The red arrow points to the protein band corresponding to A200. Lane 1 – cell crude extract; lane 2 – 

supernatant after sonication and acidification; lane 3 – supernatant of the 1st heating cycle; lane 4 – pellet of the 1st heating 

cycle; lane 5 – pellet of the 1st cooling cycle; lane 6 – supernatant of the 1st cooling cycle; lane 7 – supernatant of the 2nd 

heating cycle; lane 8 – pellet of the 2nd cooling cycle; lane 9 – supernatant of the 2nd cooling cycle. MWM – molecular weight 

marker (NZYColour Protein Marker II). 
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3.2. ELR characterization 

3.2.1. Thermal transition properties  

DSC analysis was performed on A200 solutions, in PBS and in ultra-pure water, in order to determine the 

Tt – the temperature at which occurs the self-assembly – as well as the Td – the temperature at which 

the self-assembled A200 disassembles due to the reversibility of the process. Solutions with different 

ionic strengths – PBS and water – were used to assess differences in the transition and dissolution 

temperatures by comparing the different thermal events. Figure 7 shows the thermograms of the DSC 

analyses obtained during the heating and cooling stages. 

 

 

Figure 7 - DSC thermograms obtained for A200 samples in water (black) or PBS (red) solutions. The endothermic peak 

during the heating stage relates with the phase transition from the soluble to the insoluble state (self-assembly) and 

corresponds to the Tt. The exothermic event during the cooling stage relates with the resolubilization of the self-assembled 

protein polymer and corresponds to the dissolution temperature Td. 
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In the heating stage, as soon as a specific threshold is reached – the Tt – the ELR spontaneous self-

assembles in an endothermic process driven by hydrophobic folding and disruption of ordered water 

structures 112,113,126. According to Gibbs free energy, this process occurs mainly due to entropic factors and 

it can be explained by an increase in solvent entropy in combination with favourable interchain interactions 

106. In the cooling stage, once the Td is reached, the ELR polypeptide chains unfold and rehydrate in an 

exothermic process, accompanied by the reorganization of the solvent molecules in clathrate-like 

structures surrounding the polymer chain. In this work, the Tt and Ts were determined as the peak 

temperature of each event. The Tt for the samples in PBS and samples in water are of 30.51 ºC and 

33.91 ºC, respectively, whereas the Td was determined to be 11.06 ºC and 15.57 ºC for samples in PBS 

and water, respectively (table 5).  

 

Table 5 - Values of Tt and Td for the A200 samples in water and in PBS, calculated from the peaks of the DSC run. 

Conditions Tt (°C) Td (°C) 

A200 in PBS 30.5 11.1 

A200 in Water 33.9 15.6 

 

As observed, A200 in PBS present lower values for both Tt and Td than the experimental results obtained 

with A200 dissolved in water. This indicates that the higher ionic strength of PBS interferes with the self-

assembling process by lowering the Tt, which is also observed for other ELR 117,126,127. This can be explained 

by the increase in solvent polarity due to the presence of NaCl that results in a better formation of water 

structures surrounding the hydrophobic moieties of the polymer chain in the extended state 113,126,128. The 

presence of salt is thus equivalent to an increase in the hydrophobicity of the polymer, acting as a 

“stabilizer” for water molecules and strengthens the intramolecular interactions of the hydrophobic 

folding, resulting in lower Tt 113,126,128.  

Typically, the composition of ELR relies on the pentapeptide sequence VPGXG. In the present work, a 

variant of the traditional VPGVG sequence was used, by substituting the central glycine by an L-alanine. 

This substitution results in a protein polymer exhibiting a thermal hysteresis, as a consequence of the 

additional methyl group in L-alanine, which allows a more stable folding and hinders its unfolding 112,113. 

The hysteresis behaviour of A200 is very attractive when considering its applications for drug delivery, as 

the self-assembled structures are stable over a wide range of temperatures without the need of further 
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stabilizing agents, e.g. by cross-linkers 114,116,117, possibly facilitating both storage and administration of 

potential future drug formulations. 

  

3.2.2. Particle size and surface charge 

The size and surface charge of the self-assembled structures was analysed by DLS and ELS. Light 

scattering allows to measure particle size through the Stokes-Einstein equation, which establishes a 

relation between particle movement and the hydrodynamic radius, based in the principle of Brownian 

motion. Figure 8 shows the size distributions obtained for the samples dissolved in PBS or ultra-pure 

water at two different concentrations (0.05 g/L and 0.1 g/L). The mean diameter (Z-average) and 

polydispersity index (PDI) are presented in table 6.  

Size measurements with ultra-pure water demonstrated a population of particles with average size 

increasing with concentration: from 89 nm with a concentration of 0.05 g/L, to 150 nm with a 

concentration of 0.1 g/L. This suggests an aggregation profile with increasing concentration. As for the 

samples in PBS, DLS measurements revealed an aggregation profile even at the lowest concentration, 

with around a 10-fold increase in average size compared with water: 1134 nm and 1681 nm for 0.05 

g/L and 0.1 g/L. This aggregation behaviour was previously observed for A200 functionalized with 

antimicrobial peptides and attributed to the higher ionic strength of PBS 117,125. Presumably, the higher 

ionic strength induces the already self-assembled structures to adopt a more compact conformation in 

the form of microaggregates 125,127.  
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Figure 8 – Size distribution histograms of A200 at different concentrations in a) PBS and b) ultra-pure water (H2O) obtained 

by dynamic light scattering at 37 ºC. 

 

Zeta potential measurements were performed for an estimation of surface charge in the self-assembled 

particles. A200 contains three lysine residues at both the N- and C-terminals and its pKa values are 2.18, 

8.95 and 10.53 for the carboxylic acid group, the amine group and the side chain group, respectively 129. 

This means that at neutral pH, lysine residues are positively charged and, in principle, this would result 

in differences in zeta potential.  

 

a) 

b) 
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Table 6 – Mean size (Z-average) and polydispersity index (PDI) values of A200 in PBS at 37 ºC and A200 in water at 37 ºC 

analysed by dynamic light scattering.  

 Concentration 

(g/L) 

Z-average  

(nm) 

PDI 

PBS 

37 ºC 

0.05 1134 ± 266 0.154 

0.1 1680 ± 454 0.252 

H2O 

37 ºC 

0.05 89 ± 4 0.198 

0.1 148 ± 135 0.193 

 

Analysis of the particles’ zeta potential revealed near-zero values for the water samples, +0.236 and 

+0.706 mV for the concentrations of 0.05 g/L and 0.1 g/L, respectively (table 7). As for the PBS 

samples, the zeta potential was slightly negative showing values of -3.89 and -5.81 mV for the 

concentrations of 0.05 g/L and 0.1 g/L, respectively (table 7). Previous works with ELPs have shown 

two possible folding mechanisms dependent of the arrangement of hydrophilic and hydrophobic blocks 

130 (figure 9). ELPs with longer hydrophilic blocks, i.e., 60 repetitions of the hydrophilic sequence and 

200 repetitions of the hydrophobic sequence, fold with the hydrophilic fraction located in the surface of 

the particles. On the other hand, ELPs with shorter hydrophilic blocks, i.e., 30 repetitions of the hydrophilic 

sequence and 200 repetitions of the hydrophobic sequence are not capable of forming this hydrophilic 

corona and instead remain on the inside of the particle 130.  

 

 

Figure 9 – Schematic representation of the different aggregation mechanisms for diblocks comprising 200 repetitions of 

hydrophobic sequence (in red) and 60 (top) or 30 (bottom) repetitions of the hydrophilic block (in blue). Reproduced with 

permission from Widder et al. (2017) 130. 
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In A200, the positively charged lysine residues constitute the hydrophilic part and are in a very small 

proportion compared to the hydrophobic part. Accordingly, the lysine residues are possibly inside the 

particles with no preferred arrangement, in an intertwined mesh-like structure, which supports the 

obtained zeta potential values. This could present a viable opportunity to encapsulate negatively charged 

drugs within the particles, which is the case for 5-ASA at pH 7.4. It is worth noting that the negatives 

values from the particles in PBS, even though close to zero, could indicate a different conformation of the 

particles when present in solutions with higher ionic strength but conclusions cannot be drawn from these 

results alone.  

 

Table 7 – Zeta potential values obtained for the samples in PBS and water, obtained via the Zetasizer software. 

 Concentration 

(g/L) 

Zeta potential  

(mV) 

PBS 

37 ºC 

0.05 -3.89 ± 3.71 

0.1 -5.81 ± 4.01 

H2O 

37 ºC 

0.05 +0.24 ± 1.10 

0.1 +0.706 ± 0.802 

 

 

3.3. Determination of calibration curves 

Typical 5-ASA detection and quantification is done either by absorbance spectroscopy or high-

performance liquid chromatography (HPLC) 74–76,90. While the prior is a simple an easy process, the latter 

requires relatively expensive and specific columns and the pre-preparation of samples. Here, the 

conjugation of absorbance and fluorescence spectroscopy were used for 5-ASA quantification.  

Different concentrations of 5-ASA in PBS were prepared and analysed for absorbance and fluorescence 

emission in order to allow its quantification. Absorbance measurements were acquired between 280 – 

800 nm to assess the absorbance spectrum and the maximum absorbance wavelength (annex III). After 

the initial measurements, the maximum absorbance wavelength was determined as 332 nm (figure 

10), which is in agreement with literature 42. Afterwards, a calibration curve was created by applying a 
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linear regression to the results of absorbance at 332 nm versus concentration – from 0.3 to 0.03 g/L 

(figure 11a). The concentrations of 0.3 g/L and 0.27 g/L were removed for a better adjustment, as 

these values are outside linearity.  

 

 

Figure 10 - Absorbance (black, primary axis) and emission (green, secondary axis) spectra of 5-ASA. Dashed lines indicate 

the absorbance peak at 332 nm and the fluorescence emission peak at 504 nm. 

 

For the fluorescence emission spectrum, initial optimization studies based on literature allowed to define 

the excitation wavelength at 300 nm 42. Similar to the absorbance spectrum, the emission spectrum was 

acquired over an initial wavelength sweep ranging from 330 nm to 800 nm for the determination of the 

adequate emission wavelength (annex III). Accordingly, the maximum fluorescence emission wavelength 

obtained was 504 nm, which is very close to previously reported values 42. The obtained Stokes shift for 

5-ASA is 10279 cm-1, suggesting a very different geometry between the emission excited states and the 

ground states. This also constitutes an advantage when considering detection and quantification by 

fluorescence spectroscopy, since the difference between the absorption and emission peaks minimize 

self-quenching. Following the same methodology as in the absorbance spectrum, a linear regression was 

applied to establish the fluorescence calibration curve (figure 11b). 

Here, the conjugation of absorbance and fluorescence spectroscopy provides a versatile method for the 

detection of 5-ASA over a wide range of concentrations – absorbance spectroscopy for higher 

concentrations and fluorescence spectroscopy for lower concentrations. It is important to note that high 
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sensitivity of fluorescence spectroscopy allows the detection of very low concentrations of 5-ASA, which 

is an important feature for the adequate determination of 5-ASA in the cumulative drug release assays. 

Moreover, both methods are quick and inexpensive, reducing possible errors that could arise from sample 

preparation and waiting time. 

 

 

Figure 11 - Absorbance (a) and fluorescence (b) calibration curves for the quantification of 5-ASA. For each concentration, 

a total of 9 measurements were performed and plotted with a linear regression. 
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3.4. Drug entrapment and release 

As previously mentioned, this work intends to evaluate the feasibility of using A200 as delivery system for 

the controlled release of 5-ASA. Previous works already demonstrated a proof-of-concept for the 

application of A200 as drug delivery platform through the encapsulation of BMPs 114. Here, the same 

rationale was used: the entrapment of 5-ASA by inducing the self-assembly of A200 in a solution 

containing both the drug and the protein polymer. As A200 self-assembles, it was postulated that some 

amount of 5-ASA would be entrapped within the protein matrix, resulting in 5-ASA loaded particles. To 

note that a major advantage of the system is the use of mild conditions i.e. PBS as dispersing solution 

and 37 ºC for self-assembling. 

An initial optimization assay was performed in order to determine an optimal combination of 

concentrations of A200 and 5-ASA (table 3). For this, a combinatorial study involving different 

concentrations of 5-ASA and different concentrations of A200 was performed to calculate encapsulated 

concentration (table 8) and encapsulation efficiency (table 9). 

 

Table 8 - Average encapsulated concentration (in mg/mL) determined from the combinatorial design. A letter code was 

attributed to the different ELR concentrations, from A to C in decreasing order. A number code was attributed to the different 

5-ASA concentrations, from 1 to 5 in decreasing order. [5-ASA]i stands for initial 5-ASA concentration and [A200] stands for 

A200 concentration. 

                  [5-ASA]i (g/L) 

[A200] (g/L) 
0.2500 (1) 0.1875 (2) 0.1250 (3) 0.0938 (4) 0.0625 (5) 

10 (A) 0.032 ± 0.008 0.016 ± 0.012 0.007 ± 0.007 0.007 ± 0.005 0.007 ± 0.007 

5 (B) 0.026 ± 0.008 0.010 ± 0.010 0.007 ± 0.012 0.008 ± 0.005 0.005 ± 0.005 

2.5 (C) 0.024 ± 0.013 0.007 ± 0.017 0.005 ± 0.008 0.005 ± 0.004 0.004 ± 0.008 

 

Table 9 – Average encapsulation efficiency (in percentage) determined from the combinatorial design. A letter code was 

attributed to the different ELR concentrations, from A to C in decreasing order. A number code was attributed to the different 

5-ASA concentrations, from 1 to 5 in decreasing order. [5-ASA]i stands for initial 5-ASA concentration and [A200] stands for 

A200 concentration. 

                  [5-ASA]i (g/L) 

[A200] (g/L) 
0.2500 (1) 0.1875 (2) 0.1250 (3) 0.0938 (4) 0.0625 (5) 

10 (A) 12.77 ± 3.27 8.57 ± 6.63 5.46 ± 5.83 7.32 ± 5.14 10.83 ± 11.92 

5 (B) 10.50 ± 3.12 5.17 ± 5.40 5.73 ± 9.37 8.93 ± 5.21 8.38 ± 7.82 

2.5 (C) 9.49 ± 5.02 3.79 ± 8.86 3.98 ± 6.67 5.74 ± 4.16 5.99 ± 13.16 
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According to the results, the combination A1 (10 g/L A200 with 0.25 g/L 5-ASA) resulted in the highest 

amount of encapsulated drug (0.032 ± 0.008 mg/mL) as well as in the highest encapsulation efficiency 

(12.8 ± 3.3 %). For the same concentration of 5-ASA, as expected, the combinations with higher 

concentration of A200 resulted in a higher amount of encapsulated drug (table 8). Regarding the EE, 

results were highly variable with high standard deviation (SD) values. The most consistent formulations, 

i.e., the combinations with lower SD values, were A1 and B1, showing EE around 12.8 ± 3.27 % and 10.5 

± 3.12 %, respectively. It is also worth noting that, in general, higher standard deviations were observed 

for combinations with lower concentrations of 5-ASA. Based on the results, the combination A1 was 

selected for the drug entrapment and release studies. In addition to the average encapsulated 

concentration and EE, the LC for combination A1 was also determined by application of equation 4. 

Accordingly, the LC was of 0.24 ± 3.2 x 10-4 % meaning that, on average, 100 g of A200 particles were 

loaded with 0.24 g of 5-ASA. 

To evaluate if the presence of 5-ASA in the A200 particles could be detected by FTIR analysis, the particles 

encapsulating the drug, using the combination A1, were collected and analysed by ATR-FTIR (figure 12). 

Analysis of the IR spectrum for unloaded particles and particles loaded with 5-ASA revealed no significant 

differences. This can be explained by the low content of 5-ASA in the particles, that hinders its detection 

by ATR-FTIR. As mentioned earlier, the concentration of encapsulated drug was 0.032 g/L (table 8) 

which, experimentally, translates into a total amount of 0.024 mg in the working solution (working volume 

of 750 µL).  
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Figure 12 -  Infrared spectra of powder 5-ASA (light green), dried A200 (orange) and dried A200 with 5-ASA (dark grey), 

obtained by AT-FTIR. Transmittance values were normalized. 

 

Previously, it has been demonstrated that A200 was able to encapsulate BMP-2 (≈ 30 kDa; ≈ 30,000 

g/mol) and BMP-14 (≈ 27 kDa; ≈ 27,000 g/mol) at high efficiency 114, showing EE values of 94.5 % and 

99.2 %, which are significantly larger than those obtained in this study. This is likely explained by the 

significantly higher molecular weight of BMPs in comparison with 5-ASA (molar mass 153.13 g/mol), 

although the hydrophobicity also plays an important role 114. During the self-assembly process of A200, 

the polypeptide chains aggregate together via a hydrophobic-driven process, forming intertwined mesh-

like spherical particles. Due to the size of BMPs, once the self-assembled structures are formed, the 

release of the growth factors is prevented as these are entrapped within the protein polymer mesh. On 

the other hand, 5-ASA is a very small molecule and can easily diffuse out of the protein polymer mesh. 

This hypothesis is further supported by another study involving the encapsulation of dexamethasone 

phosphate (DMP) (472.4 g/mol) into chemically synthesised poly(VPAVG) particles 116. The authors 

demonstrated a loading capacity of about 0.5 %, which is close to the value obtained for 5-ASA, and could 

help support the hypothesis that the molecular weight and the hydrophobicity of the drug play a major 

role in its loading into A200 particles. 

In the present work, the protein polymer is flanked by three lysine residues at both the N- and C-terminals. 

It was hypothesized that at pH 7.4 (pH of PBS), 5-ASA would be in its monoanionic form HASA- and the 
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lysine residues would be in its monocationic form (figure 13). This difference in charge could lead to 

ionic interactions between 5-ASA and the lysine residues, potentially increasing drug loading. Here, in 

addition to PBS, water was also considered as solvent. However, since the pH of water is not buffered, 

the dissolution of 5-ASA can originate a solution with a lower pH, potentially leading to a majority of 5-

ASA in its neutral charge state. Moreover, previous experiences demonstrated that the self-assembly of 

A200 is more efficient in conditions with higher ionic strength as in PBS.  

 

Figure 13 – Predicted charges of lysine and 5-ASA according to their pKa values. The vertical lines and values indicate the 

pKa values for each molecule and the dashed line represents the pH of PBS. 

 

Compared to other 5-ASA nanoparticulate delivery systems, the EE and LC of A200 nanoparticles are 

subpar, showing lower values for both parameters (table 10). The LC and EE obtained for the A200 

nanoparticles are only comparable to mesalazine-PCL bound nanoparticles 91 and Eudragit® S100 

nanoparticles 90, respectively. In practical terms, this means that a great amount of the system would 

need to be administered to meet the effective oral daily dosage of 1.2 g to 2.4 g of 5-ASA. This provides 

indications that the system is more suitable for the delivery of larger molecules. It is worth noting that 

most of the systems described in table 10 offer additional or non-porous barriers, such as surface 

coatings, inclusion complexes or polymeric nanoparticles, which help to keep the drug inside the particle.  
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Table 10 – EE and LC values of A200 nanoparticles vs. other reported 5-ASA nanoparticle delivery systems. Reports without 

any mentioned EE and LC values were not included. N/A (not available). 

Formulation EE(%) LC(%) Reference 

A200 nanoparticles 9.75 ± 1.29 0.24 ± 3.2 x 10-4 % Present work 

Surface modified silica nanoparticles N/A 15.1 ± 6.20 % 73 

5-ASA-loaded SiO2 nanoparticles N/A 13.79 ± 2.50 % 74 

SBA-16 silica nanoparticles coated with 

Eudragit® 

N/A 42.1 % 77 

Chitosan nanoparticles loaded with 

hydroxypropyl-β-cyclodextrin/mesalazine 

inclusion complex 

From 75.4 % to 91.4 % 7.5 ± 0.4 % 131 

Chitosan-carboxymethyl starch nanoparticles 86.7 ± 2.47 % (Polymer 

concentration of 4 %) 

From 10.23 ± 0.50 % 

to 26.24 ± 0.43 % 

81 

Dissulfide-linked reduction-sensitive starch 

nanoparticles 

N/A 27.50 % and 30.20 % 84 

Eudragit® S100 nanoparticles From 3.21 ± 0.38 % to 

60.51 ± 0.21 % 

From 3.35 ± 0.21 % to 

21.91 ± 0.56 % 

90 

Mesalazine-PCL bound nanoparticles N/A 0.34 ± 0.05 % 91 

 

To characterise the delivery kinetics of the A200/5-ASA based system, drug release assays were 

performed to calculate the cumulative drug release at time points of 1 h, 2 h, 4 h, 8 h, 24 h and 48 h, 

following the methodology described in section 2.6. Figure 14 shows the mean curve for the cumulative 

drug release of four independent assays, each in triplicate. The cumulative percentage of drug release for 

each time point is presented in table 11. 
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Figure 14 - Mean curve for the cumulative 5-ASA release over time (1 h, 2 h, 4 h, 8 h, 24 h and 48 h) determined from four 

independent assays, each in triplicate. 

 

Table 11 – Results of the cumulative drug release over time. 

Time (h) Mean cumulative 
release (%) 

SD 

0 0.00 0.00 

1 67.28 5.81 

2 75.75 6.02 

4 78.92 6.63 

8 80.68 6.20 

24 81.56 8.05 

48 82.00 7.43 

 

The drug release profile can be divided in 3 different phases: i) an initial burst occurring during the first 

hour, ii) a sustained release from 1 h – 8 h, and iii) a minimal steady state release after 8 h. Accordingly, 

67.28 ± 5.81 % of the drug is released within the first hour, reaching 80.68 ± 6.20 % after 8 h of the 

assay. At this point, the release reaches a steady state, and only near 2 % are further released in the 

following hours up to the end of the experiment (48 h, 82.00 ± 7.43 %). These values are in agreement 

with those previously observed for poly(VPAVG) encapsulating DMP in which, an initial burst of more than 

70 % was observed, followed by a sustained prolonged release over 35 days 116. Considering a potential 

oral administration of this system, most of the drug would be released in the stomach (where digestion 

takes place for 2 h approximatively) and would not reach the intestine.  
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Nevertheless, one should take in consideration that the experimental procedure used to quantify the 

amount of loaded 5-ASA may infer some unavoidable errors. Some of the encapsulated 5-ASA may be 

removed during removal of free drug, thus resulting in an underestimation of the encapsulation efficiency 

and loading capacity.  

 

3.5. Release kinetics models 

The release profile was analysed with DDSolver to determine the release kinetic model showing the best 

fitting results. A total of eight mathematical models were tested and evaluated according to AdR2, AIC and 

MSC parameters. These values are directly correlated with the quality of the fitting for the defined model. 

In the case of AdR2 and MSC, the higher the value of the parameter the better appropriateness of the 

model to fit experimental data 120. In opposition, lower AIC values are considered as better fit when 

comparing two models with different number of variables. The AdR2, compared to R2, is a more appropriate 

fitting indicator because it considers the number of variables and overfitting. The AIC is dependent on the 

magnitude of the data and the number of points 120. Lastly, the MSC is a modified version of AIC and is 

independent of the scaling of the data points.  

Evaluation of the fitting results for the release kinetic models is represented in table 12. Accordingly, 

five models presented high AdR2 values (≈ 0.99) namely, from the lowest to the highest, Korsmeyer-

Peppas with F0 (0.9878), Korsmeyer-Peppas (0.9902), first-order with Fmax and Tlag (0.9967), first-

order with Fmax (0.9974), and Korsmeyer-Peppas with Tlag (0.9992). From these, Korsmeyer-Peppas 

with Tlag and First-order with Fmax present the lowest AIC values and the highest MSC values. 
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Table 12 – Drug release kinetic models and respective fitting parameters AdR2, AIC and MSC for the cumulative release 

assay. In all equations, F stands for the fraction (%) of drug released at time t. k0 is the zero-order release constant; k1 is the 

first-order release constant; Fmax is the maximum fraction of drug released at infinite; Tlag is the lag time preceding drug 

release; kH is the release constant for the Higuchi model; kHC is the release constant for the Hixton-Crowell model; kKP is the 

release constant for the Korsmeyer-Peppas model; n is the diffusional exponent; F0 is the fraction for the initial burst release. 

Model Equation AdR2 AIC MSC 

Zero-order  𝐹 = 𝑘0 ∙ 𝑡 -2.6586 71.15 -3.37 

First-order  𝐹 = 100 ∙ (1 − 𝑒−𝑘1∙𝑡) 0.7218 53.11 -0.79 

First order with 

Fmax 

 𝐹 = 𝐹𝑚𝑎𝑥 ∙ (1 − 𝑒−𝑘1∙𝑡) 0.9974 21.18 3.77 

First order with 

Fmax and Tlag 

 𝐹 = 𝐹𝑚𝑎𝑥 ∙ [1 − 𝑒−𝑘1∙(𝑡−𝑇𝑙𝑎𝑔)] 0.9967 23.18 3.49 

Higuchi  𝐹 = 𝑘𝐻 ∙ 𝑡0.5 -0.9908 66.89 -2.76 

Hixton-Crowell  𝐹 = 100 ∙ [1 − (1 − 𝑘𝐻𝐶 ∙ 𝑡)3] -0.9908 66.89 -2.76 

Korsmeyer-

Peppas 

 𝐹 = 𝑘𝐾𝑃 ∙ 𝑡𝑛 0.9902 30.38 2.46 

Korsmeyer-

Peppas with F0 

 𝐹 = 𝐹0 + 𝑘𝐾𝑃 ∙ 𝑡𝑛 0.9878 32.38 2.17 

Korsmeyer-

Peppas with Tlag 

 𝐹 = 𝑘𝐾𝑃 ∙ (𝑡 − 𝑇𝑙𝑎𝑔)𝑛 0.9992 12.94 4.95 

 

Based on the fitting values and according to the AdR2 values, the best model to characterize the release 

of 5-ASA from the A200 particles would be variations of the Korsmeyer-Peppas model (Korsmeyer-Peppas 

or Korsmeyer-Peppas with Tlag) or of first-order release (first-order with Fmax and first-order with Fmax 

and Tlag). Although the fitting parameters AdR2, AIC and MSC are helpful in selecting the most appropriate 

mathematical model, it should always be complemented with a critical analysis of the system and the 

most plausible assumption of the drug release mechanism, which is dependent on its nature 120. There 

are two major differences between the mechanistic assumptions for the first-order and the Korsmeyer-

Peppas models. The first-order release model is entirely based on Fick’s law of diffusion and assumes 

the system is a drug reservoir covered with a barrier membrane that ultimately controls the diffusion rate. 

It also assumes that the drug concentration inside this barrier is below the drug solubility 132. Given that 

this membrane does not dissolve or swell, if perfect sink conditions are provided throughout the release 
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process and if the drug permeability through the barrier is constant, diffusion is the only process that 

controls the release rate and first-order kinetics predicts the release rate. 

For the Korsmeyer-Peppas models, in addition to Fick’s law of diffusion, polymer swelling also plays a 

relevant role in the release rate. One major consequence of polymer swelling in the release rate is the 

generation of a longer diffusion path and consequent decreasing drug concentration gradients, which can 

decrease the release rate 132. This occurs because the polymer swells from the outside in, from a less 

mobile state to a mobile state.  

Since the A200 self-assembled structures are a polypeptidic system and do not present a coating barrier, 

the most logical choice between first-order or Korsmeyer-Peppas model variations would be the latter. 

Moreover, other works with this system have shown a rapid swelling, with a water uptake of 261.9 ± 41 

% in the first 30 min 114, which is a key proposition of the Korsmeyer-Peppas model. Regarding this model, 

there are two variations of the original equation: one used to describe a late onset of the release rate 

(Tlag) and the other used to describe an initial burst drug release (F0). In this work, the variation with 

Tlag, presents the best AdR2 and MSC values. However, in this model, the obtained value of Tlag was of 

0.99 which overestimates the fitting as a consequence of the experimental data. It is safe to assume that 

the drug is continuously released before the first measurement at the first hour. Hence, the hypothetical 

late onset associated with this model cannot be confirmed from these results alone and this model should 

be disregarded. For this reason, the standard Korsmeyer-Peppas model was considered as the most 

appropriate model to describe the release mechanism of the A200 system. Figure 15 presents the 

curves for both models and the model equations for standard Korsmeyer-Peppas and Korspeyer-Peppas 

with Tlag are represented as equations 6 and 7, respectively.  

 

Figure 15 - Drug release kinetics curve fitted with the A) Korsmeyer-Peppas and B) Korsmeyer-Peppas with Tlag, using 

DDSolver. 
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Eq. 6      𝐹 = 71.891 ∙ 𝑡0.041 

Eq. 7      𝐹 = 76.692 ∙ (𝑡 − 0.999)0.02 

 

Ultimately, while Korsmeyer-Peppas with Tlag provides a better mathematical fit for the release kinetics, 

the empirical basis of the standard Korsmeyer-Peppas model better describes the physical process behind 

the release of 5-ASA from the A200 nanoparticles. In the present work, the fit for the Korsmeyer-Peppas 

with Tlag is conditioned by the experimental data and additional time points before the first hour would 

be needed to confirm if the late onset of the release rate occurs. 

 

3.6. Particle morphology 

SEM was used to determine the morphology and size of loaded and unloaded particles (figure 16), 

demonstrating the formation of spherical nanoparticles with mean diameters of 44.09 ± 7.25 nm and 

45.81 ± 9.62 nm for the unloaded and 5-ASA particles, respectively. These results contrast with those 

obtained by DLS. However, one must consider that the particles for SEM are fully dried in opposition to 

the hydrated samples used in DLS. These differences in size between dried and hydrated particles also 

provide indications for the high-water content in the self-assembled A200 particles. 

 

 

Figure 16 - SEM micrographs for unloaded A200 particles (left) and 5-ASA loaded particles (right). 
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4. Conclusions and future perspectives  

The main objective of this thesis was to evaluate the feasibility of using ELR as a platform for the oral 

delivery of 5-ASA, targeting the development of novel therapies for IBD. Additionally, it also aimed at 

contributing to expand the knowledge on ELR-based delivery systems by assessing its potential for the 

encapsulation of small drugs.  

Here, an ELR consisting of 200 repetitions of the pentamer VPAVG was used as delivery system for 5-

ASA. Purification of A200 was easily achieved by exploring the phase transition behaviour of ELR, avoiding 

the need of cumbersome chromatographic methods and resulting in highly pure protein polymer fractions 

with high recovery rate. In the characterization of a drug delivery system, there is the need to implement 

methodologies that allow for a proper quantification of the loaded/released drug. Absorbance and 

fluorescence spectroscopy proved to be a viable combination of methods for the quantification of 5-ASA 

with the advantages of reduced cost and time of operation. Fluorescence spectroscopy also provides a 

very sensitive methodology, allowing for the quantification of small concentrations.  

ELR, and specifically A200, are highly interesting biomolecules for the development of drug delivery 

systems due to the associated biocompatibility and spontaneous self-assembly behaviour in mild 

conditions (i.e. PBS and 37 ºC). However, for the specific case considered in this thesis, the system 

demonstrated to present limitations deriving from the low encapsulation efficiency and loading capacity, 

and fast release of 5-ASA. In fact, the low loading capacity of the system would require a great amount of 

encapsulated drug to meet the daily oral dosage between 1.2 g and 2.4 g. Moreover, the release kinetics 

are associated with an initial burst, with almost all the loaded drug being released within the first eight 

hours, and great part in the first two hours. This is not ideal for oral delivery in therapies targeting the 

intestine, as most of the drug would be released in the stomach (where digestion takes place for 2 h 

approximatively) and would not reach the target. Despite these results, the characterization of the release 

mechanism provides a valuable contribution to the understanding of A200 as a potential drug delivery 

platform. The fit to Korsmeyer-Peppas kinetic model suggests a mixed diffusion-swelling based release. 

The system swelling can be very useful for the sustained release of pharmaceuticals since the 

concentration gradient, which is the main force driving diffusion, is smaller and with a longer pathway. 

The same release system is found in hydroxypropyl methylcellulose, a common excipient in oral 

pharmaceuticals. This opens the door to explore the system as a matrix in combination with other 

materials.  
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An interesting strategy to overcome the limitations associated with the fast release and low loading 

performance would be by cross-linking 5-ASA with the lysine residues of A200 by an azo-bond. Azo-bonds 

are typically used in 5-ASA prodrugs since they are known to be reduced by colonic bacteria. This strategy 

would improve the loading efficiency and would slow the release up to the intestine. Alternatively, or in 

combination, the use of pH-dependent excipients like Eudragit® could possibly delay release and provide 

a colon-targeted delivery. 

Finally, an important consideration that can be extrapolated from this work and should be considered for 

future research with A200 as delivery system is the relation between the loading efficiency and the size 

of the drug to be loaded. A comparison between this work and literature suggests a positive correlation 

between the molecular weight of the drug with the encapsulation efficiency, although properties like 

hydrophobicity should be also considered. This could indicate that A200 is more adequate for the delivery 

of larger molecules. Hence, an interesting study would be to characterize the loading and release profile 

of molecules with different sizes and hydrophobicity in A200. 
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6. Annexes 

Annex I 

Protein nucleotide sequence and its characteristics 

Sequence: 

KKKVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPA

VGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAV

GVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVG

VPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGV

PAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVP

AVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAV

GVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVG

VPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGV

PAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVP

AVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAV

GVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVG

VPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGV

PAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVPAVGVP

AVGVPAVGVPAVGKKK 

Molecular weight: 85.49 kDa 

Theoretical isoelectric point: 10.70 
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Annex II 

Polyacrylamide 10 % gels used in SDS-PAGE 

Reagents/solutions Volume 

Running buffer  

Acrylamide/bisacrylamide (40:2) solution 1.4 mL 

0.75 M Tris-HCl, 0.2 % SDS, pH 8.8 buffer 2.8 mL 

dH2O 1.35 mL 

APS 10 % 30 µL 

TEMED 3.5 µL 

Stacking buffer  

Acrylamide/bisacrylamide (40:2) solution 0.28 mL 

0.25 M Tris-HCl, 0.2 % SDS, pH 6.8 buffer 1.1 mL 

dH2O 0.9 mL 

APS 10 % 12.5 µL 

TEMED 4 µL 
 

Loading buffer 5 X used for SDS-PAGE samples 

SDS 10 % 

Glycerol 40 % 

Tris-HCl 0.2 M 

β-mercaptoethanol 50 mM 

Bromophenol Blue 0.1 % 
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Annex III 

Absorbance spectrum of 5-ASA 

 

Fluorescence spectrum of 5-ASA 

 


