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ABSTRACT 

Osteoarthritis (OA) is a common degenerative joint disease, a major cause of disability glob-

ally, whose economic burden is substantial, thus requiring effective treatments to reduce its 

burden and improve patients’ quality of life. In this context, the main strategy here followed 

was the use of Low Transition Temperature Mixtures (LTTMs) to incorporate drugs and biopol-

ymer(s) already prescribed in OA therapeutics (e.g.: non-steroidal anti-inflammatory drugs 

(NSAIDs) and hyaluronic acid (HA), the main component of joints lubricant - synovial fluid), in 

such a way that it can improve their efficiency, overcome their limitations, and reduce the ap-

proval-time needed to reach the market.  

 LTTMs are particularly promising to enhance drugs' bioavailability and to be used as con-

trolled delivery systems, especially upon combination with biomaterials, such as polymers. 

Hence, the main scope of this thesis was to provide an innovative therapeutic approach com-

bining the following features:  

i. LTTM constituents with beneficial properties for OA therapy. Different LTTM compositions 

were designed, developed, and characterized envisioning added synergetic action in OA ther-

apy.  

ii. Increased NSAIDs bioavailability. Selected LTTMs were studied to identify the most prom-

ising LTTM+NSAID combinations concerning this feature.  

iii. Compatibility towards the inclusion of selected biopolymers. An injectable formulation 

was designed and characterized envisioning the inclusion of selected biopolymers in the same 

LTTM media used to enhance the bioavailability of NSAIDs.  

iv. Viability for intra-articular administration. The designed formulation was studied aiming 

to validate proper features for the intended application.  

v. In vivo therapeutic potential for OA. The developed injectable was evaluated in a post-

traumatic OA rat model.  
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Briefly, glycerol:sorbitol (GS) emerged as a promising lubricant LTTM, improved celecoxib’s 

(CEX) solubility and was compatible with HA, rendering an alternative to conventional physio-

logic solutions. GS+HA combination yielded a stable, injectable gel mimicking synovial fluid 

properties, further enhanced CEX bioavailability and modulated its release kinetics. In vivo, the 

HA+GS+CEX formulation effectively reduced pain and inflammation while distinctively inhibit-

ing cartilage and bone degradation, contrarily to HA or HA+CEX alone. 

Overall, this work allowed to develop a product prototype assembling two therapeutic 

agents individually approved for OA therapy in a unique formulation with improved therapeu-

tic potential and convenience (2-in-1). An injectable formulation with the accomplished fea-

tures is not yet available in the market and such a product is of high social and economic 

interest.  

 

Keywords: Osteoarthritis, low transition temperature mixtures/deep eutectic systems, biopoly-

mers, viscosupplementation, hyaluronic acid, non-steroidal anti-inflammatory drugs, celecoxib, 

intra-articular, injection, glycerol, sorbitol 
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RESUMO 

A artrose ou osteoartrose (OA) é uma doença articular degenerativa, uma das principais 

causas de incapacidade a nível mundial, e o seu encargo económico é considerável. Assim, é 

impreterível encontrar tratamentos eficientes que possam reduzir as limitações da doença e 

melhorar a qualidade de vida dos pacientes. Neste contexto, a principal estratégia delineada 

consistiu no uso de LTTMs (misturas de baixa temperatura de transição) para incorporar fár-

macos e biopolímeros(s) já aplicados na terapêutica da OA (ex: anti-inflamatórios não esteroi-

des (AINEs) e ácido hialurónico (HA), o principal agente lubrificante das articulações - líquido 

sinovial), de forma a melhorar a sua eficiência, diminuir as suas limitações e reduzir o tempo 

necessário para chegar ao mercado.  

Os LTTMs são particularmente promissores no aumento da biodisponibilidade dos fárma-

cos e para sistemas de libertação controlada, especialmente quando combinados com bioma-

teriais, como polímeros. Nesse sentido, o principal objetivo desta tese foi desenvolver uma 

abordagem terapêutica inovadora com as seguintes características:  

i) LTTMs com propriedades benéficas para a terapia de OA. Diferentes composições de 

LTTMs foram delineadas, desenvolvidas e caracterizadas, visando uma ação sinérgica adicional 

na terapia da OA; 

ii) Aumento da biodisponibilidade dos AINEs. LTTMs selecionados foram estudados em ter-

mos da combinação de LTTM+AINE mais promissora para essa funcionalidade;  

iii) Compatibilidade para inclusão de biopolímeros selecionados. Uma formulação injetável 

foi desenvolvida e caracterizada visando a inclusão de biopolímeros selecionados no meio de 

LTTM usado para aumentar a biodisponibilidade dos AINEs; 

iv) Viabilidade para administração intra-articular. A formulação desenvolvida foi estudada 

de forma a validar propriedades adequadas à aplicação pretendida;  
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v) Potencial terapêutico in vivo para OA. O injetável obtido foi avaliado num modelo de 

ratazana com OA pós-traumática.   

Resumidamente, o LTTM de glicerol:sorbitol (GS) emergiu como lubrificante promissor, au-

mentou a solubilidade do celecoxibe (CEX), e foi compatível com HA, potenciando uma alter-

nativa às soluções fisiológicas convencionais. A combinação GS+HA resultou num gel injetável 

estável, que mimetiza as propriedades do líquido sinovial, aumenta ainda mais a biodisponi-

bilidade do CEX e modela a cinética de libertação. In vivo, a formulação HA+GS+CEX reduziu 

eficazmente a dor e inflamação, e distinguiu-se pela inibição da destruição óssea e de cartila-

gem, não alcançada pelo HA ou HA+CEX sem GS.  

No geral, o trabalho desenvolvido permitiu obter um protótipo de produto reunindo dois 

agentes terapêuticos individualmente aprovados para o tratamento da OA, numa formulação 

única, com potencial terapêutico aprimorado e conveniência (2-em-1). Uma formulação inje-

tável com estas características não está ainda disponível no mercado e é de elevado interesse 

social e económico.  

 

Palavras-chave: Osteoartrite, misturas de baixa temperatura de transição/sistemas eutécticos, 

biopolímeros, viscosupplementação, ácido hialurónico, anti-inflamatórios, celecoxibe, intra-ar-

ticular, injeção, glicerol, sorbitol 

 

 

 

 

 

 

 



 

 xxi 

LIST OF PUBLICATIONS 

Patent 

PCT/IB2024/056817 patent application. Ana Roda, Ana Rita C. Duarte, Alexandre Paiva, Jaquel-

ine Lourdes Rios and Laura B. Creemers. Injectable composition, methods and uses thereof, 

registered on 12/07/2024 (provisional patent since 19/12/2023) 

Papers published in international peer-reviewed scientific journals: 

Ana Roda, Alexandre Paiva and Ana Rita C. Duarte. A Low Transition Temperature Mixture-

based viscosupplementation complemented with celecoxib for osteoarthritis treatment, Inter-

national Journal of Pharmaceutics. 2024, 656, 124088. doi: 10.1016/j.ijpharm.2024.124088 

 

Ana Roda, Alexandre Paiva and Ana Rita C. Duarte. Therapeutic Liquid Formulations Based on 

Low Transition Temperature Mixtures for the Incorporation of Anti-Inflammatory Drugs, Phar-

maceutics. 2021, 13, 1620. doi: 10.3390/pharmaceutics13101620 

Ana Roda, Filipa Santos, Yeong Zen Chua, Aarti Kumar, Hoang Tam Do, Alexandre Paiva, Ana 

Rita C. Duarte and Christoph Held. Unravelling the nature of citric acid:L-arginine:water mix-

tures: The bifunctional role of water, Physical Chemistry Chemical Physics. 2021, 23, 1706. 

doi:10.1039/D0CP04992A 

Ana Roda, Ana M. Matias, Alexandre Paiva and Ana Rita C. Duarte. Polymer Science and Engi-

neering Using Deep Eutectic Solvents, Polymers. 2019, 11, 912; doi:10.3390/polym11050912 

 

Papers in preparation for publication in international peer-reviewed scientific journals: 

Ana Roda, Jaqueline Lourdes Rios, Yeter Dilek, Kelly Warmink, Remei Escudero, Katrin A. Muen-

zebrock, Jie Du, Zhiming Wu, Alexandre Paiva, Ana Rita C. Duarte and Laura B. Creemers. A Low 

Transition Temperature Mixture-based viscosupplementation complemented with celecoxib 

for osteoarthritis treatment 

 

 

 

 



 

 xxii 

Oral presentations in international conferences: 

Ana Roda, Jaqueline Lourdes Rios, Alexandre Paiva, Laura B. Creemers and Ana Rita C. Duarte. 

Green Solvents: New Horizons in Osteoarthritis Treatment. Accepted in the IMIL2024: 7th Edi-

tion of the Iberoamerican Meeting on Ionic Liquids, Coimbra, Portugal, 20-22 November 2024 

Ana Roda, Alexandre Paiva and Ana Rita C. Duarte. Combining Low Transition Temperature 

Mixtures with hyaluronic acid and NSAID for osteoarthritis treatment. EPNOE2022: 5th Interna-

tional EPNOE Junior Scientist Meeting, Aveiro, Portugal, 8-9 September 2022 

Ana Roda, Alexandre Paiva and Ana Rita C. Duarte. A two-in-one formulation for intra-articular 

injection in osteoarthritis. IMRC2022: XXIX International Materials Research Congress, Cancún, 

Mexico, 14-19 August 2022 

Ana Roda, Ana A. Matias, Alexandre Paiva and Ana Rita C. Duarte. Exploring DES-like formula-

tions to improve NSAIDs solubility. IMRC2021: XXIX International Materials Research Congress, 

Cancún, Mexico, 15-20 August 2021 

Ana Roda, Filipa Santos, Yeong Zen Chua, Aarti Kumar, Hoang Tam Do, Alexandre Paiva, Ana 

Rita C. Duarte and Christoph Held. DES? Solutions? The Influence of Water on the phase be-

haviour of Ternary Liquid Mixtures. 2nd International Meeting on Deep Eutectic Systems, Lisbon, 

Portugal, 15-17 June 2021 

Ana Roda, Alexandre Paiva, Ana Rita C. Duarte and Christoph Held. Insights into mixtures with 

water: DES or aqueous solutions? Flash oral presentation at IMIL2021: 6th Iberoamerican Meet-

ing on Ionic Liquids, Chile, 24-26 May 2021 

 

Posters in international conferences: 

Ana Roda, Jaqueline Lourdes Rios, Yeter Dilek, Kelly Warmink, Remei Escudero, Katrin A. Muen-

zebrock, Jie Du, Zhiming Wu, Alexandre Paiva, Ana Rita C. Duarte and Laura B. Creemers. The 

effect of a two in one viscosupplement delivering celecoxib in a rat model of osteoarthritis. 

2024 OARSI World Congress on Osteoarthritis, Vienna, Austria, 18-21 April 2024 



 

 xxiii 

Ana Roda, Alexandre Paiva, Ana M. Matias and Ana Rita C. Duarte. Exploring NSAIDs bioavail-

ability through THEDES-like liquid formulations. 12th World Meeting on Pharmaceutics, Bio-

pharmaceutics and Pharmaceutical Technology, Vienna, Austria, 11-14 May 2021 

Ana Roda, Ana M. Matias, Alexandre Paiva and Ana Rita C. Duarte. THEDES-like mixtures influ-

ence in the bioavailability of NSAIDs. 1st GREENERING International Conference, Costa da Ca-

parica, Portugal, 15-16 February 2021 

Ana Roda, Alexandre Paiva, Ana Rita C. Duarte and Christoph Held. DES? Solutions? Tools to 

characterize the effect of water in complex liquid mixtures. 1st GREENERING International Con-

ference, Costa da Caparica, Portugal, 15-16 February 2021 

Ana Roda, Ana M. Matias, Alexandre Paiva and Ana Rita C. Duarte. Biopolymeric-based THEDES 

for osteoarthritis treatment. 2nd International workshop on advanced materials for healthcare 

applications, Funchal, Madeira, 8-9 October 2019  

Ana Roda, Ana M. Matias, Alexandre Paiva and Ana Rita C. Duarte. Glucosamine/Chondroitin-

based THEDES for osteoarthritis treatment. 1st International Meeting on Deep Eutectic Solvents, 

Lisbon, 24-27 June 2019  

 





 

 xxv 

CONTENTS 

ABSTRACT ........................................................................................................................................................... XVII 

RESUMO ............................................................................................................................................................... XIX 

CONTENTS .......................................................................................................................................................... XXV 

LIST OF FIGURES ................................................................................................................................................ XXIX 

LIST OF TABLES ................................................................................................................................................. XXXV 

ACRONYMS & ABBREVIATIONS ..................................................................................................................... XXXVII 

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

1.1 Motivation, Objective and Framework ........................................................................................... 3 

1.2 Osteoarthritis ........................................................................................................................................... 5 

1.3 Conventional OA therapy .................................................................................................................... 7 

1.3.1 Non-pharmaceutical .................................................................................................................... 8 

1.3.2 Pharmaceutical ............................................................................................................................... 8 

1.3.2.1 Celecoxib ................................................................................................................................... 11 

1.3.2.2 Hyaluronic acid ........................................................................................................................ 13 

1.3.3 Surgical ........................................................................................................................................... 15 

1.4 Emerging therapies ............................................................................................................................. 15 

1.5 Formulation with LTTMs for pharmaceutical and biomedical applications ................... 19 

1.5.1 Deep eutectic systems and Low Transition Temperature Mixtures (LTTMs) ........ 19 

1.5.2 Therapeutic LTTMs for OA ....................................................................................................... 21 

1.6 Formulation of LTTM–polymer products applied to pharma .............................................. 23 



 

 xxvi 

1.6.1 LTTM-polymeric gels for drug delivery............................................................................... 25 

1.7 Aims of the thesis ................................................................................................................................. 27 

2   THERAPEUTIC LIQUID FORMULATIONS BASED ON LOW TRANSITION TEMPERATURE MIXTURES FOR THE 

INCORPORATION OF ANTI-INFLAMMATORY DRUGS ........................................................................................... 29 

2.1 Abstract .................................................................................................................................................... 31 

2.2 Introduction ............................................................................................................................................ 31 

2.3 Experimental section ........................................................................................................................... 32 

2.3.1 Materials ......................................................................................................................................... 32 

2.3.2 Screening and preparation of liquid formulations ......................................................... 33 

2.3.2.1 Water content determination ............................................................................................ 33 

2.3.3 Differential Scanning Calorimetry (DSC) ............................................................................ 34 

2.3.4 Nuclear Magnetic Resonance ................................................................................................. 34 

2.3.5 Attenuated total reflection-Fourier transform infrared (ATR-FTIR) .......................... 34 

2.3.6 Cytotoxicity .................................................................................................................................... 35 

2.3.7 Viscosity .......................................................................................................................................... 35 

2.3.8 Polarity ............................................................................................................................................ 35 

2.3.9 pH measurements ....................................................................................................................... 36 

2.3.10 NSAIDs solubility ......................................................................................................................... 36 

2.3.10.1 HPLC........................................................................................................................................ 36 

2.3.11 Statistical analysis ....................................................................................................................... 37 

2.4 Results and Discussion ....................................................................................................................... 37 

2.4.1 Preparation of LTTMs ................................................................................................................ 37 

2.4.2 Thermal characterization .......................................................................................................... 41 

2.4.3 Intermolecular interactions ..................................................................................................... 41 

2.4.4 Cytotoxicity evaluation .............................................................................................................. 46 

2.4.5 Viscosity assessment .................................................................................................................. 48 

2.4.6 Solubility insight .......................................................................................................................... 49 



 

 xxvii 

2.5 Conclusions ............................................................................................................................................ 54 

3   A LOW TRANSITION TEMPERATURE MIXTURE-BASED VISCOSUPPLEMENTATION COMPLEMENTED WITH 

CELECOXIB FOR OSTEOARTHRITIS TREATMENT .................................................................................................... 55 

3.1 Abstract .................................................................................................................................................... 57 

3.2 Introduction ............................................................................................................................................ 57 

3.3 Experimental section ........................................................................................................................... 59 

3.3.1 Materials ......................................................................................................................................... 59 

3.3.2 Gel preparation ............................................................................................................................ 59 

3.3.3 Rheology ........................................................................................................................................ 60 

3.3.4 Cytocompatibility ........................................................................................................................ 60 

3.3.5 Drug release .................................................................................................................................. 61 

3.3.6 Nuclear Magnetic Resonance ................................................................................................. 62 

3.3.7 Polarized Optical Microscopy (POM) ................................................................................... 62 

3.3.8 Statistical analysis ....................................................................................................................... 62 

3.4 Results and Discussion ....................................................................................................................... 63 

3.4.1 Rheologic characterization ...................................................................................................... 63 

3.4.2 Cytocompatibility evaluation .................................................................................................. 68 

3.4.3 Drug release from gels .............................................................................................................. 70 

3.5 NMR - Long term stability of the gels .......................................................................................... 72 

3.6 Conclusions ............................................................................................................................................ 73 

4   THE EFFECT OF AN LTTM-BASED VISCOSUPPLEMENT COMBINED WITH CELECOXIB IN A RAT MODEL WITH 

POST-TRAUMATIC KNEE OSTEOARTHRITIS ........................................................................................................... 75 

4.1 Abstract .................................................................................................................................................... 77 

4.2 Introduction ............................................................................................................................................ 77 

4.3 Experimental section ........................................................................................................................... 79 

4.3.1 Materials ......................................................................................................................................... 79 

4.3.2 Preparation of injectables ........................................................................................................ 79 



 

 xxviii 

4.3.3 Animal setup and OA model .................................................................................................. 80 

4.3.4 Caliper measurements .............................................................................................................. 81 

4.3.5 Dynamic weight bearing (DWB) ............................................................................................ 81 

4.3.6 Blood analysis ............................................................................................................................... 81 

4.3.7 Micro-computed tomography ............................................................................................... 81 

4.3.8 Histology ........................................................................................................................................ 82 

4.3.9 Statistics .......................................................................................................................................... 83 

4.4 Results and Discussion ....................................................................................................................... 83 

4.4.1 Assessment of knee edema and pain .................................................................................. 83 

4.4.2 Histological evaluation of synovial inflammation and joint degeneration ........... 85 

4.4.3 Microtomography analysis of bone ..................................................................................... 87 

4.4.3.1 Changes in the subchondral bone plate........................................................................ 87 

4.4.3.2 Changes in the trabecular bone........................................................................................ 90 

4.4.4 Systemic CEX exposure ............................................................................................................. 92 

4.5 Conclusions ............................................................................................................................................ 93 

5   CONCLUDING REMARKS AND OUTLOOK .................................................................................................. 95 

5.1 Work integration and major achievements ................................................................................ 95 

5.2 Challenges and Prospects ................................................................................................................. 96 

REFERENCES .......................................................................................................................................................... 99 

A   APPENDIX OF CHAPTER 2 ....................................................................................................................... 121 

A.1 Screening of PEG-based mixtures ............................................................................................... 121 

A.2 Physicochemical characterization of citric acid:L-arginine:water mixtures ................. 124 

B   APPENDIX OF CHAPTER 3 ....................................................................................................................... 129 

B.1 Celecoxib release ............................................................................................................................... 129 

B.2 NMR of gels with celecoxib ........................................................................................................... 130 

C   APPENDIX OF CHAPTER 4 ....................................................................................................................... 131 



 

 xxix 

LIST OF FIGURES 

Figure 1.1 – Schematic representation of the thesis framework. ........................................................... 5 

Figure 1.2 – Illustration of a healthy synovial joint, adapted from SMART (Servier Medical Art, 

licensed under a Creative Commons Attribution 3.0 Unported License: 

http://smart.servier.com/). .................................................................................................................................... 6 

Figure 1.3 – Global prevalence of osteoarthritis for age and sex in mean±SD (light grey: female; 

dark grey: male). Data from Global Burder of Disease (GBD) 2019 [20]. ............................................. 7 

Figure 1.4 - Schematic representation of the common lines of treatment currently applied to 

OA. .................................................................................................................................................................................. 7 

Figure 1.5 - Schematic representation of pharmaceutic approaches used for OA treatment, 

including some examples and respective chemical structures (retrieved from molview.org). . 11 

Figure 1.6 - Phase diagram representation for A+B mixtures: melting temperature at different 

molar fractions of A+B (0, pure A; 1, pure B). .............................................................................................. 20 

Figure 1.7 - Number of published articles per year on LTTMs. Data from Web of Science 

((ALL=(deep+eutectic+solvents)) OR ALL=(deep+eutectic+systems)) OR 

ALL=(Low+Transition+Temperature+Mixtures), accessed at 09 Jan 2024 [144]. .......................... 21 

Figure 1.8 – a) Number of published articles per year on LTTMs and polymers: data from Web 

of Science (((ALL=(deep+eutectic+solvents)) OR ALL=(deep+eutectic+systems)) OR 

ALL=(Low+Transition+Temperature+Mixtures)) AND ALL=(polymer), accessed on 09 Jan 2024 

[144]. b) Graphical representation of the relative incidence of the subareas explored within 

LTTM–polymer field [156].................................................................................................................................... 24 

Figure 2.1 - DSC thermogram of a) sorbitol, b) glycerol and c) GS 2:1 molar ratio. ..................... 41 

Figure 2.2 - FTIR spectra of LTTMs and components. Left: a) pure sorbitol; b) pure glycerol and 

c) GS 2:1 molar ratio. Right: a) pure L-arginine; b) L-arginine:H2O 1:7 mol; c) L-arginine:H2O 

pH=3.5; d) citric acid:L-arginine: H2O 1:1:7 mol; e) citric acid: H2O 1:7 mol; f) pure citric acid. “s” 



 

 xxx 

and “b” refer to stretching and bending vibrations, respectively. Numbers attributed according 

to the chemical structures from Figure A.6, Appendix A. ........................................................................ 43 

Figure 2.3 - H1 NMR spectra of LTTMs and components. Left a) sorbitol, b) glycerol and c) GS 

2:1 molar ratio. Right: a) citric acid:H2O pH=3.5; b) citric acid:H2O 1:7; c) citric acid:L-

arginine:H2O 1:1:7; d) L-arginine:H2O pH=3.5. The functional groups of the protons detected 

were identified and numbers attributed according to the respective chemical structures (see 

species distribution in Figure A.6, Appendix A). ......................................................................................... 45 

Figure 2.4 - Cell metabolic activity (%) for different concentrations of glycerol, sorbitol, GS 2:1 

and G+S 2:1. No significant differences between the metabolic activity profiles of GS and G+S 

(p-value > 0.8). ........................................................................................................................................................ 47 

Figure 2.5 - Dynamic viscosity for: a) GS from 80 to 4°C; b) CAW from 4 to 80°C. ....................... 48 

Figure 2.6 - Solubility of NSAIDs in PBS, CAW:PBS 2:1 and GS:PBS 2:1 (w/w).****p < 0.0001; ***p 

≤ 0.0007; **p ≤ 0.01; *p ≤ 0.03; nsp > 0.1. .................................................................................................... 50 

Figure 2.7 - ET values obtained for CAW, GS and H2O using nile red and/or Reichardt’s dye. . 51 

Figure 2.8 - Chemical structure of ibuprofen, flurbiprofen, naproxen, indomethacin, ketoprofen 

and celecoxib. .......................................................................................................................................................... 52 

Figure 2.9 - Solubility of celecoxib in PBS and different ratios of GS:PBS and CAW:PBS (2:1, 1:1 

and 1:10, w/w). Statistical differences between PBS, CAW:PBS 2:1 and GS:PBS 2:1 (****p < 

0.0001). The differences between CAW:PBS 1:1, GS:PBS 1:1, CAW:PBS 1:10, GS:PBS 1:10 and PBS 

were not significant (p > 0.9999). ..................................................................................................................... 53 

Figure 3.1 - Schematic representation of the drug release setup. ....................................................... 61 

Figure 3.2 - Frequency sweeps of a) GHA and b) GGluS. Storage (G’) and loss (G’’) moduli as a 

function of frequency (Hz). ................................................................................................................................. 63 

Figure 3.3 - Storage (G’) and loss (G’’) moduli of GHA and GGluS gels, in comparison to the 

ones reported for commercial viscosupplementations [62,248–250]. ............................................... 65 

Figure 3.4 - Viscosity as a function of temperature for a) GHA, and b) GGluS. .............................. 65 

Figure 3.5. Viscosity as a function of shear rate (dGHA: GHA diluted 3-fold). ................................ 67 

Figure 3.6. Cell metabolic activity percentage determined in ATDC5 cells for the developed 

gels: GHA, GGluS, GHA+CEX, GGluS+CEX. ................................................................................................... 69 

Figure 3.7. Representation of the mean values for the cumulative release of celecoxib (mg/L) 

from GHA+CEX, GGluS+CEX, GS and PBS. The lines are a guide to the eye. a) High clearance 

rate scenario b) low clearance scenario. *p≤0.05, **p≤0.01, ****p≤0.0001. Full data (Mean ±SD) 

in Table B.1 and Table B.2, Appendix B. ......................................................................................................... 70 



 

 xxxi 

Figure 3.8. POM images of GHA+CEX with celecoxib at 0.04 mg/mLGS:PBS (top) and GHA+CEX 

with excess celecoxib (bottom). Left: Non-polarized images; right: polarized images. Scale bar: 

100 µm. ....................................................................................................................................................................... 72 

Figure 3.9 - 1H NMR spectra over time. Left: GGluS gel at a) day 0, freshly prepared, b) 1 week, 

c) 2 weeks, d) 1 month, e) 2 months; Right: GHA gels at a) day 0, b) 2weeks, c) 1 month, d) 2 

months, e) 1 year. Similar spectra were obtained for gels with celecoxib Figure B.1, Appendix 

B. ................................................................................................................................................................................... 73 

Figure 4.1 - Ipsilateral knee diameter upon OA induction (days -25 to -1) and after IA injection 

(days 1 to 55), in respect to baseline (healthy, prior OA induction). ................................................... 84 

Figure 4.2 – Dynamic weight bearing analysis of OA-induced pain-behavior assessed by the 

weight on the contralateral limb as a percentage of total weight distributed by both hind limbs. 

**p ≤ 0.01; *p ≤ 0.05; #p ≤ 0.1. ......................................................................................................................... 85 

Figure 4.3 – Histological evaluation of the injectable effects in OA synovitis and joint 

degeneration: a) Synovial inflammation as represented by the total Krenn score (0-9). b) Joint 

degeneration as represented by the total Mankin score (0-14). c) Degeneration of joint 

structure denoted by the structure Mankin subscore (0-6), and represented in d) Safranin-

O/Fast Green-stained medial joint sections. ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05; #p ≤ 0.1. 

Remaining Mankin subscores represented in Figure C.2, Appendix C. ............................................. 86 

Figure 4.4 - Subchondral bone plate (SBP) thickness and bone volume fraction of the tibia 

plateau. Micro-computed tomography (µCT) analysis on the differences between groups (data 

represented as endpoint/pre-injection). Ipsilateral: OA limb; Contralateral: non-OA limb. a) 

Ipsilateral bone volume fraction (BV/TV) significantly reduced for PBS in respect GHA+CEX 

(p=0.0252). b) No changes in contralateral BV/TV. c) No significant changes in ipsilateral 

thickness. d) No significant changes in contralateral thickness. e) Ipsilateral BV/TV slightly 

reduced for PBS compared to HA (p=0.0363). f) No changes in contralateral BV/TV (no 

comparison with control (PBS, n=4). g) Trend towards ipsilateral thickness increase for 

GHA+CEX compared to HA (p=0.0599). h) No significant changes in contralateral thickness (no 

comparison with PBS (n=4)). i) µCT frame for ipsilateral knee injected with PBS (no treatment), 

compared to j) Ipsilateral µCT of knee injected with GHA+CEX. **p ≤ 0.01; *p ≤ 0.05; #p ≤ 0.1.

 ....................................................................................................................................................................................... 88 

Figure 4.5 - Subchondral bone plate (SBP) thickness and bone volume fraction of the tibia 

plateau – Micro-computed tomography (µCT) changes at day 55 compared to day -1 (OA pre-

injection). Ipsilateral: OA limb; Contralateral: non-OA limb. a) Ipsilateral BV/TV significantly 

reduced for PBS (p=0.0064), HA (p=0.0306) and HA+CEX (p=0.0168) compared to OA pre-



 

 xxxii 

injection. b) No differences in contralateral BV/TV before or after injection.  c) No significant 

changes in ipsilateral thickness prior to and upon injection. d) Contralateral thickness 

significantly increased 2 months after injection of PBS (p=0.0051) or HA+CEX (p=0.0463). e) 

No significant differences in ipsilateral BV/TV. f) No relevant differences considered for 

contralateral BV/TV, even though HA vs pre-injection: p=0.0893. g) Ipsilateral thickness 

increased for all groups injected in comparison to OA pre-injection (PBS: p= 0.0189; HA: 

p=0.0015; HA+CEX: p=0.0520; GHA+CEX: p=0.0110). h) Contralateral thickness increase for all 

groups injected in comparison to OA pre-injection, significant for HA: p=0.0173, HA+CEX: 

p=0.0037, and GHA+CEX: p=0.0165. **p ≤ 0.01; *p ≤ 0.05; #p ≤ 0.1. ............................................... 89 

Figure 4.6 - Trabecular bone (TB) volume fraction and thickness of the tibia plateau. Micro-

computed tomography (µCT) analysis on the differences between groups. Ipsilateral: OA limb; 

Contralateral: non-OA limb. a) Trend towards ipsilateral bone volume fraction (BV/TV) 

reduction for GHA+CEX in respect PBS (p=0.0831) and HA (p=0.0999). b) No significant 

changes in contralateral BV/TV. c) No significant changes in ipsilateral thickness. d) No 

significant changes in contralateral thickness. e) Ipsilateral BV/TV significantly reduced for 

HA+CEX compared to HA (p=0.0445). f) Contralateral BV/TV significantly reduced for HA+CEX 

in respect to HA (p=0.08) (no statistic comparison with PBS, n=4). g) No significant changes in 

ipsilateral thickness. h) Contralateral thickness significantly increased for HA+CEX compared to 

HA (p=0.0495). *p ≤ 0.05; #p ≤ 0.1. ................................................................................................................... 91 

Figure 4.7 - Trabecular bone (TB) volume fraction and thickness of the tibia plateau. Micro-

computed tomography (µCT) analysis on the differences of OA pre-injection and 2-months 

upon injections. Ipsilateral: OA limb; Contralateral: non-OA limb. a) Ipsilateral BV/TV 

significantly reduced for PBS (p=0.0126) and HA (p=0.0585) compared to OA pre-injection. b)  

Contralateral BV/TV significantly increased 2 months after injection with PBS (p=0.0411), HA 

(p=0.0307) and HA+CEX (p=0.008), but not GHA+CEX, in comparison to pre-injection. c) 

Ipsilateral thickness increased for all groups injected in comparison to OA pre-injection (PBS: 

p=0.0784; HA: p=0.0171; HA+CEX: p=0.0351; GHA+CEX: p=0.0780).  d) Contralateral thickness 

significantly increased 2 months after injection of PBS (p=0.0005), HA (p=0.0102) or HA+CEX 

(p=0.0131), but not GHA+CEX, in comparison to pre-injection. e) No significant changes in 

ipsilateral BV/TV before and after injection. f) Contralateral BV/TV tendentially increased upon 

injection with PBS (p=0.0195), HA (p=0.0551) or HA+CEX (p=0.0174). g) Ipsilateral thickness 

tended to increase for groups injected with PBS: p=0.0882; HA: p=0.0709; HA+CEX: p=0.0899, 

but not for GHA+CEX, in comparison to OA pre-injection. h) Contralateral thickness 

significantly increased for all groups injected in comparison to OA pre-injection (PBS: 



 

 xxxiii 

p=0.0230; HA: p=0.0133; HA+CEX: p=0.0132; GHA+CEX: p=0.0228). ***p ≤ 0.001; **p ≤ 0.01; 

*p ≤ 0.05; #p ≤ 0.1. ................................................................................................................................................ 92 

Figure 4.8 – Celecoxib quantified systemically 2 to 72 h upon intra-articular injection.  HA+CEX 

and GHA +CEX release profiles with significantly higher CEX released systemically for HA+CEX 

in comparison to GHA +CEX. ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05. ..................................................... 93 





 

 xxxv 

LIST OF TABLES 

Table 2.1 - Attempts to prepare LTTMs of mixtures of interest. Selection criteria: aspirin and 

ibuprofen screened as analgesics, glycerol and PEG600 as lubricants [185–187], and 

glucosamine as natural biopolymer, precursor of cartilage. Remaining organic acids, sugar or 

water used as hydrogen bond donors or acceptors of the respective combination, in the 

attempt to promote hydrogen-bonding interactions towards liquefaction. ................................... 39 

Table 2.2 - IC50 determined for glycerol, sorbitol, GS 2:1, G+S 2:1, citric acid, L-arginine and 

CAW 1:1:7 (molar ratio), represented in mean ± SD. ................................................................................ 46 

Table 2.3 - pH values for PBS and mixtures of CAW:PBS and GS:PBS at different ratios (w/w).

 ....................................................................................................................................................................................... 52 

Table 3.1 - Composition and name given to the gel samples formulated. ...................................... 60 

Table 3.2. Results of crossover frequency (Fc), relaxation time (tR) and the storage modulus (G’) 

and loss modulus (G’’) at the frequency representative of walking (0.5 Hz) or running activities 

(2.5 Hz), at 37°C. G’ and G’’ near 0.5 and 2.5 Hz are represented as mean ± SD. Fc and tR were 

estimated from the crossover of G’ and G’ lines, plotted from their mean values (Figure 3.2).

 ....................................................................................................................................................................................... 64 

Table 3.3. Shear rate properties obtained for the GHA and dGHA formulations. ......................... 67 

 

 

 

 

 

 



 

 

 

 

 

 



 

 xxxvii 

ACRONYMS & ABBREVIATIONS 

A  

ATDC5 Chondrogenic cell line derived from mouse teratocarcinoma AT805 

ACLt Anterior Cruciate Ligament transection 

  

B  

BV/TV Volume of mineralized bone per total volume, Bone volume fraction 

  

C  

CEX Celecoxib 

CAW Citric acid:L-arginine:water 1:1:7 (molar) 

Caco-2 Epithelial cell line from human colorectal adenocarcinoma  

COX Cyclooxygenase 

ChCl Choline Chloride 

CRISPR-Cas9 Clustered Regularly Interspaced Short Palindromic Repeats-associated 

protein 9 

COSMO-RS Conductor-like Screening Model for Real Solvents  

  

D  

DES Deep Eutectic Systems, Deep Eutectic Solvents 



 

 xxxviii 

DSC Differential Scanning Calorimetry 

DMSO Dimethyl sulfoxide 

DMEM/F-12 Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 

DSMZ German Collection of Microorganisms and Cell Cultures 

DNA Deoxyribonucleic acid 

DWB Dynamic weight bearing 

  

E  

ESCEO European Society for Clinical and Economic Aspects of Osteoporosis and 

Osteoarthritis 

EDTA Ethylenediaminetetraacetic 

EMA European Medicines Agency 

  

F  

FDA Food and Drug Administration 

FBS Fetal Bovine Serum 

FTIR Fourier Transform Infrared 

Fc Crossover frequency 

  

G  

GS Glycerol:sorbitol 2:1 (mol/mol) 

GBD Global Burden of Disease 

Glu Glucosamine 

GluS Glugosamine sulphate 

GHA Gel of hyaluronic acid in a mixture of GS:PBS (2:1 molar) 

GGluS Gel of hyaluronic acid and GluS in a mixture of GS:PBS (2:1 molar) 



 

 xxxix 

G' Storage/elastic modulus 

G'' Loss/viscous modulus 

  

H  

HA Hyaluronic acid 

HMW High molecular weight 

HSP Hansen solubility parameters 

HPLC High-Performance Liquid Chromatography 

HEK-293 Human Embryonic Kidney cell line 

  

I  

IA Intra-articular 

ISO International Organization for Standardization 

  

L  

LTTM 
Low Transition Temperature Mixtures 

LMW Low Molecular Weight 

L929 Mouse fibroblasts cell line from connective tissue 

LVR Linear Viscoelastic Region 

LOD Limit of Detection 

  

M  

MEM Minimum Essential Medium 

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-

fophenyl)-2H-tetrazolium 

MW Molecular weight 



 

 xl 

µCT Micro-computed tomography 

  

N  

NMR Nuclear Magnetic Resonance 

NSAID Non-Steroidal Anti-Inflammatory Drugs 

NBF Neutral Buffered Formalin 

NOESY Nuclear Overhauser Effect Spectroscopy 

  

O  

OA Osteoarthritis 

OARSI Osteoarthritis Research Society International 

  

P  

PBS Phosphate Buffer Saline 

PDL Poly D,L-Lactide  

PEG Polyethylene glycol 

PEA Polyester-amide 

PGE2 Prostaglandin E2 

POM Polarized Optical Microscopy 

PLGA Polylactic-co-glycolic acid 

PVP Polyvinyl pyrrolidone 

pMMx Partial medial meniscectomy 

  

R  

RA Rheumatoid Arthritis 

  



 

 xli 

S  

SYSADOA Symptomatic Slow Acting Drugs for Osteoarthritis 

SBP Subchondral Bone Plate 

SD Standard Deviation 

  

T  

THEDES Therapeutic Deep Eutectic Systems 

Tm Melting temperature 

Tf Freezing temperature 

Tg Glass-transition temperature 

TGF Transforming Growth Factor  

TB Trabecular Bone 

  

  

  

  

  

  

 

  

  

  

  

  

  



  



 

1  

 

INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter, namely sections 1.5 and 1.6, contain part of the review manuscript: Ana Roda, 

Ana M. Matias, Alexandre Paiva and Ana Rita C. Duarte. Polymer Science and Engineering Using 

Deep Eutectic Solvents, Polymers. 2019, 11, 912; doi:10.3390/polym11050912 

The publication content was here adapted, shortened, and complemented to present the most 

relevant information for the context of the work developed. 

Section 1.5.2 was adapted from the introduction of the author’s manuscript: Ana Roda, Alex-

andre Paiva and Ana Rita C. Duarte. Therapeutic Liquid Formulations Based on Low Transition 

Temperature Mixtures for the Incorporation of Anti-Inflammatory Drugs, Pharmaceutics. 2021, 

13, 1620. doi: 10.3390/pharmaceutics13101620 

The author was involved in the conceptualization, literature research and full preparation of 

the original manuscripts. 

 



Chapter 1 

 3 

1.1 Motivation, Objective and Framework  

 

Osteoarthritis (OA) is a musculoskeletal inflammatory disease affecting almost 7% of the 

world population [1]. It is characterized by cartilage loss between junctions, causing inflamma-

tion, pain and loss of joint function [2]. Common treatments focus on the symptomatic control 

by the administration of analgesic, anti-inflammatory drugs, oral supplements such as chon-

droitin and glucosamine, and intra-articular (IA) injections of corticosteroids and/or hyaluronic 

acid. The limitations of these therapies are mostly related to short-term efficiency, adverse 

effects and restricted bioavailability. In this context, Low Transition Temperature Mixtures 

(LTTMs) have emerged as a platform with potential solutions for those limitations. LTTMs are 

liquids formed by the combination of two or more compounds, that liquify at certain temper-

ature and ratios. Including but not restricted to deep eutectic systems (DES), LTTMs can be 

designed as non-toxic, biodegradable and biocompatible liquids, normally characterized by its 

high and tunable viscosity [3,4]. The LTTMs versatility in terms of composition and rheologic 

properties can be highly promising in the design of tailored formulations, while carrying ther-

apeutic components. A biocompatible formulation that enhances the bioavailability of mar-

keted drugs is of great importance for oral and intra-articular OA treatments, improving their 

efficiency and safety, while avoiding the long-term development of new drugs associated to 

the length of the regulatory path. In the last years, LTTMs have shown promising prospects to 

increase drugs bioavailability [5], and to achieve controlled delivery through their viscosity, or 

by combination with other materials, such as polymers [6–11]. Moreover, the use of polymeric 

materials is widely described for tissue engineering of scaffolds for bone, cartilage and other 

tissues [12]. The combination of LTTMs and polymers has resulted in recent developments for 

both drug delivery applications [6–11] and the formation of biopolymer-matrices [13,14]. 

The in situ administration of drugs or supplements and its incorporation in a biocompati-

ble liquid can also improve their bioavailability, potentiating their therapeutic effect. Moreover, 

biopolymer inclusion in a liquid for intra-articular injection could serve as a matrix to carry and 

mediate drug delivery. In sum, an IA injectable formulation for OA containing LTTMs, drugs 

and polymer(s) can promote: i) increased drugs' bioavailability and mediated delivery, ii) phys-

ical-elastic barrier in the synovial cavity to allow shock absorption and prevent bone friction, 
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iii) joint lubrication,  iv) decreased inflammatory response and eventually, v) retard OA progres-

sion. 

To the best of our knowledge, a system combining the described features is not yet re-

ported. Herein, we propose the design of an LTTM-based system, incorporating a NSAID with 

enhanced bioavailability, while carrying biopolymer(s) to restore the rheologic properties of 

synovial fluids and promote a mediated drug delivery. 

In this context, this document is divided into five main chapters, each comprehending a 

different stage of the work, as represented in Figure 1.1. Chapter 1 consists in a state-of-the-

art of the several topics important for the work development. Chapter 2 explores the design 

and characterization of LTTMs, and their influence on the solubility and thus, bioavailability of 

different NSAIDs. The LTTM+NSAID with higher potential for intra-articular injection was se-

lected and further explored in chapter 3, where the inclusion of cartilage biopolymers on the 

LTTM matrix was tested and characterized in terms of suitability for viscosupplementation. The 

LTTM-polymeric-drug formulations were also explored in terms of cytocompatibility, stability, 

and influence in the in vitro drug release. Finally, in chapter 4, the in vivo performance of a pre-

selected formulation combining LTTM, hyaluronic acid and celecoxib, was studied in an OA-rat 

model. The last chapter – Chapter 5 – comprehends a general perspective of the major achieve-

ments regarding the developed work, and future challenges and prospects. 

Considering that this PhD thesis was structured based on scientific articles published, sub-

mitted or under preparation, the respective chapters, namely, chapter 2 to 4, were presented 

in manuscript format. 
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1.2 Osteoarthritis 

…a burden to worldwide population 

Osteoarthritis (OA) is a musculoskeletal inflammatory disease affecting joints. Joints are 

composed by three main components: joint capsule, articular cartilage and synovial fluid (Fig-

ure 1.2). The outer part of a synovial joint is formed by the joint capsule, a component that 

comprehends the synovial membrane as inner layer and a fibrous capsule as external layer. The 

fibrous capsule, also called capsular ligament, supports the synovial membrane and the artic-

ulating bones; whereas the synovial membrane or synovium is a highly vascularized connective 

tissue that mediates the nutritional exchanges between blood and joint, and secretes or ab-

sorbs the synovial fluid. Internally, there is articular cartilage, a non-vascularized tissue covering 

the articulating bones surface that functions as shock absorber and prevents bone friction. 

Lastly, the core of a synovial joint is the synovial fluid, a highly viscous liquid that lubricates the 
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Figure 1.1 – Schematic representation of the thesis framework. 
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joints, provides nutrients for the cartilage surrounding cells and smoothens movement shocks 

and bone friction [15,16]. 

 

Figure 1.2 – Illustration of a healthy synovial joint, adapted from SMART (Servier Medical Art, licensed under a 

Creative Commons Attribution 3.0 Unported License: http://smart.servier.com/). 

In OA, both the articular cartilage and synovial fluid are compromised, losing their protec-

tive function which accelerates OA progression. This condition is characterized by cartilage 

loss, inflammation, bone changes or outgrowth (e.g: sclerosis, cysts, osteophytes), pain, stiff-

ness and ultimately, loss of joint function [2,17,18]. Its incidence can be influenced or triggered 

by heterogeneous conditions such as ageing, genetics, trauma, physiological or anatomical 

abnormalities and others [17,19]. Being the most common form of arthritis, it affects about 7% 

of the world population [1,20], with an incidence (new cases) and prevalence (existing cases) 

rate rising with ageing in both sexes (Figure 1.3), and over the years, as the life expectancy 

increases. Moreover, it is more prevalent in women (60%) than man (40%) (Figure 1.3). In 2017, 

USA was the most affected country, with 10.5% of the people suffering from OA. In Europe, 

6.7% of the population was affected by OA, with Portugal being the European leader of prev-

alence (8.5%) and the 3rd worldwide in terms of incidence and prevalence [20]. In terms of the 

joints affected, OA can occur at any joint, being most common in the knee, hands, hip, spine 

and foot [21].  
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Figure 1.3 – Global prevalence of osteoarthritis for age and sex in mean±SD (light grey: female; dark grey: male). 

Data from Global Burder of Disease (GBD) 2019 [20]. 

1.3 Conventional OA therapy 

            …symptomatic management is still the only way 

The current approaches for OA management and therapy comprehend three main cate-

gories: non-pharmaceutical, pharmaceutical and surgical. The most common strategy applied 

for OA treatment is schematized in Figure 1.4. 

Figure 1.4 - Schematic representation of the common lines of treatment currently applied to OA. 
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1.3.1 Non-pharmaceutical 

…a lifestyle medicine 

As soon as OA is diagnosed, non-pharmaceutical approaches are commonly recom-

mended or prescribed, and personalized to the patient needs to retard OA progression. This 

category is considered the core of long-term OA management. Arthritis education, exercise, 

physiotherapy and weight control are crucial for the symptomatic control, function mainte-

nance and patients' quality of life [22,23]. In some cases, biomechanical support (e.g insoles, 

canes, orthoses, braces or slaves) can also be beneficial for reducing weight overload in joints 

and/or to correct or compensate deformities, which have shown to decrease the degenerative 

progression of OA [23,24]. Moreover, the Osteoarthritis Research Society International (OARSI) 

organization recognized the importance of the holistic wellbeing of OA patients, recommend-

ing for the first time the practice of mind-body exercises (as Yoga or Tai Chi). These non-phar-

maceutical approaches are often combined with pharmaceutic therapy for OA symptomatic 

relief. 

1.3.2 Pharmaceutical 

…active agents towards symptomatologic relief 

The most common pharmaceutical approaches can be divided in 4 main categories: anal-

gesics, non-steroidal anti-inflammatory drugs (NSAIDs), symptomatic slow acting drugs for OA 

(SYSADOA) and intra-articular injectables (Figure 1.5). The first line pharmaceutical option for 

OA therapy depend on the disease stage, patient co-morbidities, regional guidelines and med-

ical opinion [25], but usually starts or includes  OA symptomatic control  with the administration 

of topical and/or oral analgesics and NSAIDs, such as celecoxib, diclofenac and ibuprofen  [26]. 

The topical NSAIDs are preferably recommended by the OARSI 2019 guidelines in respect to 

oral analgesics, due to the lower effective dose needed, in comparison to the oral dose of the 

same drug [25]. Despite the safety and efficiency observed for NSAID treatments, these drugs 

can cause potentially severe gastrointestinal and cardiovascular adverse effects. For this reason, 

the intake of NSAIDs, especially oral, must be restricted to the shortest time needed, and to its 

minimal effective dose [22,23,27]. 
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Paracetamol is also commonly prescribed as analgesic for OA [23–25]. However, its ad-

ministration was conditionally not recommended for the first time by the OARSI 2019 guide-

lines, due to evidence of low or no efficiency in OA treatment, and to the imminent possibility 

of hepatotoxicity [25]. 

Other analgesics have also been conditionally administered. Capsaicin is an analgesic chili 

pepper extract, used in topical formulations for local pain relieve of some OA phenotypes, by 

reducing the sensorial nerve transmission. Despite being commonly recommended, its long-

term application has been questioned, due to the possibility of partial or irreversible skin de-

sensitization [24]. In the OARSI 2019 guidelines, the use of capsaicin is not recommended, 

given the inadequate efficacy and safety balance [25]. Duloxetine is a serotonin-norepinephrine 

reuptake inhibitor, commonly associated with the treatment of depression and anxiety [24]. 

However, this drug can also be used as analgesic for cases of chronic pain caused by dysfunc-

tion of the central nervous system, as it occurs to some OA patients, to whom other therapies 

may be inefficient [24,28]. Its adverse effects (nausea, constipation, hyperhidrosis, dry mouth, 

somnolence, fatigue and decreased appetite) [28] were considered acceptable [23], and its ad-

ministration conditionally recommended by the 2014 OARSI guidelines for knee or multiple-

joint OA [28]. Further pharmacotherapies for OA include oral or transdermal opioids. They 

cause several adverse effects as sedation, constipation, urinary retention, nausea, vomiting, 

respiratory depression, confusion [24], and most importantly, extreme chemical dependence. 

For these reasons, this class of drugs has been restrictedly administered when the remaining 

pharmaceutical and non-pharmaceutical options are inadequate [23]. Moreover, they have 

been reported to have limited effect in OA therapy [23,25] which, in addition to the interna-

tional concern about opioids dependency, led OARSI (2019 guidelines) to strongly recommend 

against their administration [25]. 

The above-mentioned medications are considered rapid-acting drugs for OA. Comple-

mentary or optional therapies based on SYSADOA can be administered. Diacerein is a SYS-

ADOA with anti-inflammatory, anti-catabolic and pro-anabolic effect on the cartilage and syn-

ovial membrane. Additionally, it has shown to reduce or retard subchondral bone remodeling. 

Its efficiency is comparable to NSAIDs in terms of pain and joint function, presenting a slower 

but prolonged action [29], with possible additive effect if combined [24]. Although it may cause 
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gastrointestinal adverse effects, skin reactions or less commonly, hepatobiliary disorders, it 

presents a general safety profile [24,29]. For these reasons, diacerein oral administration was 

considered as suitable for supplementation to other drugs, or even as an alternative first-line 

pharmaceutical therapy (by ESCEO – European Society for Clinical and Economic Aspects of 

Osteoporosis and Osteoarthritis, in 2016) [29].  

In addition, chondroitin and glucosamine are natural cartilage constituents, usually used 

as oral SYSADOA supplements, associated with pain reduction and retarded osteoarthritis pro-

gression [23,30,31]. However, several studies question their efficiency [32,33]. The oral admin-

istration of these supplements may impair their bioavailability, whereas in topical administra-

tion the size of these biopolymers hinders their permeation through the skin barriers (trans-

dermal permeation). Either way, the doses reaching the inflamed joints are probably insufficient 

to reach the therapeutic effect [34].  

Additional pharmaceutical therapies for OA include intra-articular (IA) injections of corti-

costeroids and/or hyaluronic acid. Corticosteroid injections, namely, glucocorticoids, have 

short-term anti-inflammatory effect against pain and time-limited number of applications 

[22,35]. Despite some studies defend that corticosteroids protect the cartilage, retarding OA 

progression, their continued administration is associated to several adverse effects, such as 

tendon rupture and joint deterioration, Cushing syndrome, hyperglycemia, ophthalmic com-

plications, osteoporosis, avascular necrosis and even accelerated OA progression [35,36]. 

Moreover, the intra-articular injection of corticosteroids often causes local infection [24]. 

In turn, hyaluronic acid injections are used as viscosupplementation, since it is the main 

component of the synovial fluid, responsible for its rheologic and lubricant properties. How-

ever, its benefits are controverse, especially in advanced stages of OA, most probably due to 

the accelerated clear rates of hyaluronic acid caused by the disease [37,38].  

Despite these general lines of treatment, the therapeutics applied always depends on the 

clinician and on the patient needs in terms of OA type, stage and other health conditions.  

Further detailed description and recent advances on celecoxib and hyaluronic acid vis-

cosupplementation are available in the subsections 1.3.2.1 and 1.3.2.2, as those are the phar-

maceutical approaches more comprehensively explored in the scope of this thesis. 
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1.3.2.1 Celecoxib 

Celecoxib is a first-line treatment option for OA pain. It is a NSAID with therapeutic benefits 

by the selective inhibition of cyclooxygenase-2 (COX-2). In OA, COX-2 levels are upregulated, 

leading to inflammatory chain reactions that cause a multitude of responses at different levels, 

such as synovium inflammation, pain sensitization, and cartilage degeneration due to the acti-

vation of degradation enzymes [39–41]. The selective inhibition of COX-2 reduces inflamma-

tion and pain, while avoiding the side effects associated to the non-selective COX-1 inhibition. 

Thus, it has an improved safety profile in respect to non-specific NSAIDs [42–45].  

Regarding the clinical performance of orally administered CEX, most studies indicate im-

provements in pain and function, even though some effects are reported as minor or incon-

sistent throughout literature [33,46–49]. Moreover, preclinical studies defend some additional 

positive outcomes, that support a disease-modifying effect conferred by CEX [48]. Panahifar 

and co-workers studied the effect of daily oral doses of CEX in a post-traumatic OA rat model, 

equivalent to recommended human doses. The 3 month follow-up supported that CEX inhib-

ited osteophytes enlargement, which may retard OA progression, even though no 

          

      
                                       

         

           

           

                                              

                   

                           

                                

 

              
                      

                     

                  

         

          

         

          

Figure 1.5 - Schematic representation of pharmaceutic approaches used for OA treatment, including some examples and 

respective chemical structures (retrieved from molview.org). 
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chondroprotective effect was observed [50]. Despite the benefits of oral CEX uptake for OA, 

the effective amount of CEX reaching the joints is limited, and its continuous oral administra-

tion is associated to systemic adverse effects [47,51], albeit minor in comparison to other 

NSAIDs [43,44]. To overcome those limitations, preclinical studies have explored the in situ 

delivery of CEX, through intra-articular injection. For instance, Jiang and collaborators reported 

the effect of weekly IA injections of CEX (0.4% w/v) in a rabbit OA model. CEX successfully 

suppressed inflammatory promotors, and inhibited cartilage degeneration in comparison to 

the control group [52]. Furthermore, Hurtig and colleagues described a polymeric mixture 

(PDL-PEG) combined with CEX, that showed minimized systemic exposure and reduced inflam-

matory response (less effusion and PGE2 levels), upon IA injection in a chronic inflammatory 

sheep model [53]. In a different study, Janssen et al. developed polyester-amide (PEA) micro-

spheres for the sustained IA delivery of CEX (0.06% w/v). Early assessments in a OA rat model 

confirmed the anti-inflammatory action of CEX by the decreased levels of prostaglandin E2 

(PGE2), an inflammatory mediator [54]. Subsequent studies using this CEX-delivery system were 

conducted: Tellegen and the co-authors observed that the IA controlled delivery of CEX in a 

rat OA model decreased local joint inflammation, subchondral bone sclerosis, and reduced the 

formation of cysts, osteophytes and calcified loose bodies. Even though some effects were 

dose dependent, effective therapeutic action was achieved from 0.06 to 0.78% (w/v) of injected 

CEX [40]. Its safety and efficiency was further evaluated in dog patients (0.93% w/v), showing 

improvement in pain and limb function, while reducing medication dependency over 2 months 

[55]. Other works about IA injections for OA therapy reported different polymer-CEX combina-

tions that minimized systemic CEX exposure [56,57], and were tolerable in healthy animal mod-

els, but not yet tested towards their effect in OA [56–58]. Overall, the developments on the IA 

delivery of CEX reported biocompatible and/or beneficial therapeutic outcomes for OA, how-

ever, the number of studies in vivo is still scarce. Up to date and to the best of our knowledge, 

no IA-injectable containing CEX is yet available for human therapy. 

OA progression rate is highly accelerated for more advanced stages, leading to exponen-

tial disease development. Thus, all contributions towards OA therapy, even minor, might have 

a large impact on OA prognosis and patient quality of life. The translation of preclinical studies, 

variability between OA models, OA types, and severity, keep challenging the possible 
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conclusions towards the efficiency of CEX. Thus, it is crucial to increase the number of studies 

in order to standardize, optimize or personalize the relation of CEX with OA control and pro-

gression. 

1.3.2.2 Hyaluronic acid  

…perhaps there isn’t a rule, but personalized approaches might be the answer. 

Hyaluronic acid is a naturally occurring polysaccharide and one of the main constituents 

of articular cartilage and synovial fluids [59]. Therefore, it is one of the most administered ther-

apies for OA via intra-articular injection - viscosupplementation, even though its efficacy is 

controversial [26,60,61]. Efficiency tends to be higher in early-stage OA, where the retention 

time of HA is longer in comparison to advanced OA-phenotypes. The residence time and prop-

erties of HA in the synovial fluid and the inflammatory process are intrinsically correlated in a 

cyclic manner. As the inflammatory response increases, so does the HA degradation and/or 

clearance rate. Lower HA content impairs joint lubrication, cartilage and bone destruction. 

Worse OA symptoms trigger more inflammatory chain reactions, thus increasing HA depletion 

from the synovial fluid [16]. Therefore, it is of utmost importance to restore the viscoelastic and 

chondroprotective properties of the synovial fluid. Up to date, several viscosupplementations 

are commercially available, containing HA between 0.8 and 2.2%, with a molecular weight (MW) 

varying from 0.5 to >10 MDa [62,63]. Although viscosupplementations can provide prolonged 

relief of OA symptoms and retard its progression, it depends on several internal and external 

factors, thus rendering controverse outcomes [63–67]. Most studies evaluating the efficiency 

of viscosupplementations, consider them as a unique category, not accounting for the HA con-

tent in terms of MW and concentration. However, these parameters highly influence the effec-

tiveness of those injectables. In 2020 and 2021, a systematic review and meta-analysis on this 

topic reported significant positive differences for treatments with high molecular weight 

(HMW) HA versus low molecular weight (LMW) HA for knee and hip OA [63,67,68]. Even though 

there is no standard categorization of the high to low MW range [63,67,69], in general, MW ≥ 

1.2 MDa showed better improvement trends in comparison to inferior MW. Also, there was a 

higher therapeutic trend for increasing MW, especially noticeable for MW > 3 MDa [63,70] or 

≥ 6 MDa [67]. MW > 10 MDa were an exception since their efficiency trend and safety 
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decreased in comparison to other HMW HA [63]. A study from 2017 also suggests that the 

combination of LMW and HMW HA may synergistically contribute to enhanced therapeutic 

efficacy. However, its efficiency was postulated by comparing the hybrid LMW-HMW HA at 

3.2% with a HMW HA at 2% [71]. Despite a synergetic action cannot be ruled out, it can also 

be an effect of concentration, thus emphasizing the need to explore and account for the HA 

multifactorial influence. The intensity and duration of the therapeutic action is also important 

when discussing efficiency outcomes. Again, this analysis is not linear but generally, HMW have 

higher and longer symptomatic relief than LMW, especially when comparing extreme MW 

ranges (eg: 6-7 vs 0.5-0.73 MDa) [72,73]. In addition to the HA MW weight, its origin, concen-

tration, and form, (e.g: linear or crosslinked) are also important features to be considered, and 

most often ignored [72,74,75]. For example, Larsen's team compared the same HA-derived 

product in its natural linear (non-crosslinked) structure versus the crosslinked form. The cross-

linked HA had an apparent half-life (8.8 days) about 6-times higher than the linear form (1.5 

days) in the knees of a healthy rabbit model [76,77]. Higher HA retention time Is expected to 

increase or prolong the therapeutic action, however, this is not straightforward. Whereas vis-

cosupplements with MW > 10 MDa present the highest retention time reported (1 month) [78], 

their efficiency and safety seem to be lower than other HMW (MW 3.6 to 10 MDa) [63]. The 

biologic processes behind this or the action mechanisms that dictate the relation between their 

properties and therapeutic action are not yet well understood. Still, it is known that their action 

is much longer than their retention times, thus suggesting that physical-mediated changes are 

not the only nor the most important mechanism of action [37,63].  

Even though the therapeutic effect of HA is not straightforward as it depends on multiple 

variables such as OA stage, HA type, external influences, and even intrinsic patient-variability, 

there is a clear tendency towards literature indicating that HMW HA have higher and longer 

efficiency in OA symptom relief. However, further studies are needed to understand the extent 

of those benefits and the maximum MW threshold from which the therapeutic effects decrease 

and why. 

The positive therapeutic trend, indicated by most studies about viscosupplementations in 

OA, sustains its continuous while conservative use in OA therapy. Most health organizations 

have restrained recommendations due to the limited and debatable outcomes available. The 
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current field developments point to an expanding tendency to reach personalized therapeutic 

approaches rather than generic administration guidelines. The potential of HA viscosupple-

mentations is pending on more advanced studies to comprehensively understand and evi-

dence the relation between their properties (intrinsic and extrinsic), action mechanisms and 

efficiency.  

1.3.3 Surgical 

…the last resource 

Surgical intervention is considered in severe OA stages, for which the remaining medical 

approaches are inefficient. Different types of surgery can be applied according to the patient 

clinic profile, such as: osteotomy (bone realignments), arthrodesis (joint immobilization by 

bone fusion) or arthroplasty (joint realignment or prosthetic reconstruction) [79]. These proce-

dures are highly invasive, with long recovery times and permanently limit patients' quality of 

life. Therefore, surgery is a last resource approach, often still requiring complementary phar-

maceutical medicine for symptomatic management. 

Given the complexity and heterogeneous character of OA, human variability, and the dif-

ferent types and symptoms presented by OA, it is highly challenging to properly evaluate ther-

apeutic outcomes. However, the current therapies focus mainly on OA symptomatic relief, 

which is not enough to prevent the trend of increased surgery incidence [80,81]. In this regard, 

it is essential to optimize the existing therapies in terms of efficiency and adverse effects, while 

developing therapies aiming to control or retard OA progression, thus reducing the need of 

surgical interventions.  

1.4 Emerging therapies 

… aiming at disease modifying approaches 

Even though the general lines of OA treatment are still highly restricted to the above men-

tioned, there is a continuous effort from the clinicians and the scientific community to improve 

the existing therapies and to innovate, aiming to provide the patients more efficient, long-

term, and less invasive care.  
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Whereas some of the research is focusing on symptom management and relief as first 

priority, there is also a growing investment on approaches to delay disease progression and 

even to restore joints, envisioning the ideal concept of disease-modifying therapies [82]. Most 

of the ongoing developments and emerging therapies focus on IA injections, given the ad-

vantages of this type of delivery. IA injections allow to target and easily access the affected 

joint(s), decreasing potential systemic adverse effects, while increasing the bioavailability of the 

therapeutics delivered, and thus, their efficiency. The major drawback of IA approaches is the 

rapid clearance upon injection, as it occurs with the conventional IA injections of corticoster-

oids or hyaluronic acid. For this reason, the design of new IA injectable therapies focusses on 

the achievement of extended bioavailability, sustained therapeutic delivery and prolonged 

joint retention [83]. In this scope, natural and synthetic delivery systems have been explored 

and can be divided in four major categories: 1. particulated or micellar delivery systems; 2. 

gene-based therapies; 3. cell-based therapies, and 4. scaffolds. Further combinations between 

these categories are often engineered for an improved performance. 

Particulated or micellar delivery systems are designed as drugs recipients to achieve ex-

tended articular retention time, protect drugs from clearance and degradation, and to promote 

sustained drug delivery. Polymeric based-delivery systems are the most studied for this thera-

peutic approach, mostly because of the easier match with regulatory approved materials [38]. 

In 2017, the first polymeric particulated formulation was approved by the US Food and Drug 

Administration (FDA) for knee OA treatment [84]. Marketed as Zilretta™, it is composed by 

polylactic-co-glycolic acid (PLGA) microspheres containing a corticosteroid (triamcinolone ac-

etonide) with extended-release for OA pain relief [38,85,86]. This IA delivery system accom-

plished improved, faster, and prolonged pain relief in comparison to the commonly adminis-

tered shorted-acting IA of triamcinolone acetonide [86]. Given its recent approval, the out-

comes of Zilretta™ repeated administration were not yet determined [85].  

Gene therapy approaches envision the synthesis of therapeutic components within the 

joints, promoted by DNA inserted in chondrocyte cells by viral-based vectors or non-viral for-

mulations. These treatments are designed for local administration, most commonly via intra-

articular injection, targeting only the affected joints, maximizing its efficiency, and decreasing 

potential systemic adverse effects. The major progression in comparison to the conventional 
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therapies, is the intrinsic and continuous production of the therapeutic agents that overpasses 

the common limitations in achieving sustained and therapeutic doses [87]. In 2017, the first 

cell and gene therapy for knee OA treatment was approved and marketed in Korea: INVOSSA™, 

the pioneer gene treatment for OA and the fifth gene therapy approved worldwide. INVOSSA™ 

is an injectable formulation of human allogeneic chondrocytes expressing an anti-inflamma-

tory cytokine, the TGF-β1 [87,88], with demonstrated efficacy for pain and function improve-

ment [89,90]. Moreover, it showed to potentially delay OA progression, mainly at the level of 

cartilage damage and inflammatory profile [89,91]. Its approval was revoked due to composi-

tion mislabeling issues that were corrected, and further phase III clinical trials were authorized 

by the FDA in the US (listed as NCT03203330 in clinicaltrials.gov). This new clinical trial was 

initiated in 2018 and aims to increase the number of patients, and extend the monitoring pe-

riod from 12 to 24 months, envisioning to be classified as a disease-modifying osteoarthritis 

drug (DMOAD). As mentioned, INVOSSA™ is considered both a gene and cell-based therapy, 

since it uses cells as genetic expressing vehicles.  

The use of cells for the delivery and synthesis of therapeutics is one of the most explored 

subclasses within cell-based therapies, either by cellular transduction using genetic vectors or 

by direct DNA cellular edition using CRISPR-Cas9 (Clustered regularly interspaced short palin-

dromic repeats-associated protein 9). Despite being highly promising, this approach raises sev-

eral ethical questions since the long-term effects of DNA edition are not known yet [92,93]. 

Other subclass of cell-based therapies is the delivery or implantation of chondrocyte or stem 

cells, aiming to repair and regenerate damaged tissues [94]. The major challenge of these ap-

proaches is the rapid cell clearance as they do not have a proper surface to adhere and prolif-

erate [38].  

Further strategies involving tissue engineering are being explored to overcome or com-

plement the current therapeutic limitations. Namely, scaffold engineering is emerging as a 

promising option for OA therapy [95,96]. Scaffolds are three-dimensional network structures 

that may be designed to increase physical stability in the joints, as well as to deliver therapeutic 

components such as biopolymers or drugs while conferring them higher chemical stability and 

longer retention time in the joints. Moreover, they can also retain cells, increase their adher-

ence, enhance their proliferation, promote the production of extracellular matrix, and 
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ultimately cartilage regeneration [95–97]. Such scaffolds may be produced from synthetic, nat-

ural polymers, or a combination of both. Natural polymers, such as hyaluronic acid, collagen 

and chondroitin sulfate are ideal and widely explored for scaffold development, given their 

similarity to native tissues, and therefore, high biocompatibility and bioactivity [96,97]. For non-

surgical approaches, injectable hydrogels are the most explored matrices within the scaffold’s 

category since they are less invasive [96]. Moreover, they are composed by hydrophilic poly-

mers which confer higher biocompatibility and a flexible but stable 3D matrix, by swelling in 

aqueous media [98]. In this context, hyaluronic acid (HA)-based hydrogels have been explored 

for OA, to overcome the limitations of HA viscosuplementation in terms of rapid clearance and 

chemical instability. By modifying and/or crosslinking HA, it is possible to maintain or enhance 

its properties and achieve stronger but flexible 3D structures. Theoretically, these HA-hydrogels 

would restore the protective function of the synovial fluid, while carrying the potential for tissue 

regeneration [99–101]. There are at least 3 marketed viscosupplements using crosslinked HA. 

As mentioned in section 1.3.2.2, although they are generally considered as safe and positive 

for OA symptomatic management, there is no evidence of regenerative effect. Additionally, 

there are some safety concerns, especially for the crosslinked-HA with higher MW [63]. There-

fore, and given the potential of HA-hydrogels, research has focused on further exploring HA 

modifications and/or combinations with other biomaterials, aiming to tune the required phys-

icochemical properties, such as mechanical strength and chondrogenic potential [101–103]. 

These modifications often result in products with residual chemicals or new properties, that 

can trigger unforeseen side-effects, limiting their safety and delaying their approval from the 

regulatory and commercialization entities. Thus, even though there has been a significant pro-

gress in the development of HA-hydrogels, these advances are still inadequate for clinical 

translation [99–101].  

Some of the limitations encountered for cell therapies and tissue engineering could be 

overcome by combining them [104,105]. Based on this combinatory approach, a 4th generation 

surgical option was developed: the autologous matrix-induced chondrogenesis (AMIC®) 

[106,107]. It consists of microfracturing a region of the lesioned cartilage and placing a colla-

gen-scaffold that resurfaces that area, thereby allowing the mesenchymal cells to differentiate 

into chondrocytes and proliferate. Additional products combining hydrogels and cells are 
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currently under clinical trials, and some were already approved for clinical use [96]: Car-

tipatch®, an agarose and alginate hydrogel with expanded cartilage cells [98,108,109]; 

CaReS®, a collagen gel with isolated autologous chondrocytes [98,109–111]; and CAR-

TISTEM®, an HA hydrogel with mesenchymal stem cells [112–114]. However, all of these are 

invasive approaches as the materials are surgically inserted, and thus, only administered to 

certain advanced phenotypes of OA or other severe joint injuries [96,98,106]. Still, scaffold-

tissue engineering for OA is a growing field, with high research engagement and thriving po-

tential, especially for combination with other therapies, such as cell-based or drug delivery 

strategies. 

1.5 Formulation with LTTMs for pharmaceutical and        

biomedical applications  

…on the path to improved therapies 

Current OA medical approaches and emerging therapies are still not enough for OA man-

agement, much less for slowing down disease progression, given their limitations or long-eval-

uation path before reaching the market. Therefore, it is of utmost importance to find therapies 

that can complement or improve treatments' outcome. A possible strategy to achieve this is to 

mitigate the drawbacks of current lines of treatment and/or enhance their therapeutic power. 

In this context, Low Transition Temperature Mixtures (LTTMs), including Deep Eutectic Systems 

(DES), are a contemporary platform with promising potential in the pharmaceutical and bio-

medical fields, for instance to increase drugs bioavailability and to incorporate biomaterials, 

topics further explored in the following subsections. 

1.5.1 Deep eutectic systems and Low Transition Temperature 

Mixtures (LTTMs) 

…to be or not to be, DES is the question 

In a world where science uncertainty is the only constant, the scientific community has 

faced a non-consensual challenge on the nomenclature of deep eutectic systems (DES), and 

what should or should not be considered as such [115–120].  
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The term ‘eutectic’ was first introduced at the end of the 19th century (1884). By definition, 

it refers to the minimum freezing/melting temperature achieved by a mixture of two or more 

compounds at a particular molar ratio (Figure 1.6, left) [121]. The term deep eutectic solvents, 

also known as deep eutectic systems (DES) was later introduced by Abbott, in 2003, by referring 

to liquids formed just by mixing two solids: quaternary ammonium salts with metal salts, 

through the decrease of the freezing/melting point of the system [122]. 

The concept of DES was further explored in the literature to understand their nature and 

liquefaction mechanism [118,120,123,124]. Even though DES are commonly referred to as a 

mixture of two or more compounds with a melting/freezing temperature (Tm/Tf) lower than the 

pure components, several authors attempted to define DES as a result of a deep melting de-

pression caused by a deviation from ideality (Figure 1.6, right) [115,117,125–128]. This concept 

is often not restricted to a unique ratio of compounds, but rather to all the ratios above the 

liquidus line (Figure 1.6, left), which opens a larger spectrum of DES options with tunable prop-

erties [115]. The mechanism of DES formation is not yet fully understood, but consensual sci-

entific evidence indicates that it occurs through hydrogen bonding, electrostatic interactions 

and/or Van der Waals interactions [129–133]. Nonetheless, up until now, there is no consensus 

on what should or not be considered as DES, especially for mixtures with liquid components, 

such as water, alcohols and some terpenes, or others whose Tm/Tf  is not possible to determine 

[116,118,134–137]. Therefore, other terminologies, such as Low Transition Temperature Mix-

tures (LTTMs) were introduced, trying to mitigate divergent opinions [138]. Considering the 

Tm/Tf as one of the main parameters used to identify DES, Martins and co-authors [138] re-

ported, in 2013, the concept of LTTMs, that comprehends mixtures with similar features to DES, 

Figure 1.6 - Phase diagram representation for A+B mixtures: melting temperature at different molar fractions of 

A+B (0, pure A; 1, pure B).  
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but whose Tm/Tf were not possible to determine. Thus, the LTTM platform includes, but is not 

restricted to DES. Accordingly, LTTM was here used as a global term to refer to DES and other 

systems whose nature as DES or eutectic might be controverse.   

The exponential concern with environmental issues highly motivated the development of 

green technologies. LTTMs have emerged as green solvents due to their potential biodegra-

dability, biocompatibility, easy production, high yields and purity, widely available components,  

low toxicity and reduced volatility [4,9]. This type of solvent can be designed to fulfill the prin-

ciples of green chemistry [139,140] while being highly tunable for several distinct areas. Good 

examples of LTTMs that fully represent green chemistry principles are natural DES (NADES), a 

subclass of DES formed by compounds from natural origin [141–143]. 

Throughout the last 20-years, an exponential interest has been given to the research on 

LTTMs, especially DES, a rate expected to maintain if not to increase (Figure 1.7).  
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Figure 1.7 - Number of published articles per year on LTTMs. Data from Web of Science ((ALL=(deep+eutectic+sol-

vents)) OR ALL=(deep+eutectic+systems)) OR ALL=(Low+Transition+Temperature+Mixtures), accessed at 09 Jan 

2024 [144]. 

Up until now, LTTMs have already been reported for several applications, primarily for 

electrochemistry, synthesis and extraction [142,145,146] and more recently, for pharma [5,147].  

1.5.2 Therapeutic LTTMs for OA 

...a potential solution to overcome low drug bioavailability 

The potential of LTTMs for pharmaceutical applications was introduced by the concept of 

therapeutic deep eutectic systems (THEDES).  By definition, THEDES are deep eutectic systems 

incorporating at least one active ingredient in the mixture [147]. Therefore, bioactive 
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compounds solubilized in DES are also considered as THEDES [5]. Either as starting material or 

solubilization, the inclusion of drugs in LTTMs showed to be particularly promising: the lique-

faction of drugs enhanced their permeation, dissolution and absorption, thus increasing their 

bioavailability [5,148], which is often impaired, especially for drugs presenting low solubility in 

the physiological media. A biocompatible formulation that enhances the bioavailability of mar-

keted drugs is of great importance for oral and intra-articular OA treatments, as it can improve 

the efficiency and safety of existing drugs, while avoiding the long-term development of new 

drugs associated to the regulatory entities.  

To the best of our knowledge, few studies reported LTTMs to improve the bioavailability 

of drugs used for OA, with some significant improvements in drug solubility [149–152]. A work 

published by Lu and co-authors reported 17 salt-based LTTM formulations in which the solu-

bility of several NSAIDs was increased 5 to 17-fold in respect to their solubility in aqueous 

media [152]. In a different study, Hyun et al. studied eutectic mixtures of celecoxib, with adipic 

acid or saccharin. In comparison to the aqueous media or the respective physical mixtures, the 

eutectics significantly improved the dissolution rate of celecoxib and its wettability [149]. Fur-

thermore, Mokhtarpour and the co-workers published a study involving 4 NSAIDs and 2 other 

drugs, with a solubility enhancement of 127 to 136444-fold when dissolved in 5 different cho-

line chloride-based DES instead of water. Their experimental results were in accordance with 

the empiric solubility predictions made using Hansen solubility parameters (HSP). The authors 

attributed the increased solubility of drugs in DES to the strong ionic-dipole interactions pro-

moted by the DES, in addition to the common solubilization by hydrogen and dipole-dipole 

interactions. They also postulated that DES with weaker intermolecular interactions allow 

stronger interactions with the active principles. The results from this paper support the irrefu-

table DES potential for the solubilization of drugs. Additionally, it presents the HSP empiric 

model as predictive tool of DES solvation ability, that can be used to design and screen suitable 

THEDES [150].  

An additional work, by Palmelund and colleagues, studied the solubility of 11 drugs, in-

cluding anti-inflammatories (5 NSAIDs) and analgesics used for OA, in 6 LTTMs, 4 of which 

choline chloride-based and 2 of betaine:glycerol:water and lactic acid:glucose:water. The drugs 

solubility in these systems was compared with 4 conventional solvents, water, ethanol, glycerol 

and polyethylene glycol 300 (PEG300). In most cases, the LTTMs enhanced the solubility of the 

drugs in respect to water but not in comparison to the other conventional solvents. Moreover, 

using the computational Conductor-like Screening Model for Real Solvents (COSMO-RS) the 
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authors achieved good predictions of the experimental solubilities. This is also a powerful tool 

to screen several LTTM systems in regard to their solvation potential for certain drugs [151].  

Despite few, the studies herein summarized are an important contribution to the state-of-

the-art of therapeutic LTTMs, such as THEDES, as they made a very complete and comprehen-

sive study of drug-LTTM combinations, being a starting point in terms of fundamentals, meth-

ods, and predictive tolls while representing the promising character of LTTMs to enhance OA-

drugs bioavailability. However, few LTTM-drug combinations were studied, most of which 

based on choline chloride, that may be toxic systemically [153,154] as well as the betaine:glyc-

erol DES [155].  Still, there is ‘Plenty of room at the bottom’ (Richard P. Feynman), since there 

are more than 106 possible LTTM combinations, whose progressive knowledge at a molecular 

and atomic level, will exponentially increase their potential and applicability, especially at the 

level of targeted design for certain applications, such as the improvement of drugs bioavaila-

bility for osteoarthritis therapy, further explored in chapter 2. 

1.6 Formulation of LTTM–polymer products applied to 

pharma 

…combination brings innovation 

Within all the reported studies involving LTTMs, nearly 7% correspond to the use of LTTMs 

in polymeric applications [144]. The investigation on this field largely increased in the last dec-

ade (Figure 1.8 a), including solubilization, extraction, synthesis, or modification of polymers. 

More information on these topics is available in a comprehensive review on the literature de-

velopments regarding LTTMs applied to polymer science and engineering [156]. It comprises 

fundamental studies involving LTTMs and polymers, recent applications of LTTMs in polymer 

synthesis, extraction and modification, and the early developments on the formulation of 

LTTM–polymer products, the most important topic in the context of this thesis, and therefore, 

presented below. Despite being comparatively recent in the timeline of research connecting 

LTTMs and polymers, it already has a significant incidence in respect to the other areas re-

ported, as represented in Figure 1.8b.  
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Herein, the developments considered relevant for the formulation of LTTM–polymer prod-

ucts in the pharmaceutical field, especially for drug delivery, are summarized.  

The developments presented in the literature, based on the combination of drugs, LTTMs 

and polymers, range a wide variety of applications, testing different active pharmaceutical in-

gredients and polymers. For instance, Mano et al. were the first reporting the encapsulation of 

THEDES (ChCl:mandelic acid 1:2 molar) in polymeric gelatin fibers by electrospinning, achieving 

a fast-dissolving delivery system [10]. A distinct approach was presented by Aroso et al., who 

developed polymeric delivery systems by impregnating THEDES of menthol:ibuprofen (3:1 mo-

lar) in a starch:poly-ε-caprolactone polymer blend. The produced 3D structures had larger po-

rous and faster ibuprofen release than the polymeric matrix produced with ibuprofen powder 

[148]. A different study on polymeric delivery of DES was published by Silva et al. They designed 

a fatty acid antibacterial DES melting at physiologic temperature, thus allowing an efficient and 

stable load into a commercial polymeric gauze at that temperature, and easy diffusion from 

the gauze upon contact with body temperature. The tailored DES (lauric acid:myristic acid 1:1 

molar) was efficiently loaded into the gauze through supercritical dispersion, and showed 

highly promising results for wound healing applications [11].    

Further LTTM–polymeric products integrating LTTM as the main constituent can also be 

developed, as reported by Qin et al., who developed an LTTM gel supported with gelatin bi-

opolymer for ionic skin applications. The gel produced from ChCl:ethylene glycol 1:2, with 22% 

gelatin presented a higher stretchability and toughness than the gels formed from the isolated 

Figure 1.8 – a) Number of published articles per year on LTTMs and polymers: data from Web of Science 

(((ALL=(deep+eutectic+solvents)) OR ALL=(deep+eutectic+systems)) OR ALL=(Low+Transition+Tempera-

ture+Mixtures)) AND ALL=(polymer), accessed on 09 Jan 2024 [144]. b) Graphical representation of the relative 

incidence of the subareas explored within LTTM–polymer field [156].  
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compounds (ChCl or ethylene glycol). The LTTM-based gels showed to be an advantageous 

nonvolatile alternative to common hydrogels for long-term performance in ionic skin devices 

[14], thus opening a new platform for the development of nonvolatile sensors based on LTTM 

materials. Moreover, the incorporation of pressure and strain sensors into the flexible ionic 

conductive LTTM gel allowed accurate monitoring of human finger bending and multitouch 

stimuli, potentially promising for healthcare devices with human skin-like sensory capabilities.  

1.6.1 LTTM-polymeric gels for drug delivery 

…a route towards controlled delivery 

The combination of LTTMs and polymers can also be applied to develop formulations able 

to influence drug properties and mediate their delivery. The first authors to describe the use 

of polymeric eutectic systems for controlled delivery of active ingredients were Tuntarawongsa 

and Phaechamud [7,157]. They used a mixture of two therapeutic compounds—menthol and 

camphor—to form a therapeutic DES and designed two different delivery systems. The addi-

tion of eudragit® polymers to the eutectic liquid up to 40% w/w, increased its viscosity, allowing 

to form a gel product with potential for topic application, using as an advantage the menthol 

ability to increase skin penetration [157]. Moreover, an injectable formulation was developed: 

the same DES system incorporating 30% w/w of eudragit® was used for the solubilization and 

delivery of an additional active ingredient, ibuprofen. The hydrophobic properties of the DES 

prolonged the time of drug delivery in comparison to a pharmaceutical solvent commonly 

used for drug solubilization. Additionally, the viscosity enhancement conferred by polymer ad-

dition contributed to even higher delivery retardation [7]. The versatility of these polymeric 

eutectic systems has a high potential to design delivery systems with tailored sustained drug 

release. 

 In 2018, Liu et al. reported the use of mannose-dimethylurea-water 2:5:5 (molar) as a 

loading system for lipophilic (curcumin) molecules into a hydrophilic chitosan:alginate hydro-

gel. The amphiphilic nature of the produced LTTM could efficiently entrap curcumin in its hy-

drophobic core while being easily incorporated in the hydrogel due to the hydrophilic sur-

rounding. Moreover, the external hydrophilic character of the LTTM promoted its spontaneous 

diffusion to the water phase during washing, maintaining the curcumin encapsulated in the 

hydrogel. The authors confirmed a similar behavior for a Schisandra chinensis fruit extract re-

garding the transfer of lipophilic molecules to the hydrogel. That extract was used as repre-

sentative model of naturally existing LTTM-biopolymer matrices, which supports the prediction 
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that nature has such unique delivery systems, as a mechanism to improve the bioavailability of 

lipophilic metabolites [8].  

In 2022, Xiao and colleagues reported their work on the use of LTTMs (arginine or lysine 

with citric acid 3:1 molar) as media for extraction of a Chinese herb medicine used for rheuma-

toid arthritis (RA). The LTTM-extract was then mixed with carbomer to form a hydrogel-delivery 

system for the medicinal extract. Based on their results on a collagen-induced arthritis rat 

model, they claim to have positive results on the local treatment of RA, through transdermic 

delivery [158]. In the same year, Pedro and co-authors contributed towards the transdermal 

administration of NSAIDs using an LTTM-polymer based product. The authors developed an 

alginate-based hydrogel incorporating an LTTM of arginine:glycerol (1:4 molar), able to im-

prove the water solubility of ibuprofen up to 7917-fold. The combination between hydrogel 

and LTTM allowed to reach an 8.5-fold increase of ibuprofen’s permeation across human skin, 

as opposed to the hydrogel without LTTM [159].  

LTTM-based hydrogels impregnated with silica nanoparticles were also described by Li et 

al. for the topical delivery of encapsulated methotrexate, an immune-suppressor for rheuma-

toid arthritis. The strong affinity of the citric acid:arginine:H2O 1:3:16 (molar) LTTM to the skin, 

allowed a high and sustained penetration of the nanoparticle-matrix into the skin [160]. 

A last example, reported in 2023 by Panbachi and colleagues further emphasizes the 

power of polymer-embedded LTTM to mediate drug delivery. By incorporating indomethacin, 

a NSAID, in an LTTM of L-carnitine:ethylene glycol (1:4, molar ratio) with 15% w/w of polyvinyl 

pyrrolidone K30 (PVP), not only drug precipitation was inhibited, but also indomethacin's sol-

ubility was increased and its delivery sustained for a longer period than the LTTM without pol-

ymer [161]. 

Overall, LTTMs have shown several functionalities and advantages when combined with 

polymers. Particularly, the drug delivery from LTTM-polymeric matrices showed to be highly 

promising and especially relevant for the context of this thesis. Up to date, few polymeric-LTTM 

products for arthritis were reported. Still, the formulation of LTTM-polymer products is a grow-

ing field, with plenty of unexplored potential. 

In chapter 3, the production of gels incorporating biopolymers, an LTTM and a NSAID for 

OA-joints administration, was explored and a product further selected for in vivo testing, re-

ported in chapter 4. 
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1.7 Aims of the thesis 

Osteoarthritis is a major social and economic burden globally, making it crucial to invest 

on the development of more effective treatments, which is the focus of this thesis. This work 

program aimed to develop an alternative osteoarthritis treatment by pursuing an integrational 

approach that takes advantage of the combined competences of LTTMs, biopolymers and 

drugs. The principal objectives of the project and respective approaches were: 

1. Produce LTTMs of interest. 1st. Design different combinations of molecules of interest, 

such as sugars, polyols, organic acids, amino acids and other primary metabolites and 

therapeutic agents, namely cartilage constituents, vitamins and/or anti-inflammatory 

agents, considering their number of hydrogen bond donors (HBD) and acceptors (HBA); 

2nd. Screen the viability of producing liquid systems (LTTMs) from the designed mix-

tures; 3rd. Characterize the stable LTTMs produced (e.g: physicochemical properties, 

bioactivity in vitro). This step allows to validate LTTMs with the required features for the 

purposed application; 

2. Obtain NSAID-LTTM combinations that enhance drug bioavailability. 1st. Assess the 

solubility and thus, bioavailability of NSAIDs in physiological media upon incorporation 

in LTTM. 2nd. Select the promising combinations for further development. 

3. Produce and validate LTTM-biopolymer-drug mixture for intra-articular injection.  1st. 

Test the compatibility of selected biopolymers, particularly natural components of syn-

ovial joints (e.g: glucosamine sulphate, hyaluronic acid) in the selected LTTM with and 

without drug; 2nd. Characterize rheological properties (injectability, temperature sta-

bility, viscoelasticity and adaptability to weight-bearing behavior), biocompatibility in 

vitro, chemical stability and influence on the in vitro drug release. 3rd. Select stable and 

injectable formulations with properties validated towards osteoarthritis treatment. 

4. In vivo performance. Evaluate the effect of the produced LTTM-biopolymer-drug in-

jectable in an animal model of osteoarthritis. 

In a holistic perspective, the final goal was to obtain an intra-articular injectable product 

with innovative properties towards localized OA therapy, including: a biocompatible LTTM-

biopolymeric-NSAID composition, with viscoelastic properties able to protect and lubricate the 

joints while delivering a NSAID with enhanced bioavailability and thus, improved therapeutic 

potential. 
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2.1 Abstract 

Most nonsteroidal anti-inflammatory drugs (NSAIDs) present poor aqueous solubility, im-

pairing their efficiency in physiological media. In this context, Low Transition Temperature Mix-

tures (LTTMs) are a promising platform to overcome drugs' poor solubility, forming therapeutic 

liquid formulations. In this chapter, the LTTMs of citric acid:L-arginine:water (CAW) and glyc-

erol:sorbitol (GS) were studied. The physicochemical properties of LTTMs were characterized 

by state-of-art techniques commonly used for these systems, namely differential scanning cal-

orimetry (DSC), nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR). The 

cytotoxicity of GS was also evaluated in L929 mouse fibroblasts, and compared to the one of 

CAW, previously reported. The LTTMs were further assessed in terms of their ability to increase 

the solubility of 6 NSAIDs in physiological media. The viscosity, polarity and pH properties of 

the studied mixtures were related to the solubility of NSAIDs. pH and polarity were the param-

eters that most influenced the drugs solubility. Ibuprofen, naproxen, ketoprofen, indomethacin 

and flurbiprofen did not present any solubility improvement in the formulations tested. How-

ever, concentrated mixtures of CAW or GS in the physiologic-mimicked media (PBS) rendered 

a celecoxib solubility 4 and 5-times higher than PBS, respectively. These therapeutic liquid for-

mulations of celecoxib in CAW or GS can be a promising tool to increase celecoxib’s therapeu-

tic efficiency in local applications. 

 

Keywords: Low Transition Temperature Mixtures, nonsteroidal anti-inflammatory drugs, thera-

peutic liquid formulations, solubility, celecoxib 

2.2 Introduction 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are anti-inflammatory, antipyretic and an-

algesic medicines commonly used worldwide for the symptomatic relief of headaches, strains, 

sprains, viral infections as the flu or corona, arthritis and other cases of pain, fever and/or in-

flammation [162]. Despite being regarded as generally safe, most NSAIDs require the intake of 

higher amounts than the therapeutic dose due to their general low solubility in the physiolog-

ical media [163]. Further, these drugs are associated to gastrointestinal, cardiovascular and 

other adverse effects potentiated by high doses and prolonged consumption [162]. In the case 

of chronic diseases like osteoarthritis, this is specially concerning as this is the most adminis-

tered treatment for the persistent symptoms of pain and inflammation [22,25,164]. In this 
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context, biocompatible formulations that improve the efficiency and safety of marketed drugs 

are of great importance. 

Recently, the platform of LTTMs, including deep eutectic systems (DES) and therapeutic 

DES (THEDES) has been presented as a promising alternative strategy for drug delivery by in-

creasing their solubility [147,148,165–170] and/or their biological activity [170–172]. As ex-

pressed by the name, LTTMs present low temperature transitions, which are commonly liquid 

at room temperature [138]. Their liquefaction is solely promoted by interactions between their 

components, not involving any chemical reaction and rendering 100% atom economy, which 

complies with several green metrics. Moreover, their constituents can be chosen from non-

toxic, biodegradable and biocompatible molecules, as required for pharmaceutical products 

[173]. Envisaging therapeutic applications, drugs can be incorporated in LTTMs, either as a 

starting material or by solubilization. This type of therapeutic formulations have been described 

as propitious to improve drugs bioavailability by facilitating their permeation, dissolution and 

absorption [5,147,165–169,174,175]. Formulations with increased drug solubility post-admin-

istration are highly promising as drug dosage can be minimized up to the effective amount, 

reaching therapeutic efficiency with lower drug intakes and reducing adverse effects. 

Regarding NSAIDs, some studies already reported their improved solubility in LTTMs com-

paratively to aqueous media and other conventional solvents [149–152], as previously intro-

duced in chapter 1, section 1.6, as representative of the progress on the topic. Despite the 

positive outputs of LTTMs in improving NSAIDs solubility, up to date, few therapeutic combi-

nations were studied, most of which using potentially toxic LTTMs [153–155]. Therefore, differ-

ent and diverse therapeutic formulations must be designed, studied and tailored for the re-

quired application(s). This was the main purpose of this chapter, in which LTTMs, mainly of 

glycerol:sorbitol (GS) and citric acid:L-arginine:H2O (CAW) were explored, namely in terms of 

their properties and influence in the solubilization of NSAIDs in physiological media. 

2.3 Experimental section 

2.3.1 Materials 

Citric acid monohydrate (≥99.5%, ref. 131018) was purchased from PanReac AppliChem (Spain), 

glycerol (99.5%, ref. GL0026) and malonic acid (≥99%, ref. AC14300250) from Scharlau (Spain), 

sorbitol (≥ 98%, ref. S1876) from Sigma Aldrich (France), oxalic acid (98%, ref. 186432500) from 

Acros Organics (Belgium), D-glucosamine sulphate (98%, ref. J66271) from Alfa Aesar (USA), 
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D-glucosamine hydrochloride (>98%, ref. A15532) from ThermoFisher Scientific (Germany), 

and polyethylene glycol 600 (PEG600, ref. 807486) from Merck (Germany). L-arginine (≥98%, 

ref. W381918), acetylsalicylic acid (aspirin, ≥99%, ref. A5376), ibuprofen sodium salt (≥98%, ref. 

I1892), Reichardt’s dye (90%, ref. 272442), Nile red (≥98% ref. 19123) and phosphate buffer 

saline (PBS, ref. P4417) tables were acquired from Sigma Aldrich (USA). PBS solution was pre-

pared in deionized water (0.01M phosphate buffer, 0.0027 M potassium chloride, 0.137 M so-

dium chloride, pH 7.4, 25°C) and stored at 4°C. Dimethyl sulfoxide-d6 (DMSO-d6, 99,96% D, ref. 

D031T) was bought to Eurisotop (France). The mouse fibroblast L929 cell line was provided by 

the DSMZ Catalogue of Human and Animal Cell Lines (ACC2, Germany) [176]. For the cell me-

dia: Minimum Essential Medium (MEM, with 1.5 g/L sodium bicarbonate, non-essential amino-

acids, L-glutamine and sodium pyruvate, ref. 10-009-CV), Fetal Bovine Serum (FBS, ref. 35-079-

CV), trypsin 0.25% (ref. 25-050-CI) and antibiotic-antimycotic solution (10000 U/mL penicillin, 

10 mg/mL streptomycin and 0.025 mg/mL amphotericin, ref. 30-004-CI) were obtained from 

Corning (USA). The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-

fophenyl)-2H-tetrazolium (MTS, <2%, ref. G3581) solution was purchased from Promega (USA). 

The NSAIDs celecoxib (≥98%, ref. PZ0008, USA), naproxen (ref. N8280, USA), ketoprofen (≥98%, 

ref. K1751, India), and flurbiprofen (≥98.5%, ref. F8514, India) were purchased from Sigma Al-

drich whereas ibuprofen (99%, ref. B20989) was bought from AlfaAesar (Germany), and indo-

methacin (>98%, ref. I0655) from TCl Chemicals (Japan). The acetonitrile (ref. 412042), phos-

phoric acid (85-90%, ref. 79606), and potassium dihydrogen phosphate (99%, ref. 011594) used 

for high-performance liquid chromatography (HPLC) were provided by Carlo Erba (France), 

Fluka (Switzerland), and AlfaAesar (Germany), respectively. The buffers of phosphoric acid 0.2% 

(50:50, v/v) and potassium dihydrogen phosphate 50 mM 50:50 (v/v), pH 4.2 were prepared in 

deionized water. 

2.3.2 Screening and preparation of liquid formulations 

Selected components were mixed in their respective ratios and submitted to heating and 

stirring (Table 2.1). Mixtures for which a translucid liquid was obtained were further assessed 

towards stability or mechanism of liquefaction. 

2.3.2.1 Water content determination 

The water weight was controlled for the selected LTTMs. Karl-Fisher was used for GS (831 

KF Coulometer with a generator electrode without diaphragm - Metrohm, Switzerland, using 

hydranal Coulomat AG reagent (Honeywell, USA). Briefly, a small droplet of GS was placed in 
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hydranal and its water content determined by coulometric titration. For CAW, its water content 

was measured thermogravimetrically up to 150° C, using a moisture analyzer DAB 200–2 (Kern, 

Germany), since it is more accurate for water amounts > 25%. All measurements were done in 

triplicate, and the water content presented in weight percentage, as mean ± SD. 

2.3.3 Differential Scanning Calorimetry (DSC) 

Samples were pre-equilibrated at 40°C for 5 min and further submitted to a colling (40 to 

-90°C, isothermal 5 min) and heating cycle (-90 to 150°C), at a rate of 10 °C/min.  

For GS and respective pure components, thermal events were acquired using a DSC Q200 

from TA Instruments Inc. (USA), for samples sealed in aluminum hermetic pans/lids, with a 

nitrogen flow rate of 50 mL/min. The respective thermal events were determined using the TA 

Universal Analysis 2000 (4.7.0.2) software.  

For PEG600, ibuprofen and mixtures of both (Figure A.1, Appendix A), DSC analysis was 

performed on a Linkam DSC 600 coupled to a T96-S temperature controller (Linkam Scientific 

Instruments Ltd, UK). Samples were placed in quartz pans and analyzed under a nitrogen flow 

rate of 80 mL/min. Scans were pre-calibrated with indium at the conditions of sample analysis.   

2.3.4 Nuclear Magnetic Resonance  

Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker Avance III 400 

spectrometer (USA), upon homogenizing about 400 µL of each sample with 50 µL of DMSO-

d6. Proton NMR (1H NMR) and 2D NOESY spectra were recorded at 400 MHz. Samples sus-

pected to suffer from esterification (Table 2.1) were analyzed by carbon NMR (13C NMR), rec-

orded at 100 MHz. Chemical shifts were expressed in ppm. MestReNova software (11.0.4-

18998) was used for data analysis. 

2.3.5 Attenuated total reflection-Fourier transform infrared 

(ATR-FTIR) 

ATR-FTIR spectra with 4 cm-1 resolution were acquired at room temperature from 16 scans 

on a PerkinElmer Spectrum Two (USA) in Transmittance mode (% T) and in a wavenumber 

range of 400-4000 cm-1. 
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2.3.6 Cytotoxicity 

The cytotoxicity was performed in a mouse fibroblast L929 cell line, according to the 

ISO/EN 10993 guideline [177]. Cells were cultured in MEM media supplemented with 10% FBS 

and 1% of antibiotic-antimycotic solution. Cultures were maintained in a humidified incubator 

with 5% of CO2, at 37°C. Cell metabolic activity was determined through MTS colorimetric as-

say, for which non-supplemented MEM was used. Cell monolayers with an initial concentration 

of 1x104 cells/100 µL were seeded in a 96-well plate for 24 hours. The cell media was then 

removed and 100 µL of the different sample concentrations were added. After an incubation 

period of 24h, samples were removed, and the cells washed with PBS. The MTS reagent, previ-

ously diluted 62.5-fold in non-supplemented MEM media, was then added. Upon 3h of incu-

bation, the absorbance (Abs) was measured at 490 nm in a VICTOR Nivo™ microplate reader 

(PerkinElmer, USA). Three independent experiments were performed for each sample, analyzed 

in triplicate. The percentage of cell metabolic activity was calculated as follows:  

Metabolic activity (%) = 
 Abs (sample)

Abs (control)
 x 100                          (1) 

The 50% inhibitory concentration (IC50) was estimated using GraphPad Prism 8.0.1 software 

and expressed as mean ± SD. 

2.3.7 Viscosity 

The viscosity of the liquid systems was measured using a rheometer (Anton Paar MCR102, 

Austria) with a 50 mm stainless steel parallel plate geometry. The samples were loaded to the 

plate, equilibrated at the initial analysis temperature for 5 minutes, and analyzed at a constant 

shear stress of 20 Pa, within a temperature range between 4 and 80°C, at a rate of 10°C/min. 

Measurements were made in triplicate and the results expressed as mean of dynamic viscosity 

± SD. 

2.3.8 Polarity 

Polarity analysis was performed using nile red and Reichardt’s dye as solvatochromic 

probes. Stock solutions of 1 mg/mL and 5 mg/mL were prepared in methanol, for nile red and 

Reichardt’s dyes, respectively. 10 µL of nile red or 100 µL of Reichardt’s dyes were added to 

about 1g of CAW, GS or H2O. The polarity of H2O was measured for comparison, instead of 

PBS, as the salts of PBS interfere with the dyes used. Their maximum wavelength (λmax) was 
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obtained from UV spectra, and used to calculate their energy transition (ET) values and establish 

their relative polarities according to [178,179]. ET values were expressed as the mean ± SD of 

three replicates. 

ET = 
 28591

λ   
 kcal/mol                             (2) 

2.3.9 pH measurements 

The pH of liquid mixtures was measured at room temperature using an analogic pH meter 

(914 pH/Conductometer, 2.914.0220, Metrohm, Switzerland), with a glass electrode coupled to 

a temperature sensor (NTC, 6.0228.010, Metrohm, Switzerland).  

2.3.10   NSAIDs solubility 

NSAIDs were added in excess to GS and CAW and stirred at 100 rpm and 37°C for 24h. 

Different volumes of fresh PBS were then added to the GS and CAW to achieve a final ratio of 

LTTM:PBS (w/w) of 2:1, 1:1 or 1:10. These mixtures were stirred at the same conditions for 

another 24h. The solubility of the NSAIDs in each mixture was determined by high performance 

liquid chromatography (HPLC). For this, the mixtures were filtered (0.22 µm PTFE hydrophilic) 

and stored at 4°C until further analysis by HPLC. The solubility of the NSAIDs in PBS (physiologic 

mimic) was also tested as control. PBS was saturated with each NSAID and stirred for 48h at 

37°C, 100 rpm. Upon filtering, the solubility was determined by HPLC. Each solubility assay was 

performed at least in triplicate, and data represented as mean ± SD. 

2.3.10.1 HPLC 

The NSAIDs solubility was quantified by HPLC, according to methods adapted for indo-

methacin [180] and for ibuprofen, naproxen, ketoprofen, flurbiprofen and celecoxib [181]. 

Briefly, 10 µL of indomethacin samples were analyzed in an Agilent 1100 Series HPLC (Agilent, 

USA) using a ZORBAX SB-Phenyl column (250 x 4.6 mm 5 µm, Agilent, USA), with isocratic 

elution at a flow of 1 mL/min in acetonitrile:phosphoric acid 0.2% (50:50, v/v) and detection at 

237 nm in a UV-vis detector (Agilent, USA). In turn, 20 µL of celecoxib, naproxen, ketoprofen, 

flurbiprofen or ibuprofen samples were analyzed in a Smartline HPLC Series (Knauer, Germany), 

eluted in a Keystone Kromasil C18 column (250 x 4.6 mm 5 µm, Thermo Scientific, USA) with 

acetonitrile:potassium dihydrogen phosphate 50 mM 50:50 (v/v), pH 4.2, at an isocratic flow of 

0.6 mL/min and detected at 220 nm in a Smartline 2500 UV-detector (Knauer, Germany). All 

analyses were performed at 25°C.  
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The calibration curves were prepared by dilution of the drug in eluent at the following 

linear ranges: indomethacin 5.2-260 mg/L; celecoxib 0.14-142 mg/L; naproxen 0.31-31 mg/L; 

ketoprofen 0.12-58.5 mg/L; flurbiprofen: 11.4-114 mg/L; ibuprofen 12-60 mg/L. A known con-

centration of drug in PBS was tested as control to assure the method feasibility. The GS and 

CAW mixtures were also tested in the methods used. No interference of these mixtures was 

observed. 

2.3.11   Statistical analysis 

Statistical analysis was performed using GraphPad Prism 8.0.1 software. Normal distribu-

tion was evaluated by Shapiro-Wilk test. The metabolic activity profiles of GS and the respective 

physical mixture (G+S) did not follow a normal distribution. Thus, they were compared through 

the non-parametric Mann Whitney test. Regarding the solubility data, it followed a normal 

distribution, being submitted to one-way NOVA analysis. Statistically significant differences 

were considered for p ≤ 0.05. 

2.4 Results and Discussion 

2.4.1 Preparation of LTTMs 

Several mixtures of drugs, organic acids, sugar, alcohols, and biopolymers were designed 

and screened in terms of their nature as LTTMs (Table 2.1). The mixtures that did not form a 

liquid at room temperature, were not stable, or liquified upon chemical reaction instead of 

physical interactions were no further characterized. This was the case for ibuprofen sodium 

salt:glucosamine mixtures, that suffered from Maillard reaction, a chemical reaction occurring 

between amines and reducing sugars, and influenced by salts [182], which was visually detected 

by its characteristic non-enzymatic browning. Additionally, the mixtures between PEG600 and 

the tested organic acids suffered chemical changes detected by 13C NMR, most probably due 

to esterification reaction, as product of the chemical combination of the alcohol groups (glycol) 

with the organic acids (Figure A.3 and Figure A.4, Appendix A). Therefore, those mixtures were 

also excluded from the study. In turn, PEG600:ibuprofen was an ideal mixture (Figure A.2, Ap-

pendix A) not considered for the scope of this work since it had a Tm near room temperature, 

which could compromise the formulation’s thermal stability, even at small amplitude of tem-

peratures (Table A.2, Appendix A). 
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The GS and CAW systems were selected based on their favorable properties towards os-

teoarthritis (OA) treatment. In the case of CAW, it contains L-arginine that has been reported 

as anti-inflammatory adjuvant in human osteoarthritic cells [183]. Moreover it was also re-

ported to increase the synthesis and deposition of collagen [184], an important component of 

cartilage whose wear is the main cause of OA symptoms. A molar ratio of CAW 1:1:7 was chosen 

based on the results from previous studies with this mixture [5]. Regarding GS, its content in 

glycerol confer lubricant properties [185,186] while sorbitol adds viscosity, an important fea-

ture in gel formulation. To the best of our knowledge, this is the first study reporting this mix-

ture. Four molar ratios were tested (1:2, 1:1, 2:1 and 3:1) but only the 2:1 and 3:1 formed trans-

lucid liquids at room temperature. The GS 2:1 molar ratio was chosen as it was observed to 

gelify overtime when resting at room temperature. To guarantee consistent initial properties 

of GS 2:1, these samples were equilibrated prior to use at 80°C. Given that only one molar ratio 

of each system (CAW 1:1:7 and GS 2:1) was herein studied, these mixtures were identified as 

CAW and GS throughout the text. The water content of these LTTMs was controlled during the 

study and confirmed to be constant for both mixtures (GS = 0.15±0.06 %, CAW = 26.24±0.51 

%). 

The properties of the selected LTTMs are presented in the following sections. Their physi-

cochemical properties were first studied by DSC, NMR and FTIR, and the biological properties, 

namely the cytotoxicity, was evaluated. Other properties such as viscosity, polarity and pH were 

explored and correlated with the NSAIDs solubility to provide insights on the mechanisms that 

influence drugs’ solubility. 
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Table 2.1 - Attempts to prepare LTTMs of mixtures of interest. Selection criteria: aspirin and ibuprofen screened as analgesics, glycerol and PEG600 as lubricants [185–187], 

and glucosamine as natural biopolymer, precursor of cartilage. Remaining organic acids, sugar or water used as hydrogen bond donors or acceptors of the respective 

combination, in the attempt to promote hydrogen-bonding interactions towards liquefaction. 

Mixtures Molar ratios Temperature (°C) 
Visual aspect at room tem-

perature 
Observations 

Aspirin:sorbitol 1:1, 2:1, 3:1 ≤ 80 White powder -  

Aspirin:sorbitol:H2O 
1:1:1, 2:1:1, 3:1:1, 1:1:2, 

2:1:2, 3:1:2 
≤ 80 White powder -  

Ibuprofen sodium salt:sorbitol 

3:1, 1:1, 1:5, 1:6 70-80 Powder in suspension -  

 1:2 70-80 Translucid yellow liquid  

Highly viscous, not miscible 

with water (phase separation) 

Difficult to scale-up (not sta-

ble at 10 g, lab scale) 

 1:3,1:4 70-80 Translucid yellow liquid  Unstable (crystalize) 

Ibuprofen sodium salt:sorbitol:H2O 

 3:1:1, 1:1:1, 1:3:1, 1:4:1, 

1:5:1, 1:6:1, 1:2:3, 1:2:5, 

1:2:10, 1:2:20 

70-80 Paste or precipitate -  

Ibuprofen sodium salt:glucosamine 

sulphate 
 3:1 ≤ 80 Gradually darker mixture Maillord reaction 

Ibuprofen sodium salt:glucosamine 

hydrochloride 
3.5:1 ≤ 80 Gradually darker mixture Maillord reaction 

Ibuprofen:sorbitol:H2O 1:2, 2:1, 3:1 40-60 White powder -  

Ibuprofen:glucosamine sulphate  3:1 ≤ 80 White powder -  

Ibuprofen:glucosamine hydrochloride  3.5:1 ≤ 80 White powder -  
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PEG600:ibuprofen 
1:1, 3:2, 2:1, 4:1, 7:1 50-65 Translucid liquid 

Tm near room temperature 

(Figure A.1, Table A.2, Appen-

dix A) 

1:2, 2:3 50-60 White paste or precipitate -  

PEG600:glucosamine sulphate  4:1 ≤ 70 Yellow paste -  

PEG600:glucosamine hydrochloride  4:1 ≤ 70 Yellow paste  - 

PEG600:citric acid monohydrate 

 8:1, 6:1, 4:1 50-60 Translucid liquid 
Esterification reaction (Figure 

A.3, Appendix A) 

 2:1, 1:1, 1:2, 1:3, 1:4 50-60 Translucid liquid 
Esterification reaction (Figure 

A.3, Appendix A) 

PEG600:malonic acid 
2:1, 1:1, 1:2, 1:3, 1:4 50-60 Translucid liquid 

Esterification reaction 

(Figure A.4, Appendix A) 

1:6, 1:8 50-60 Solid in suspension -  

PEG600:oxalic acid 2:1, 1:1, 1:2 50-70 Translucid liquid 

Oxalic acid may be associated 

to OA progression [188,189]  

Possible esterification  

Glycerol:sorbitol 
2:1, 3:1 ≤ 80 Translucid liquid Gelifies along time 

1:1, 1:2 ≤ 80 Paste  -  
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2.4.2 Thermal characterization 

DSC is often used in the characterization of LTTMs, as they are commonly defined as mix-

tures with low temperature transitions, either glass transition temperatures (Tg) and/or melting 

temperatures (Tm). The DSC results for the CAW systems, as previously reported [118], depicted 

a melting peak around -13°C which was attributed to the free water component of the mixture; 

no other Tm corresponding to the ternary mixture or the pure components was observed in the 

conditions tested. Regarding the system GS and its pure components, the thermal events are 

represented in Figure 2.1. As observed, pure sorbitol showed a Tm around 98°C, in accordance 

to other values reported in the literature for its stable form [190–192]. In turn, no melting events 

were possible to acquire for pure glycerol or the GS system, only their Tg of -81°C and -62°C, 

respectively, were detected. The Tg measured for glycerol was concordant with reported else-

where [193]. Although glycerol has a Tm value around 17±4°C [194], it has been described to 

behave as a supercooled liquid due to its high viscosity [193], which is in accordance to the 

lack of crystallization and subsequent melting herein observed.  

 

2.4.3 Intermolecular interactions  

The intermolecular interactions of LTTMs were here explored through spectroscopic tech-

niques. FTIR spectroscopy is widely used for the identification of functional groups, whose 

Figure 2.1 - DSC thermogram of a) sorbitol, b) glycerol and c) GS 2:1 molar ratio. 

Temperature (ºC)

-100 -50 0 50 100 150

Temperature (ºC)

-100 0 100

Temperature (ºC)

-100 0 100

a) Sorbitol 

b) Glycerol 

c) GS 2:1 

Exo Up 

H
e

at
 f

lo
w

 (
m

W
) 

 



Chapter 2 

 42 

signal may shift when molecular interactions are established. Given the complex nature of CAW 

as a ternary mixture containing water, characterization was performed by comparison with the 

pure components and binary mixtures of citric acid or L-arginine with water, at the same ratio 

or pH of CAW. The mixtures prepared, their ratios, physical state, and pH are reported in Table 

A.3, Appendix A. Since the pH alone might be the reason for the solubility increase of L-arginine 

in water, a mixture of L-arginine:water (1:7) was prepared and acidified with HCl rather than 

citric acid, to identify the role of pH. It was observed that this mixture did not lead to the 

formation of a liquid at room temperature, neither before nor after acidification. The other way 

around was also evaluated:  changing the pH of the binary citric acid:water 1:7 (translucid liquid 

at pH 0.5) to pH=3.5 using NaOH instead of L-arginine, caused the formation of a white solid 

paste at room temperature. These observations support that the liquid formation is not only a 

function of pH, but it is additionally influenced by the involving species. In this case, the mixture 

of L-arginine and citric acid in the presence of water seems to have unique properties in addi-

tion to pH that promote their liquefaction. One possibility could be complexation of the op-

positely charged species [H2Cit]- and [Arg]+ (Figure A.5, Appendix A) in water, yielding a salt 

that might have higher water solubility than the non-charged precursor molecules. Hence, this 

hypothesis was addressed by FTIR. The functional groups of pure citric acid and L-arginine 

were identified, and the respective stretching and bending vibrations were assigned as sum-

marized in Table A.5, Appendix A [195–199] and Table A.6, Appendix A [195,200–202]. The 

most important changes in the vibrations of the binary mixtures or CAW compared to the pure 

components are represented in the spectra of Figure 2.2, right. Furthermore, the chemical 

structure of the pure components and their variation with pH is represented in Figure A.6, 

Appendix A). In the spectra of all aqueous mixtures under investigation, the water contribution 

can be identified by the broadening of the band regions between 3000-3500, 1500-1800 and 

500-900 cm-1. Additionally, it is possible to identify the peaks of L-arginine and citric acid. In 

the L-arginine powder form, two sharp peaks corresponding to the guanidine and primary 

amine groups can be distinguished at 3302 cm-1 and 3357 cm-1, respectively. When water is 

added (L-arginine:water 1:7, Figure 2.2 right, b), a broader peak is observed for the guanidine 

amines due to their transition to the delocalized charge state. At pH 3.5 (Figure 2.2 right, c), 

the primary amine is also charged causing the amine peaks to overlap around 3323 cm-1. Ad-

ditionally, the O-H stretching of L-arginine in its pure form (3057 cm-1, Figure 2.2 right, a) shifts 

to higher frequencies due to the establishment of hydrogen bonding interactions with the 

surrounding media (Figure 2.2 right, b-d). Regarding citric acid, the most important vibrations 

are from the O-H and C=O stretching of the carboxylic groups, centered at 3297 and 1719 cm-
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1, respectively. When mixed with water at pH 3.5, the O-H vibrations are broadened and shifted, 

and the maximum is at 3340 cm-1.  

Comparing the citric acid:water and L-arginine:water mixtures at pH=3.5 with the ternary 

CAW, it is possible to observe a combined contribution of the same O-H and N-H stretching 

peaks (Figure 2.2 right, c-e). If the liquefaction of CAW was promoted by the ionic complexation 

of [H2Cit]- and [Arg]+, the dipole moments of those functional groups would be changed. How-

ever, different vibrations in the FTIR spectra were not observed, refuting the salt formation 

hypothesis. To sum up, the liquid is neither a case of salt formation nor exclusively induced by 

the acidic pH value. Thus, other L-arginine:citric acid interactions mediated by water must be 

the reason for the deep melting point depression of the ternary system, probably H-bonding 

interactions. This was further explored by NMR analysis. 

Regarding GS, the spectra of the pure components and their mixture is presented in Figure 

2.2, left. The bands between 3000 and 3500 cm-1 correspond to O-H stretching, while the C-H 

stretching is comprehended between 2800 and 3000 cm-1. Further, O-H bending vibrations can 

 
  

a 

  

  

d 

e 

  

Figure 2.2 - FTIR spectra of LTTMs and components. Left: a) pure sorbitol; b) pure glycerol and c) GS 2:1 molar ratio. 

Right: a) pure L-arginine; b) L-arginine:H2O 1:7 mol; c) L-arginine:H2O pH=3.5; d) citric acid:L-arginine: H2O 1:1:7 mol; 

e) citric acid: H2O 1:7 mol; f) pure citric acid. “s” and “b” refer to stretching and bending vibrations, respectively. 

Numbers attributed according to the chemical structures from Figure A.6, Appendix A.  
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be identified at 1411-1415 cm-1, and C-OH stretching vibrations within 950 to 1150 cm-1. These 

spectra and respective assignments [195] are concordant to others previously reported for 

glycerol [194,203,204] and sorbitol [191,194,205,206]. Given that glycerol and sorbitol are com-

posed by the same functional groups (hydroxyls and alkyls), their pure spectra have overlap-

ping bands (Figure 2.2 left, a and b). Thus, the GS spectra (Figure 2.2 left, c) has a combined 

profile of both molecules, predominantly glycerol since it is the main component. This con-

firmed that neither glycerol or sorbitol suffered chemical changes upon mixing and heating. 

Furthermore, the FTIR spectra do not evidence a hydrogen-network-change since no band 

shifts are observed for the GS systems with respect to the pure molecules. This probably occurs 

because the new hydrogen interactions between glycerol and sorbitol did not significantly alter 

the strength and dipolar moment of the pool of interactions, and thus, their vibration frequency 

did not change.  

In addition to FTIR, NMR spectroscopy was performed for the identification of hydrogen-

bonding interactions between the components of the LTTMs, the predominant type of inter-

actions responsible for their formation. 

 Since CAW is a ternary mixture, it was compared with pure citric acid, L-arginine and with 

aqueous solutions of those compounds, in the same ratio or at the same pH (around 3.5) of 

CAW (Table A.3, Appendix A). Only citric acid:water 1:7 and the pure components solutions at 

pH=3.5 rendered liquid mixtures and therefore, only those were compared with CAW (Figure 

2.3, right). For the mixture L-arginine:water at pH=3.5, it was possible to identify the protons 

from water and most of the protons of the L-arginine’s amine and alkyl groups (Figure 2.3 

right, d). In turn, for the citric acid:water 1:7 or pH=3.5, it was only possible to detect the alkyl 

groups and a contribution of the hydroxyl protons' overlapped with the protons from water. 

This influence of the hydroxyl group was attributed to the downfield shift of the concentrated 

solution of citric acid (1:7 molar) (Figure 2.3 right, b) in comparison to its diluted solution at pH 

3.5 (Figure 2.3 right, a). Interestingly, the same peak of citric acid:water 1:7 appears for the 

ternary mixture 1:1:7 (Figure 2.3 right, c), but broader. This broadening-effect observed for the 

CAW in comparison to the binary solutions, might be related to its high viscosity. According to 

Stokes-Einstein-Debye law, high viscosity mixtures lead to slower rotational molecular diffusion 

[207–210] and longer T2 relaxation times [211,212]. These translate into broader NMR peaks, 

as previously reported for viscous LTTM mixtures [213].  

Given that the only difference from the samples of Figure 2.3 right, b and c was the addi-

tion of L-arginine, the appearance of a new peak is most probably caused by hydrogen-bond-

ing interactions with the L-arginine molecules, in addition to the ones between citric acid and 
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water. Moreover, in the NOESY spectra for CAW there are cross peaks between the protons 

from the citric acid alkyl groups and the protons of L-arginine chemical groups (Figure A.7, 

Appendix A) that may indicate spatial correlation. This supports that in addition to the expected 

interactions between H2O-H2O, citric acid-H2O, citric acid-citric acid, L-arginine-H2O and L-ar-

ginine-L-arginine, further citric acid-L-arginine and/or mutual interactions between the three 

components might occur. Given that the cross peaks are in the same phase as the diagonal 

peaks (positive, red peaks), this might also be a case of spin diffusion due to the high viscosity. 

Still, since viscosity is a direct cause of mixing the three components, it is highly probable that 

they are spatially close and interacting. Combined with the evidence from 1H NMR analysis that 

there is a change in the hydrogen bonding network for CAW in comparison to the independent 

water solutions of citric acid or L-arginine, these findings might be compliable with the for-

mation of a supramolecular network, which is characteristic of DES. In sum, it is noticeable that 

the interactions between the water molecules and the functional groups of citric acid and L-

arginine, namely, amine, carboxyl and hydroxyl groups may play a major role in establishing 

those interactions. 
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Figure 2.3 - H1 NMR spectra of LTTMs and components. Left a) sorbitol, b) glycerol and c) GS 2:1 molar ratio. Right: 

a) citric acid:H2O pH=3.5; b) citric acid:H2O 1:7; c) citric acid:L-arginine:H2O 1:1:7; d) L-arginine:H2O pH=3.5. The 

functional groups of the protons detected were identified and numbers attributed according to the respective 

chemical structures (see species distribution in Figure A.6, Appendix A). 
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Regarding GS and pure components, their H1 NMR spectra were compared. The proton 

peaks corresponding to the hydroxyl and alkyl groups of glycerol, sorbitol and their mixture 

(GS) were identified and are presented in Figure 2.3. Since the pure components have similar 

functional groups, their representative peaks are overlapped (Figure 2.3 b and c). In the GS 

mixture (Figure 2.3 a), this translates into two broad peaks comprehending the groups of the 

pure components. Even though the alkyl peak of the mixture is aligned with the ones from the 

pure components, the hydroxyl band of GS shifted downfield in respect to the same groups of 

the individual compounds. This shift is an indicator of hydrogen-interactions established be-

tween the hydroxyl groups of glycerol and sorbitol. 

To further address the interactions-network that allowed to form the LTTMs herein stud-

ied, dynamic molecular studies would have to be conducted. Additionally, magic-angle spin-

ning (MAS) NMR has recently been described as a good technique to overcome some of the 

conventional NMR limitations in the characterization of viscous mixtures, like LTTMs [213]. This 

MAS NMR technique also allows to analyze and compare both liquid and solid mixtures, which, 

in the field of LTTMs, might be highly useful in understanding those interactions between the 

involved molecules that are responsible for the mixture liquefaction. 

2.4.4 Cytotoxicity evaluation 

The LTTMs cytotoxicity  was assessed in an L929 cell line, as a model of normal cells, ac-

cording to ISO 10993 [177].  

Table 2.2 - IC50 determined for glycerol, sorbitol, GS 2:1, G+S 2:1, citric acid, L-arginine and CAW 1:1:7 (molar ratio), 

represented in mean ± SD.  

Sample IC50 (g/mL) 

Glycerol 0.2583 ± 0.0225 

Sorbitol 0.0751 ± 0.0064 

GS 2:1 0.1564 ± 0.0113 

G+S 2:1 0.1656 ± 0.0154 

Citric acid 0.0013 ± 0.0006 

L-arginine 0.0176 ± 0.0011 

CAW 1:1:7 0.0044 ± 0.0002 

 

As it is possible to observe in Table 2.2, the pure glycerol and sorbitol presented a higher 

IC50 than citric acid and L-arginine. In terms of the respective mixtures, this translated into an 

IC50 for CAW about 35-fold lower than the one of GS. The values obtained for the CAW and 

respective components are in the same order of magnitude previously reported in a Caco-2 
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cell line [5], which supports a consistent in vitro effect. The low IC50 of CAW indicates in vitro 

cytotoxicity at low concentrations, which could limit its use, even though its translation to in 

vivo is not straightforward, Regarding the glycerol and sorbitol components and respective 

mixtures, the lowest IC50 was obtained for sorbitol which may be attributed to osmotic stress 

induced in cells [214]. Additionally, for GS and the physical mixture G+S, maximum cell meta-

bolic activity was observed up to a concentration of 0.075 g/mL (Figure 2.4). Thus, its metabolic 

activity profile was further analyzed. 

As previously reported, supramolecular complexes may have different results in regards to 

respective non-interacting pure components [153,154,170]. Hence, given the possibility of the 

GS system to have a supramolecular network, characteristic of some LTTMs, like DES, it is im-

portant to compare the system with the physical mixture of the individual components at the 

same proportion (G+S). Since upon dilution, both GS and the respective physical mixture G+S 

have equivalent influence in the cell metabolic activity (Figure 2.4), it can be postulated that if 

GS has a supramolecular complex organization, it is disrupted after aqueous dilution in the 

range of concentrations herein tested. Despite some DES can incorporate water up to certain 

amounts, it is commonly reported that above certain quantity, water dissolves the pure com-

ponents, disrupting their supramolecular network [134,135,215], which might be the case and 

explain the observed results. Thus, despite the GS dilutions studied in the cytotoxicity assay are 

probably aqueous solutions, no further conclusions are possible to obtain in regard to the 

network arrangement of higher concentrations or non-diluted form of GS. 

According to ISO 10993-5 [177], metabolic activities > 70% are considered non-cytotoxic. 

Thus, the results herein acquired support that in vitro, the GS system can be considered non-

Figure 2.4 - Cell metabolic activity (%) for different concentrations of glycerol, sorbitol, GS 2:1 and G+S 2:1. No 

significant differences between the metabolic activity profiles of GS and G+S (p-value > 0.8). 
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cytotoxic for concentrations < 0.15 g/mL, which in vivo will depend on the type of administra-

tion and pharmacokinetics. 

2.4.5 Viscosity assessment 

The viscosity is a parameter known to highly influence the dissolution rate of a solute in a 

solvent. Therefore, the characterization of this parameter in new liquid systems is highly im-

portant for their choice as a delivery vehicle and suitable application. The dynamic viscosity of 

CAW and GS was studied as a function of temperature and the results are represented in Figure 

2.5. While handling the GS system, it was observed that its viscosity depends on time and 

temperature. This suggests a reversible physical rearrangement of the structure, which is con-

sistent with the observation of its gelification over time at low temperatures (<40 °C). However, 

at 80°C the influence of these factors is no longer observed, guaranteeing consistent initial 

properties. Thus, the viscosity profile of GS was performed from 80 to 4°C to ensure reproduc-

ibility. In turn, for CAW it was performed from 4 to 80°C, to avoid the influence of water evap-

oration.  

As it is possible to observe, the viscosity decreases as the temperature increases, for both 

systems. Moreover, it can be observed that the GS (Figure 2.5 a) has a higher viscosity than 

CAW (Figure 2.5 b). At values close to the physiologic temperature, GS presented a viscosity 

value around 2.99 Pa.s (37.8°C), which is 3.9-times higher than the one of CAW (0.77 Pa.s, 

35.8°C). Since the dissolution rate is slower for higher viscosities [216], this translates in diffu-

sion rates slower for GS in comparison to CAW. Therefore, the use of CAW as delivery system 

would probably be more adequate for applications that require rapid dissolution rates, while 

GS may be more advantageous for sustained release applications. 

Figure 2.5 - Dynamic viscosity for: a) GS from 80 to 4°C; b) CAW from 4 to 80°C. 
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2.4.6 Solubility insight 

The goal of the present study was to evaluate if GS and CAW could be used as therapeutic 

liquid mixtures by carrying different NSAIDs and improving their solubility in respect to PBS. 

For this, the solubility of the drugs was determined in concentrated GS and CAW media, with 

a ratio of 2:1 (w/w) GS:PBS and CAW:PBS. This ratio was set to mimic formulations for localized 

administration (e.g.: intra-articular injection) and to screen whether the GS and CAW systems 

have potential to increase the NSAIDs solubility in physiological media. The results obtained 

for the 6 NSAIDs tested are summarized in Figure 2.6. 

Reported solubility values for the different NSAIDs vary in some cases to a great extent. 

Nonetheless, according to our experiments, the solubility obtained for ibuprofen in PBS is lower 

than those reported in the literature (2000 to 7300 mg/L) [217–220]; for indomethacin the value 

obtained is concordant with Ivanova et al. (1150-3170 mg/L) [221] but much higher than the 

indicated by Cayman (50 mg/L) [222]; ketoprofen’s solubility in PBS is within the range reported 

by Cayman (500 mg/L) [223] and Shohin et al. (3310 mg/L) [224] but lower than the one of 

Felton et al. [219]; for flurbiprofen, the determined PBS solubility is in accordance with Sadik et 

al. (130±40 mg/L) [225] and Daravath et al. (98±10 mg/L) [226], despite the heterogeneity of 

values reported (98 to 9000 mg/L) [219,225–228]; the value obtained for naproxen is in agree-

ment with Cayman (1000 mg/L) and Kumar et al. (750±250) mg/L, being lower than the Felton 

and co-authors’ value (4259 mg/L); in turn, celecoxib presented a PBS solubility equivalent to 

Abu-Diakes et al. (1.58±0.03 mg/L) but lower than Rawat and co-workers (47.15 mg/L). 

While the experimental values of the NSAIDs solubility in PBS herein determined are in 

accordance with part of the literature, there are also visible discrepancies within the values 

reported. These differences might be due to several factors, such as drugs particle size, poly-

morphism, purity, precision of the quantification method, time and temperature of the assay 

and storage, phosphate concentration of the buffer, among others. 
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Regarding the comparison of drugs solubility in the studied media, all NSAIDs presented 

a higher solubility in PBS than in the 2:1 GS:PBS or CAW:PBS, except for celecoxib. For those 

NSAIDs, the CAW seems to strongly act as antisolvent. On the contrary, the CAW:PBS 2:1 and 

particularly, the GS:PBS 2:1 increased the celecoxib solubility by 4-fold and 5-fold, respectively. 

To better understand these observations, polarity and pH measurements were carried out.  
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The polarity is one of the parameters considered when evaluating the capacity of a solvent 

to dissolve a solute, through the principle ‘like dissolves like’. Thus, the polarity of GS and CAW 

was estimated and compared to water as standard solvent and equivalent of PBS. This was 

carried out using two solvatochromic probes whose absorption spectra shifts depending on 

the polarity of the solvent. The nile red dye was used as it is more appropriate for apolar sol-

vents while the Reichardt’s dye is better for polar solvents. According to the energy transition 

values (ET) calculated from equation (2), it was possible to establish the relative polarity of the 

studied systems. Since water is extremely polar, it was only analyzed by the Reichardt’s dye. 

Moreover, for the CAW only the nile red was suitable because the Reichardt’s dye reacts with 

the carboxylic acid groups from citric acid and L-arginine [229,230]. The results obtained are 

summarized in Figure 2.7. 

From the nile red analysis it can be stated that CAW is slightly more polar than GS whereas 

the Reichardt’s dye data indicate that H2O is more polar than GS. Therefore, their relative po-

larity can be ordered from the highest to the lowest as follows: H2O > CAW > GS. Upon dilution 

in physiological media, their relative polarity will vary accordingly. 

The pH is also an important parameter when evaluating the solubility of certain com-

pounds because it influences their structure according to the pKa of the functional groups, 

which can dictate a higher or lower solubility. Therefore, the pH of PBS and the several ratios 

between GS:PBS and CAW:PBS tested in the solubility assay are summarized in Table 2.3. As 

observed, both PBS and GS:PBS mixtures present a neutral pH while the CAW:PBS systems have 

an acidic pH. 

 

Figure 2.7 - ET values obtained for CAW, GS and H2O using nile red and/or Reichardt’s dye. 0 20 40 60
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Table 2.3 - pH values for PBS and mixtures of CAW:PBS and GS:PBS at different ratios (w/w). 

 

 

 

 

 

 

 

 

In terms of polarity, celecoxib had higher solubility in the less polar solvent (GS:PBS) while 

the other NSAIDs presented the highest solubility in the more polar solvent. This might be 

explained by their differences in terms of chemical composition (Figure 2.8). 

Figure 2.8 - Chemical structure of ibuprofen, flurbiprofen, naproxen, indomethacin, ketoprofen and celecoxib. 

Although celecoxib has some polar groups such as the fluorines, it has also 3 non-polar 

rings and thus the final polarity balance might be closer to the one of GS:PBS. In turn, a com-

mon feature between ibuprofen, indomethacin, ketoprofen, flurbiprofen and naproxen is their 

carboxylic acid group, which is not present in celecoxib. This functional group contributes to 

their higher polarity and clarifies the deep decrease in solubility observed for the CAW:PBS 

media, which is related to its pH. The pKa of the NSAIDs’ carboxylic acids varies within 3.9 to 

5.3 [231–233]. Therefore, at the acidic pH of CAW:PBS media (3.5), the COOH is mostly proto-

nated (Figure A.6, Appendix A), decreasing the solubility of those drugs in the mixture. On the 

contrary, at the neutral pH of PBS and GS:PBS, the COOH group is deprotonated, increasing 

the drugs solubility in those media. Another interesting feature for this group of drugs is that, 

Media pH 

PBS 7.4 

CAW:PBS 2:1 3.5 

GS:PBS 2:1 7.1 

CAW:PBS 1:1 3.5 

GS:PBS 1:1 7.2 

CAW:PBS 1:10 3.6 

GS:PBS 1:10 7.3 
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while all of them present a mean solubility higher for GS:PBS than CAW:PBS, the difference was 

not statistically significant for indomethacin and ketoprofen. This is probably caused by their 

additional polar groups, mainly the carbonyl (C=O), which increases their polarity, decreasing 

the solubility in GS:PBS. 

Regarding celecoxib, within the studied parameters, its solubility was mostly dependent 

on polarity since its pKa is about 11 [234] and thus, it was in the non-charged form at all pH’s. 

Overall, celecoxib was the only NSAID that presented an increased solubility of about 4-fold 

for the CAW:PBS 2:1 and 5-fold for the GS:PBS 2:1, in comparison to PBS alone. This confirms 

that concentrated formulations of CAW and GS may be suitable for localized administration of 

celecoxib with improved efficiency.  

Since it presented an improved solubility in those media, celecoxib was further tested in 

1:1 and 1:10 (w/w) ratios of GS:PBS and CAW:PBS to mimic applications where the formulations 

are diluted in the physiological media (e.g.: oral or systemic). As observed in Figure 2.9, there 

were no statistically significant differences between the solubility determined in PBS, CAW:PBS 

1:1, GS:PBS 1:1, CAW:PBS 1:10 and GS:PBS 1:10. Even though the 2:1 (w/w) formulations of 

CAW:PBS and GS:PBS increased celecoxib’s solubility, upon dilution in PBS, the dissolution ad-

vantage conferred by CAW and GS is lost. Therefore, these systems could lose advantage for 

administration pathways such as oral, for which the delivery systems would be highly diluted 

in the physiological media. 

Considering the global solubility results, it can be stated that from all the therapeutic liquid 

mixtures studied, the GS or CAW with celecoxib are the ones with prospect for further devel-

opment towards localized administration. Envisioning intra-articular injection, the 
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Figure 2.9 - Solubility of celecoxib in PBS and different ratios of GS:PBS and CAW:PBS (2:1, 1:1 and 1:10, 

w/w). Statistical differences between PBS, CAW:PBS 2:1 and GS:PBS 2:1 (****p < 0.0001). The differences 

between CAW:PBS 1:1, GS:PBS 1:1, CAW:PBS 1:10, GS:PBS 1:10 and PBS were not significant (p > 0.9999). 
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administration pathway chosen to be explored in the scope of this thesis, GS would be prefer-

ential to CAW, since it has neutral pH as opposed to CAW, which depicted an acidic pH that 

could compromise the natural intra-articular features (neutral), and potentially contribute to 

local acidosis, one of the characteristics of chronic inflammation [235]. 

2.5 Conclusions 

In this chapter, several mixtures were designed and screened towards their nature as 

LTTMs. GS and CAW mixtures were the selected LTTMs to be further explored in terms of their 

properties and ability to improve NSAIDs solubility in therapeutical applications. To the best of 

our knowledge, the GS LTTM and respective characterization was reported for the first time. 

Within the NSAIDs studied, CAW:PBS and GS:PBS 2:1 (w/w) formulations improved the solubil-

ity of celecoxib 4-fold and 5-fold in comparison to PBS, respectively. In general, this is a prom-

ising achievement for local applications, with concentrated therapeutic liquid systems, of which 

GS:PBS was selected specifically for the design of intra-articular injectable formulations, as fur-

ther explored in chapter 3. 

In sum, the developments herein achieved represent a starting point for the optimized 

production of a therapeutic formulation with increased celecoxib solubility, which potentially 

translates into higher efficiency and reduced adverse effects. For the pharmaceutical industry 

it also represents a valorization of the commercial drug. Moreover, the compounds used in the 

formulations are commonly used as excipients and thus, could avoid the time associated with 

the regulatory entities to reach the market. 
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3.1 Abstract 

Viscosupplementation consist in hyaluronic acid (HA) intra-articular injections, commonly 

applied for osteoarthritis treatment. In parallel, non-steroidal anti-inflammatory drugs 

(NSAIDs) are widely administered for pain relief. Here, both HA and celecoxib (a NSAID) were 

combined in a formulation based on a low transition temperature mixture (LTTM) of glyc-

erol:sorbitol (GS), a potential lubricant liquid that showed to increase celecoxib’s solubility, thus 

rendering a potential alternative viscosupplement with enhanced therapeutic efficiency. The 

inclusion of glucosamine, a cartilage precursor, was also studied. Rheological properties, crucial 

for viscosupplementation were assessed: the parameters of crossover frequency, storage (G’) 

and loss (G’’) moduli profiles, their values at walking or running frequencies, zero-shear-rate 

viscosity, stable viscosity across temperatures and shear thinning behavior, support viscoelastic 

properties suitable for viscosupplementation. Biological tests on chondrogenic cells (ATDC5), 

confirmed the gels cytocompatibility. Regarding drug release from the gel, high and low clear-

ance scenarios were studied. Both provided an increased celecoxib (CEX) release (6 to 73-fold) 

in comparison to the dissolution in PBS. The low clearance setup presented the highest CEX 

release for the longest period, emphasizing the importance of gel structure in CEX delivery. 

NMR stability studies over time favored the GS+HA+CEX (GHA+CEX) gel as a promising alter-

native viscosupplement, candidate for further in vivo evaluation. 

 

Keywords: Low Transition Temperature Mixtures, anti-inflammatory, celecoxib, hyaluronic acid, 

viscosupplementation, osteoarthritis 

3.2 Introduction 

In Osteoarthritis (OA), both articular cartilage and synovial fluid are compromised, causing 

inflammation, pain and loss of joint function [2]. Cartilage and synovial fluid are the joint con-

stituents that confer their main protection through shock absorption and bone-friction pre-

vention. The synovial fluid also acts as joint lubricant and nutrient provider for the cartilage 

surrounding cells [15,16]. In this context, viscosupplementation is one of the most common 

treatment approaches, consisting on intra-articular (IA) injections of hyaluronic acid (HA), the 

main component of the synovial fluid, responsible for its rheologic and lubricant properties 
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[37]. Furthermore, chondroitin and glucosamine (Glu) are additional cartilage constituents and 

precursors, respectively, usually administered as oral supplements, associated with pain reduc-

tion and retarded OA progression [23], probably limited by their low bioavailability. Another 

treatment often applied for the symptomatic relieve in OA is the administration of non-steroi-

dal anti-inflammatory drugs (NSAIDs) [25]. The therapeutic efficiency of orally administered 

NSAIDs is also compromised by their low bioavailability and restricted due to the associated 

side effects [162,163]. A local administration, such as intra-articular injection can prevent some 

of the limitations observed for current treatments and potentiate their efficacy. 

The use of Low Transition Temperature Mixtures (LTTMs) is a promising strategy to in-

crease the solubility and bioavailability of bioactive molecules, as reported by numerous stud-

ies [146,149, 227,150,173,174,222–226]. This potential was explored in chapter 2, where de-

signed combination of molecules of interest were screened (e.g: organic acids, sugars, amino-

acids, polyols, etc) and selected LTTMs further characterized and studied towards their capacity 

to improve the solubility of several NSAIDs in PBS, as physiological media. From those, glyc-

erol:sorbitol (GS, 2:1 molar ratio) rendered a 5-fold increase of celecoxib’s solubility in GS:PBS 

2:1 (w/w) media, and it was further selected for the development of an IA injectable since it has 

a neutral pH, as characteristic of synovial fluids [235]. Moreover, GS presents beneficial prop-

erties for the development of IA injections for OA: while glycerol presents intrinsic lubricant 

properties [185,186], its combination with sorbitol forms an LTTM highly viscous, an important 

aspect in the design of liquid formulations to be injected in the synovial cavity, given the high 

viscosity of synovial fluids. Moreover, LTTMs can be combined with other materials, such as 

polymers to create or modify drug-delivery systems for controlled release [156]. The combina-

tion of LTTMs with cartilage biopolymers, such as HA and Glu (glycosaminoglycan constituent) 

can help to achieve that purpose, while providing potential building blocks for the cartilage 

matrix. In this context, HA is especially interesting since low amounts can easily produce gel-

like formulations, depending on its molecular weight and other modifications, such as cross-

linking [62,242]. High molecular weight (HMW) HA mixtures, create more complex and rigid 

networks, while improving the therapeutic efficiency of viscosupplements [63,67]. Therefore, in 

the work presented in this chapter, HMW HA was strategically used, in combination with GS 

and CEX, for the design of an IA viscosupplement with enhanced drug bioavailability. Moreo-

ver, this formulation is expected to provide improved therapeutic action in respect to conven-

tional viscosupplements, as it comprises two active ingredients (CEX and HA) with proven effi-

ciency in OA-management, and additional lubricant properties conferred by GS. 
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In sum, injectable formulations combining GS, CEX and HA, with and without Glu were 

developed. The main goal was to evaluate their viability to be used for viscosupplementation 

and to assess their performance as CEX-delivery system. For that, their rheological properties 

were characterized, their cytocompatibility was evaluated in a chondrogenic cell line and the 

in vitro release profile of CEX investigated.  

3.3 Experimental section 

3.3.1 Materials 

Glycerol (99.5%, ref. GL0026) was purchased from Scharlau (Spain) and sorbitol (≥ 98%, ref. 

S1876) from Sigma Aldrich (France). Phosphate buffer saline tablets (PBS, ref. P4417) were ac-

quired from Sigma Aldrich (USA) and reconstituted as described by the manufacturer (pH 7.4, 

at 25 °C). Celecoxib (≥ 98%, ref. PZ0008) was purchased from Sigma Aldrich (USA). Hyaluronic 

acid sodium salt (HA, high molecular weight: ≥ 1 MDa, ref. J66993) and glucosamine sulphate 

(98%, ref. J66271) were bought from AlfaAesar (China). Dimethyl sulfoxide-d6 (DMSO-d6, 

99,96% D, ref. D031T) was acquired from Eurisotop (France). The chondrogenic cell line ATDC5, 

derived from mouse teratocarcinoma AT805, was obtained from the European Collection of 

Authenticated Cell Cultures (ECACC 99072806, UK). DMEM/F-12 (Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12) with (ref. 11320074) and without phenol red (ref. 21041) were 

purchased from Gibco (UK). The solutions of 0.25% trypsin (ref. 25-050-CI), Fetal Bovine Serum 

(FBS, ref. 35-079-CV) and the antibiotic-antimycotic solution (10000 IU/mL penicillin, 10 mg/mL 

streptomycin and 25 µg/mL amphotericin, ref. 30-004-CI) were acquired from Corning (USA). 

The MTS solution (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-

fophenyl)-2H-tetrazolium, <2%, ref. G3581) was obtained from Promega (USA). For the high-

performance liquid chromatography (HPLC), acetonitrile (>99.9%, ref. 34967) from Honeywell, 

Riedel-de Haën (Germany) and potassium dihydrogen phosphate (98-102%, ref. 11591) from 

AlfaAesar (Germany) were used. The potassium dihydrogen phosphate 50 mM 50:50 (v/v) 

buffer was prepared in deionized water and the pH adjusted to 4.2, using phosphoric acid (85-

90%, ref. 79606) from Honeywell, Fluka (Germany). 

3.3.2 Gel preparation 

The LTTM of glycerol:sorbitol 2:1 molar ratio (GS) was prepared by heating and stirring, 

until a translucid liquid was obtained. The liquid GS was mixed with PBS at a mass ratio of 2:1, 
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and used as media for gel preparation. Four types of gels were then produced. All gels were 

composed of 1% HA (w/w). Another group of gels was also supplemented with glucosamine 

sulphate (GluS), adding 10 mg of GluS per gram of gel. For the gels with CEX, this was incor-

porated by dispersing about 2 mg/ml of CEX (above saturation) in the GS:PBS mixture, which 

was stirred for 24h before the addition of HA and/or glucosamine. The composition and no-

menclature of the gels is discriminated in Table 3.1. 

 

Table 3.1 - Composition and name given to the gel samples formulated. 

Composition Gel name 

GS:PBS+HA GHA 

GS:PBS+HA+GluS GGluS 

GS:PBS+HA+CEX GHA+CEX 

GS:PBS+HA+GluS+CEX GGluS+CEX 

 

3.3.3 Rheology 

The rheology of the gels was studied in a Modular Compact Rheometer MCR102 (Anton 

Parr, Austria) using a 2° angle cone-plate geometry (Cone CP25-2, 25 mm diameter, Anton 

Parr). All measurements were performed in the linear viscoelastic region (LVR) of the materials, 

determined by amplitude sweep at a frequency of 10 Hz, 37°C and within a shear strain ranging 

from 0.001 to 20 (LVR from 0.001 to 1). The real range was adjusted by the equipment, accord-

ing to its ability to reach a stable reading. Frequency sweep analysis was performed at a shear 

strain of 0.1 and 37°C. The gels were equilibrated at 37°C for 5 min and the storage (G’) and 

loss moduli (G’’) were then determined as function of the frequency (100 to 0.01 Hz). The vis-

cosity of gels was also measured as a function of the temperature (5 to 45°C). The gels were 

stabilized at 5°C for 5 min and submitted to a heating ramp with a rate of 2°C/min and a 

constant shear rate of 10 s-1. For the shear rate, the gels were pre-equilibrated at 37°C for 5 

min, and viscosity obtained as a function of the shear rate, from 0.01 to 1000 s-1. The effect of 

pre-shear was also studied by applying a second shear rate cycle on the samples. All analyses 

were performed for three individual replicates of each sample. 

3.3.4 Cytocompatibility 

The in vitro cytocompatibility of the developed gels was evaluated in the chondrogenic 

cell line ATDC5, by determining the cell metabolic activity through MTS colorimetric assay, in 
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accordance to ISO 10993-5 [243]. The gel leachables were prepared according to ISO 10993-

12 [244], for gel concentrations from 0.6 to 0.075 g/mL, successively diluted in DMEM/F-12 

with 0.5% FBS. Cells were cultured in DMEM/F-12 with phenol red, supplemented with 10% 

FBS and 1% PS (culture media). Media was changed every 2-3 days, until confluency (70-80%) 

was achieved. For the MTS, cell suspensions of 1.5x105 cells/mL were prepared in culture media 

and seeded in a 96-well plate (100 µL per well), for 24h. The media was then removed, and the 

cells submitted to 100 µL of each gel concentration, for 24h. After this period, the cells were 

washed with PBS, and 100 µL of MTS (diluted 62.5-fold, in DMEM/F-12+0.5% FBS) was added 

and incubated for 3h. The absorbance at 490 nm was then measured using a VICTOR Nivo™ 

microplate reader (PerkinElmer, USA). Each sample was analyzed in triplicate, in three inde-

pendent cell assays. The cell metabolic activity was determined as previously described [245]. 

All cell incubation periods were performed in a humidified incubator, with 5% CO2, at 37 °C. 

3.3.5 Drug release 

The drug release was performed mimicking two different scenarios, one representing an 

extreme gel clearance rate and the other a low gel clearance. Briefly, about 0.67 g of the gels 

(GHA+CEX and GGluS+CEX) or the controls (GS and PBS) were placed in 1.5 mL glass vials 

closed with a cellulose membrane (0.45 µm, Sartorius, Germany) in one end. These were placed 

in 15 mL conical tubes, previously filled with 2 mL of PBS, as release media, with the membrane 

facing down. The schematic setup is represented in Figure 3.1. The conical tubes were then 

placed in a thermostatic water bath (Grant, LSB 12 Aqua Pro, UK) at 37°C, with a linear agitation 

of 60 rpm. At pre-determined time points, aliquots of the released media were collected and 

replaced by the same volume of fresh PBS. For the extreme gel clearance scenario, all the re-

leased media was removed and replaced by 2 mL of fresh PBS, whereas for the setting 

 e 

 e    o e

 e   ane

   

Figure 3.1 - Schematic representation of the drug release setup. 
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mimicking a low gel clearance, 200 µL were collected and replaced by fresh PBS. The amount 

of celecoxib in the collected aliquots was quantified by HPLC, as previously described in chap-

ter 2, section 2.3.10.1, using linear calibration between 0.05 to 2.7 mg/mL (LOD 0.028 mg/L). 

Briefly, 20 µL were injected in a Smartline HPLC Series (Knauer, Germany), eluted in acetoni-

trile:potassium dihydrogen phosphate 50 mM 50:50 (v/v) at pH 4.2, using a Keystone Kromasil 

C18 column (250 × 4.6 mm 5 µm, Thermo Scientific, USA) with an isocratic flow of 0.6 mL/min, 

and detected at 220 nm in a Smartline 2500 UV-detector (Knauer, Germany).  

3.3.6 Nuclear Magnetic Resonance 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker Avance 

III 400 spectrometer (USA) at 400 MHz. About 300 μL of each sample was mixed with 500 μL 

of DMSO-d6 for analysis. For stability studies, reagents and prepared samples were kept at 

room temperature. MestReNova software 11.0.4-18998 was used for data analysis and the 

chemical shifts expressed in ppm. 

3.3.7 Polarized Optical Microscopy (POM) 

A GHA+CEX gel was prepared as described in section 3.3.2, with a celecoxib concentration 

of 0.04 mg or near 2 mg (excess CEX) per mL of GS:PBS. The obtained mixtures were placed on 

a microscope glass slide and observed by POM, using a BX-53 polarized optical microscope 

(Olympus, Japan) in transmission mode. Images were obtained from an equipped camera 

(Olympus SC50), through the software Olympus Stream Start 2.4.2 (Olympus, Japan). Celecoxib 

was considered soluble when no crystals or dispersed particles were observed by POM. 

3.3.8 Statistical analysis 

The normality of the results was assessed by the Shapiro–Wilk test. Those presenting a 

normal distribution were analyzed by One-way ANOVA (metabolic activity profiles and drug 

release results) or Unpaired t-test with Welch's correction (frequency sweeps, GHA vs GGluS); 

whereas the ones following a non-normal distribution were analyzed by Mann-Whitney test 

(viscosity vs temperature, GHA vs GGluS). The results were considered statistically different for 

p-value ≤ 0.05. 
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3.4 Results and Discussion 

3.4.1 Rheologic characterization 

When developing IA injections, namely viscosupplements, it is critical to study their rheo-

logical behavior, to understand how they respond to applied forces. This is highly relevant to 

assess their manipulability, injectability, and their response to load forces, such as weight-bear-

ing forces, upon injection [246]. Moreover, the ability of healthy synovial fluids to lubricate 

joints and absorb mechanical shock, is typically compromised in osteoarthritic conditions. Thus, 

the rheological properties of viscosupplements must mimic healthy synovial fluids, aiming to 

restore their normal function as bone and cartilage protector, and to allow a normal joint mo-

bility. Herein, the rheological properties of the formulated gels were characterized aiming to 

assess their ability to be used as viscosupplements for OA. 

Figure 3.2 represents the frequency sweep profiles of GHA and GGluS, which were not 

statistically different. The storage modulus (G’) represents the elastic component of the system, 

while the loss modulus (G’’) refers to the viscous component, thus being also referred to as 

elastic and viscous moduli, respectively [62,242]. As it can be observed, above the crossover 

frequency (Fc), G’ is higher than G’’. This indicates a transition from viscous to elastic-fluid 

behavior. When applied to the synovial joint, this elasticity provides cartilage protection by 

absorbing mechanical energy [242]. Additionally, G’ and G’’ values have a close magnitude, 

mainly for lower frequencies, and both present some frequency-dependent behavior, increas-

ing when frequency increases. These observations support that the formulation possesses 

some fluidity rather than being a compact-solid-like structure. From these plots, it was possible 
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Figure 3.2 - Frequency sweeps of a) GHA and b) GGluS. Storage (G’) and loss (G’’) moduli as a function of frequency 
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to estimate the values of Fc, relaxation time (tR) and the G’ and G’’ at the frequency representa-

tive of walking (0.5 Hz) or running activities (2.5Hz). These results are summarized in Table 3.2. 

 

Table 3.2. Results of crossover frequency (Fc), relaxation time (tR) and the storage modulus (G’) and loss modulus 

(G’’) at the frequency representative of walking (0.5 Hz) or running activities (2.5 Hz), at 37°C. G’ and G’’ near 0.5 and 

2.5 Hz are represented as mean ± SD. Fc and tR were estimated from the crossover of G’ and G’ lines, plotted from 

their mean values (Figure 3.2). 

 

It is reported that commercial viscosupplementations present Fc from under 0.01 to over 

10 Hz [62], corresponding to the formulations with highest (crosslinked) and lowest (0.5-0.73 

MDa) molecular weight in HA, respectively. In turn, synovial fluids have Fc within 0.13 ± 0.02 

to 0.41 ± 0.12 Hz when healthy [247], or 1.8 ± 0.5 Hz for osteoarthritic state [248]. In this 

context, the range of interest for the formulations herein developed was set for Fc values up 

to 0.41 Hz, considering as goal to restore or improve the properties of healthy synovial fluids. 

This was observed for both formulations, with Fc values ranging from <0.01 to 0.14 Hz, for GHA 

replicates, and from 0.02 to 0.14 Hz for the GGluS. The corresponding mean Fc values obtained 

from the crossover between G’ and G’’ (Figure 3.2), were 0.02 Hz for GHA and 0.04 Hz for GGluS, 

with respective relaxation times near 50 and 25 s (Table 3.2). 

Furthermore, for weight-bearing joints, such as the knees, it is especially important to 

characterize the G’ and G’’ under frequencies corresponding to walking (0.5 Hz) or running (2.5 

Hz) activities (Table 3.2). Prior research on commercial viscosupplementations, gathered G’(0.5 

Hz) values between 2 and 89 Pa, G’’(0.5 Hz) ranging from 3 to 52 Pa, G’(2.5 Hz) from 11 to 129 

Pa, and G’’(2.5 Hz) from 5 to 85 Pa [62,248–250]. In Figure 3.3, it is possible to compare the G’ 

and G’’ values obtained at 0.5 and 2.5 Hz for GHA and GGluS, with the ones reported for several 

commercial viscosupplementations [62,248–250]. Considering both G’ and G’’, the values ob-

tained for the studied systems were more consistent with the commercial products Monovisc® 

and Orthovisc®, especially with Orthovisc®. In sum, the properties herein studied are in the 

range of commercial formulations and healthy synovial fluids. 

Sample Fc (Hz) tR (s) 
Walking (~ 0.5Hz) Running (~ 2.5Hz) 

G’ (Pa) G’’ (Pa) G’ (Pa) G’’ (Pa) 

GHA 0.02 50 78.7 ± 34.6 44.6 ± 9.1 119.4 ± 41.2 54.3 ± 8.6 

GGluS 0.04 25 81.3 ± 42.3 45.0 ± 16.2 121.7 ± 55.2 54.5 ± 16.9 
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The gels were also characterized in terms of their viscosity at different temperatures (Fig-

ure 3.4), to assess the extent of viscosity variation, especially before injection, at storage or 

administration conditions (room temperature) in comparison to body temperature. As it can 

be observed for the GHA, there is a slight decrease of the viscosity profile when temperature 

increases. Within room temperature and body temperature (20-37°C), the gel has a viscosity 

between 10-12 Pa.s, with no significant differences. Therefore, no substantial effect on the gel 

injectability is expected. The system GGluS showed no significant differences from GHA.  
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Figure 3.3 - Storage (G’) and loss (G’’) moduli of GHA and GGluS gels, in comparison to 

the ones reported for commercial viscosupplementations [62,248–250]. 
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Figure 3.4 - Viscosity as a function of temperature for a) GHA, and b) GGluS. 
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Since the rheological properties of GHA and GGluS previously analyzed did not show sig-

nificant differences, the remaining analysis were only performed for GHA, as representative of 

both.  

Envisioning an intra-articular injection, the gels are expected to be constrained and sub-

mitted to compression (or load) forces within the joint, especially in weight-bearing joints. High 

compression causes the gel to be more restrained (compacted), thus corresponding to low 

shear rates. Lower loading-forces allow higher gel flow, which corresponds to high shear rates 

[62]. Therefore, the shear rate profile is an important analysis for intra-articular-intended for-

mulations, to assess the effect of the shear rate in the material properties. Moreover, is it im-

portant to consider the conditions upon IA injection, to better mimic the product performance 

in those conditions. Knee joints were considered as reference since they have the highest vol-

ume of synovial fluid. Given that a normal knee joint contains about 6 mL of synovial fluid, this 

can be totally replaced with the maximum viscosupplementation volume (6 mL) or supple-

mented with lower volumes, most commonly 2 mL [251]. In this context, upon injection, the 

viscosupplementation might be in the concentrated form (GHA) or diluted 3-fold (dGHA) in 

the synovial fluid. Additionally, in OA condition, the synovial fluid is commonly diluted due to 

effusion. Therefore, the shear rate analysis was performed for both concentrated (GHA) and 

diluted (dGHA) formulations (Figure 3.5). The 3-fold dilution was performed with PBS to mimic 

a fictious worst-case scenario where the OA synovial fluid would have a viscosity near the 

physiological media.  

In Figure 3.5 it can be observed that the gels behave as non-Newtonian fluids, presenting 

shear thinning behavior (viscosity decrease as shear rate increases), a characteristic of healthy 

synovial fluids and commercial viscosupplementations [249,252], that allows an adjustable and 

reversible response to loading forces [246]. The effect of pre-shear treatment was further ana-

lyzed to study the capacity of the gel to maintain or recover its properties upon exposure to 

shear rates (from low to high). The results support that the pre-shear treatment influences the 

viscosity profile of GHA for shear rates < 1 s-1. Without pre-shear, the gels presented an almost 

linear decrease of viscosity with increasing shear rates. In turn, for the pre-sheared gels, lower 

but constant viscosity values were obtained for shear rates below 1 s-1. Above 1 s-1, the viscosity 

profile of the pre-sheared and non pre-sheared gels converged. These occurrences upon pre-

shearing are consistent with thixotropic behavior, reinforcing the reversible re-organization of 

the gels structure.  
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In comparison to the non pre-sheared GHA, the diluted gel (dGHA) had an equivalent 

viscosity profile for shear rates ≤ 1 s-1; and above those, a deeper viscosity decrease was ob-

served. 

The phenomena of shear thinning and thixotropy are also good indicators of injectability, 

since the injection force increases the shear stress and shear rate, which lowers the gel viscosity, 

facilitating its administration [246,253]. In this context, injectability was manually tested and 

confirmed for needle gauges from 21 to 30G. 
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Figure 3.5. Viscosity as a function of shear rate (dGHA: GHA diluted 3-fold). 

The zero-shear-rate viscosity (η0) is an additional parameter, usually used to characterize 

the viscosity of a material at rest. Commonly, η0 is defined as the viscosity measured at the 

minimum shear rate tested [242]. Here, we considered the η0 as η0.1, to be comparable with the 

marketed viscosupplementations characterized by Nicholls et al. [62]. The results obtained for 

the tested formulations are summarized in Table 3.3. All of these formulations have a η0 higher 

than the maximum value reported for OA synovial fluids (0.01-11 Pa.s), and within the range 

reported for healthy synovial fluids (1-175 Pa.s) [242] and commercial viscosupplementations 

(0.3-193 Pa.s) [62], which supports their use for the proposed application.  

 

Table 3.3. Shear rate properties obtained for the GHA and dGHA formulations. 

Sample η0.1 (Pa.s) η240 (Pa.s) η0.1/ η240 

GHA with pre-shear 39 ± 10 0.69 ± 0.06 56 

GHA w/ pre-shear 185 ± 94 0.63 ± 0.07 290 

dGHA 97 ± 71 0.05 ± 0.02 1925 

 

Additionally, the ratio between low shear rates (here represented by η0.1) and high shear 

rates (here represented by η240) was previously reported as a quantitative measure of the shear 
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thinning behavior of synovial fluids (η0.1/η300) [242,252] and commercial viscosupplementations 

(η0.1/η250) [62]. Here, a shear thinning ratio of η0.1/η240 was used as representative of both. Ac-

cording to Rebenda et al., the shear thinning ratio ranges from 70 to 250 in healthy synovial 

fluids and from 5 to 40 in osteoarthritic synovial fluids [242]. For commercial viscosupplemen-

tations, values between 2 and 651 were reported by Nicholls et al. [62]. As observed for the 

experimental values of Table 3.3, the GHA based systems presented, once more, rheological 

properties superior to the ones of OA and within the range reported for normal synovial fluids. 

In comparison to the shear thinning ratios reported for commercial viscosupplementations, the 

range values of GHA (56-290) comprehend the magnitude of values stated for Monovisc® (52), 

Orthovisc® (170), Euflexxa® (237) and Gel-one® (243). Higher values were reported for Syn-

visc® (651-741), which is due to the use of cross-linked HA instead of the non-crosslinked used 

in the other products and GHA. Even though crosslinked HA may confer advantage in terms of 

higher retention in the joints, it may be less biocompatible and cause higher immunogenicity, 

and therefore, the safety profile of non-crosslinked HA is generally regarded as favorable [254]. 

In the work of Bhuanantanondh and co-workers [250], they reported the viscosity profiles 

as a function of shear rate for mixtures of OA-synovial fluid (OA-SF) with three commercial 

viscosupplementations: Suplasyn® (low molecular weight HA), Orthovisc® (high molecular 

weight HA) or Synvisc® (cross-linked HA), in a ratio of 1:1 (v/v). In comparison with those, the 

profile here obtained for GHA (Figure 3.5), presented viscosity values superior to the ones of 

OA-SF+suplasyn and OA-SF+orthovisc, and equivalent to OA-SF+synvisc. Therefore, although 

GHA was produced from high molecular weight HA, like orthovisc, the combination OA-SF+or-

thovisc presented viscosities clearly inferior up to shear rates of 1 s-1, after which they con-

verged. Thus, a full replacement of the synovial fluid by the GHA formulation, would be ex-

pected to render similar shear-rate properties to OA-SF+synvisc.  

Overall, the produced gels share rheological characteristics with some of the commercial 

viscosupplements, being therefore adequate for viscosupplementation. Moreover, these prop-

erties could be further tuned by polymer cross-linking or by changing the molecular weight. 

3.4.2 Cytocompatibility evaluation  

The cytocompatibility of the developed gels was tested in a chondrogenic ATDC5 cell line, 

representative of joint cells.  
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Figure 3.6. Cell metabolic activity percentage determined in ATDC5 cells for the developed gels: GHA, GGluS, 

GHA+CEX, GGluS+CEX.  

As it is possible to observe from Figure 3.6, all the gels present a similar metabolic profile 

and no statistically significant differences were observed between the four formulations tested 

(p-value > 0.98). Therefore, the results for GHA and GGluS were considered as representative. 

According to the international standards of ISO 10993-5 [243] and 10993-12 [244], a polymeric 

leachable in a concentration from 0.18 to 0.22 g/mL with a metabolic activity ≥ 70%, is consid-

ered non-cytotoxic. The metabolic activity at 0.2 g/mL was 64±21% for GHA and 83±14% for 

GGluS, and 100% or higher for lower concentrations of both. Therefore, the non-cytotoxic cri-

teria were met, at least for concentrations ≤ 0.2 g/mL. 

For gel concentrations ≥ 0.3 g/mL, the metabolic activity was below 2%. At this higher 

concentration range, the limiting component(s) might be the glycerol:sorbitol content which 

had an IC50 near 0.09 g/mL in this cell model. As previously reported in chapter 2, section 2.4.4, 

the glycerol:sorbitol mixture may cause some osmotic stress in vitro, mainly induced by sorbi-

tol. However, given the dynamic tendency of cells to achieve homeostasis, this is not expected 

to occur in vivo. In fact, in vivo, glycerol can be a potential adjuvant in joint lubrication while 

its combination with sorbitol results in a more viscous lubricant, which is advantageous for the 

intended application. Moreover, glycerol and sorbitol are FDA-approved excipients for several 

human products, and sorbitol is even reported for administration via intra-articular routes up 

to a maximum unit dose of 45% (w/v) [255], a concentration higher than the formulations 

herein tested contain.  

For gel concentrations ≤ 0.175 g/mL, the cell metabolic activity increased up to 26% com-

pared to the control (100%). This supports that, at certain concentration, the gels are cytocom-

patible and can even stimulate cell metabolic activity, most probably due to the ECM biopoly-

mers included in the gel [256]. 
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3.4.3 Drug release from gels 

Mimicking the drug release of the intra-articular environment in vitro is not straightfor-

ward as this is a very dynamic environment. Osteoarthritic synovial fluids tend to have elevated 

clearance rates, in comparison to healthy ones. The lower the clearance rate, the higher its 

retention time and effectiveness, both in terms of action and durability. Some works reported 

in the literature use high clearance set-ups to analyze their formulations [56,58,257–260], 

whereas others use conditions to mimic a low clearance environment [261,262]. Herein, we 

studied both scenarios for a more comprehensive understanding of the developed formula-

tions: Figure 3.7a represents the release profile at an extreme gel clearance scenario, where the 

released media is totally removed at each time point; and Figure 3.7b represents a low clear-

ance of the gel, where only 10% of the media is removed at each time point. The gel formula-

tions GHA+CEX and GGluS+CEX were compared with the same matrix without polymers 

(named GS) and with PBS, as reference, to understand how the gel constituents modulate the 

release of CEX in vitro. From the results, there is an increased release of CEX from the gels in 

comparison to GS or PBS, in both scenarios. However, there is a clear difference between their 

maximum CEX release and their release profiles.  

For the high clearance method (Figure 3.7 a), a higher CEX release rate was achieved in the 

first 8h, with a CEX concentration up to 6-fold higher in the gel than in GS or PBS. After these 

first hours, the release reaches a steady state. In turn, for the low clearance path (Figure 3.7 b), 

a release profile with supersaturation points (e.g: 6h and 48h for GHA+CEX) is observed for all 

the conditions tested, except for PBS. These are related to the solubility and recrystallization of 

CEX, which depends on its solvation in each of the formulations and on the gel structure, when 

Figure 3.7. Representation of the mean values for the cumulative release of celecoxib (mg/L) from GHA+CEX, 

GGluS+CEX, GS and PBS. The lines are a guide to the eye. a) High clearance rate scenario b) low clearance scenario. 

*p≤0.05, **p≤0.01, ****p≤0.0001. Full data (Mean ±SD) in Table B.1 and Table B.2, Appendix B. 
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present [263]. In this low clearance set-up, the maximum CEX release was achieved for the gel 

formulations at 48h, with an increase up to more than 17-fold or 73-fold in comparison to GS 

or PBS, respectively. Moreover, after 48h release from the gels, the CEX amount retrieved in 

low clearance was more than 10-times higher than the one obtained at high clearance. This 

difference reflects the importance of the gel structure in the increment of celecoxib’s concen-

tration. In the case of a high clearance scenario, the gel disintegration is faster which translates 

into a lower and less prolonged CEX release. In a low clearance situation, a fluid gel structure 

is maintained, confining higher CEX amounts in the polymeric network. From these results, it 

is expected that the longer the gel structure is maintained upon injection, the more extended 

will be the release of CEX at higher concentration. Still, even if celecoxib is not retained for 

more than 48h, it is expected to contribute to the immediate reduction of local inflammation 

and prevent possible inflammation and subsequent swelling associated with post-intra-articu-

lar injection procedures. Reduced inflammation allows to restore or maintain the viscoelasticity 

of the synovial fluids’ or injected viscosupplements’, thus reducing the clearance rate of HA 

and prolonging their protective and therapeutic function. 

The gel formulation produced has CEX both dissolved and dispersed. While the dissolved 

CEX is readily available, the dispersed component is expected to contribute to a controlled 

release [240,264,265], dependent on drug absorption, drug diffusion from gel and residence 

time of the gel. Thus, the partial CEX solubilization is expected to provide an immediate release, 

maintained or extended by the dispersed CEX. 

Even though it is difficult to quantitatively determine the maximum CEX soluble in the 

gel, due to its viscosity, it was qualitatively observed by POM (Figure 3.8), that at least 0.04 

mg/mL of CEX appear to be soluble in GHA+CEX, since no CEX crystals or dispersed particles 

are observed at this concentration (Figure 3.8, top), in contrast to the saturated formulation 

(Figure 3.8, bottom). This soluble amount is near the maximum CEX concentration obtained 

from the gels release (Figure 3.7) and it represents improvements above 5-fold and 25-fold 

than the maximum solubility previously reported for GS-rich media and PBS, respectively [245]. 
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3.5 NMR - Long term stability of the gels 

Freshly prepared GHA and GGluS presented equivalent results for most of the analysis 

performed. However, the study of gels’ stability over time demonstrated that GGluS gels were 

not stable for long periods. As it can be observed in the NMR spectra obtained for GGluS with 

(Figure B.1, left, Appendix B) and without CEX (Figure 3.9, left) at different time points, after 1 

month, the signals between δ 4 and 5 ppm converge. This can be justified by the occurrence 

of Maillard reaction promoted by the presence of glucosamine, therefore modifying the com-

position and properties of the gel. Thus, for the GGluS gels to be suitable for viscosupplemen-

tation or drug delivery system, strategies for the stabilization of glucosamine would have to be 

studied. In turn, the NMR spectra obtained for the GHA gels with (Figure B.1, right, Appendix 

B) and without CEX (Figure 3.9, right) did not present alterations up to 1 year, which support 

chemical stability under this period, at room temperature. No differences between the gels 

with and without celecoxib were noticed. 

Figure 3.8. POM images of GHA+CEX with celecoxib at 0.04 mg/mLGS:PBS (top) and GHA+CEX with excess celecoxib 

(bottom). Left: Non-polarized images; right: polarized images. Scale bar: 100 µm. 



Chapter 3 

 73 

 

3.6 Conclusions 

The present chapter focused on the development and characterization of new two-in-one 

viscosupplements for OA, combining GS+HA+NSAID (GHA+CEX) or GS+HA+NSAID+GluS 

(GGluS+CEX). These have potentially enhanced therapeutic efficiency, due to the combined 

delivery of lubricant agents for cartilage protection and shock absorption, biopolymers as 

source for cartilage regeneration and, celecoxib, for local anti-inflammatory action. The pro-

duced formulations were characterized in terms of their rheological properties, cytocompati-

bility, and drug release. They have rheological properties in the range of commercial formula-

tions and healthy synovial fluids, which supports their potential use for viscosupplemention. 

Moreover, these gels presented proper cytocompatibility in a mouse chondrogenic cell line 

(ATDC5) and even exhibited increased metabolic activity, which is a good indicator in a per-

spective of being used as delayers or disease-modifying agents in OA, in addition to the 

Figure 3.9 - 1H NMR spectra over time. Left: GGluS gel at a) day 0, freshly prepared, b) 1 week, c) 2 weeks, d) 1 month, 

e) 2 months; Right: GHA gels at a) day 0, b) 2weeks, c) 1 month, d) 2 months, e) 1 year. Similar spectra were obtained 

for gels with celecoxib Figure B.1, Appendix B. 
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symptomatic relief. Regarding drug release from the gels, setups of high and low gel clearance 

were studied and retrieved a maximum 6-fold and 73-fold increase of CEX released, respec-

tively, in comparison to PBS. This increase showed to be dependent on the gel structure and it 

may promote a fast and effective local inflammatory action during the first hours upon injec-

tion. Despite being equivalent to GHA in most of the analyses performed, the GGluS formula-

tion was not stable after 1 month, whereas GHA presented chemical stability for at least 1 year. 

The promising results of the properties herein characterized fully support further evaluations 

of the in vivo potential of GHA+CEX as alternative viscosupplement. 
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4.1 Abstract 

The work performed in chapters 2 to 3 allowed to develop a formulation as alternative 

viscosupplement for osteoarthritis treatment: hyaluronic acid (HA) combined with celecoxib 

(CEX) with enhanced bioavailability by incorporation in a Low Transition Temperature Mixture 

(LTTM) comprising lubricant properties. 

Here, the performance of the developed gel was evaluated in vivo. The efficacy of 

HA+LTTM+CEX versus HA, HA+CEX and saline control was tested (n=6) in a knee post-trau-

matic OA rat model (female Sprague-Dawley 11-weeks old), induced by unilateral anterior cru-

ciate ligament transection and partial medial meniscectomy (ACLt+pMMx). Knee edema was 

assessed along dynamic weight bearing evaluation of pain. Systemic CEX release was deter-

mined. Bone changes were explored through micro-computed tomography and histological 

analysis of joint degeneration (Mankin score) and synovitis (Krenn score) was conducted.  

The results support that all HA-based formulations effectively reduced synovitis, but only 

HA and HA+LTTM+CEX alleviated pain-related unloading of the affected paw. HA+LTTM+CEX 

diminished CEX systemic exposure, and it presented distinctive action on the inhibition of car-

tilage and subchondral bone degeneration.  Overall, these results suggest that the combination 

of HA+CEX confers an increased therapeutic effect compared to HA alone, especially at the 

level of inhibiting OA-induced degeneration, but only if combined with the LTTM. 

In sum, the treatment with HA+LTTM+CEX showed added value in preventing OA pro-

gression: it achieved a therapeutic outcome not found for HA or HA+CEX without LTTM – 

chondroprotective action, by inhibiting joint degeneration, one of the major criteria considered 

for disease-modifying-OA-drugs.  

 

Keywords: Osteoarthritis, Low Transition Temperature Mixtures, glycerol:sorbitol, hyaluronic 

acid, celecoxib, non-steroidal anti-inflammatory drugs, chondroprotective 

4.2 Introduction 

Osteoarthritis (OA) causes synovial fluid thinning, cartilage degeneration, bone remodel-

ing, inflammation, pain and, in advanced stages, it may lead to loss of joint mobility [17]. Com-

mon therapy includes intra-articular (IA) injections of corticosteroids or hyaluronic acid (HA). 

The HA injectables, also known as viscosupplementation, intend to restore the physiologic 

properties of healthy synovial fluids, while corticosteroids are administered to promote a 
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strong anti-inflammatory action. Both are reported to efficiently reduce pain and improve joint 

function, but their efficacy is heterogeneous as it depends on several factors such as age and 

OA stage [25,266]. Some studies report an early stronger effect but less prolonged for cortico-

steroids in comparison to viscosupplements, while the co-administration of HA and cortico-

steroids has shown improved therapeutic outcomes [266–268]. Despite the benefits, cortico-

steroid IA injections have a limited number of applications due to the occurrence of several 

systemic adverse effects [35]. Locally, it was also reported that prolonged IA exposure to cor-

ticosteroids causes extended joint instability and degeneration, triggered by tissue healing in-

hibition [269]. An alternative to corticosteroids could be the use of non-steroidal anti-inflam-

matory drugs (NSAIDs), also conventionally used for OA pain management, through oral or 

topic administration. As described in more detail in chapter 1 (section 1.3.2.1), within NSAIDs, 

celecoxib (CEX) is a first line option for OA pain relief, with beneficial therapeutic efficiency and 

safety, attributed partially to its selective COX-2 inhibition. However, NSAIDs' low bioavailabil-

ity limits the amount reaching the joints and causes adverse systemic side effects [22,23,25,27]. 

In this context, a local IA injection of CEX could be an option to reduce the dose needed to 

achieve therapeutic efficiency while reducing systemic adverse effects. In addition to pain relief, 

CEX is reported to have chondroprotective action [52,270], effective inflammatory inhibition 

[40,52,53,270] and preventive effect on other changes such as cysts and osteophytes, especially 

when administered intraarticularly [40,55]. The combined injection of CEX and HA may also 

present positive outcomes in terms of cartilage protection [271,272], inflammatory reduction 

[271] and pain control [272]. These studies support a potential synergic or complementary 

effect of HA and CEX in comparison to either alone [271,272]. Despite promising, the available 

preclinical data on the topic is insufficient and inconsistent, as it varies with several factors, 

some of which: dose, delivery type and animal models evaluated [40,52–55]. This might explain 

why there are no injectable formulations of CEX or HA+CEX in clinical use. Additionally, CEX’s 

low solubility and thus, bioavailability in the physiological environment remains a challenge, 

possibly limiting further developments. In the previous chapters, Low Transition Temperature 

Mixtures (LTTMs) were explored as a possible solution to effectively combine CEX and HA. In 

chapter 2, the use of LTTM-based carriers to improve CEX solubility and its potential to be 

incorporated in a viscosupplement was studied. The glycerol:sorbitol (GS)-based LTTM pre-

sented the highest CEX solubility, it was compatible with the physiological media and suitable 

for IA injection, given its pH and constituents [245]. Additionally, both glycerol and sorbitol are 

FDA and EMA-approved for human clinical products [255,273]. Based on these features, a for-

mulation combining GS, CEX and HA was developed in chapter 3, reporting proper 
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cytocompatibility in vitro and rheologic properties within the range of commercial viscosup-

plements and healthy synovial fluids. Therefore, the produced mixture was considered as suit-

able to be used for viscosupplementation, aiming to restore the normal lubricant and protec-

tive features of joints. Moreover, GS has additional lubricant properties [185,186], that may 

confer advantage in IA therapy of OA.  

Here we tested the effect of HA+GS+CEX versus HA+CEX or HA in an OA rat model, in-

duced by anterior cruciate ligament transection combined with partial medial meniscectomy 

(ACLt+pMMx). We postulate that the treatment with HA+GS+CEX has a better therapeutic 

outcome than the formulations without CEX or GS. 

4.3 Experimental section  

4.3.1 Materials 

Sodium hyaluronate (HA, MW 1.3 MDa, Hyatrue®, HA-EP1.8, pharma grade) was kindly 

provided by the Bloomage Biotechnology Corporation Limited (China). D-sorbitol (pharma 

grade, ref. A2222) and glycerol (pharma grade, ref. 141339) were acquired from Panreac Ap-

pliChem (USA). Celecoxib (ref. PHR1683), ethylenediaminetetraacetic acid (EDTA, ref. ED2P), 

Safranin-O (ref. S8884), Fast Green (≥85%, ref. F7252) and acetic acid (ref. 33209) were pur-

chased from Sigma-Aldrich, USA. Carprofen was bought from the veterinarian department of 

Utrecht University; Enrofloxacin (Baytril®, Bayer, Germany); Buprenorphine (Temgesic®, 

Eumedica, USA); Isoflurane (Abbott, Green Oaks, USA). Weigert’s hematoxylin was prepared by 

mixing equal parts of Hematoxylin solution A (ref. X906.1) and Hematoxylin solution B (ref. 

X907.1), acquired from Carl Roth, Germany. Ethanol 70% (ref. 84010059), ethanol 96% (ref. 

84045206), and ethanol 100% (ref. 84050065) were purchased from Boom, Netherlands. Re-

maining reagents were acquired from suppliers as follows: neutral buffered formalin (NBF, ref. 

11699408, VWR), eosin Y (ref. 45380, Merck, India), xylene (ref. 4055-9005, Klinipath, Nether-

lands), Mayer’s hemalum solution (ref. 1.09249, Merck, Germany), ammonia solution 32% (ref. 

1.05426, Merck, Germany), and hydrochloric acid (37%, ref. 1.00317, Merck, Germany). 

4.3.2 Preparation of injectables 

All the reagents used were pharma grade. Phosphate buffer saline (PBS) was used as rec-

ommended by the manufacturer (0.01 M phosphate buffer, 0.0027 M potassium chloride, 0.137 

M sodium chloride, pH 7.4, 25 °C, Sigma Aldrich, USA). Glycerol:sorbitol 2:1 (GS, molar ratio) 
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was prepared by heating and stirring. Four injectables were prepared: PBS for the control 

group, HA solution in PBS (HA), a solution of HA and celecoxib in PBS (HA+CEX) and a solution 

of HA and celecoxib in GS:PBS 2:1 (w/w) (GHA +CEX), as reported in chapter 3. Celecoxib was 

added at 1.82 mg/mL and HA at 1% (w/w). 

4.3.3 Animal setup and OA model 

The in vivo experiments were conducted under the guidelines and approval of the Animal 

Experiments Committee in Utrecht, The Netherlands (project number AVD11500202114837). 

Knee osteoarthritis was induced unilaterally by the combination of anterior cruciate liga-

ment transection (ACLt) and partial medial meniscectomy (pMMx) in the right knee (ipsilateral) 

of 24 rats (Sprague-Dawley female, 12-weeks old, Crl:CD(SD) strain code 001, Charles River, 

Germany), at day -28. The animals were priorly acclimatized for a period of 7 days, monitored 

and weighted weekly through all study.  Rats were fed ad libitum with a regular chow diet (“rat 

and mouse breeder and grower 801730”; 22 kcal% protein, 9 kcal% from fat, 69 kcal% from 

carbohydrates of which 8.4% sucrose, SDS Diets, UK). For surgery, the rats were sedated by 

inhalation with isoflurane (induction 4%, maintenance 1.5-3%). Buprenorphine (0.03 mg/kg) 

and carprofen (4mg/kg) were subcutaneously administered at least 30 min prior surgery, and 

buprenorphine reinforced post-surgery, 6 hours after the first administration. The 2 following 

days (day –27 and –26), the animals also received a daily dose of 4 mg/g of carprofen, for pain 

management.  

Four weeks after OA induction (day 0), the animals were randomized in 4 groups of 6 rats 

each (sample size calculation from previously reported data [269], using G-Power v3.1.9.7 

[274,275]). Each rat received a 25 µL unilateral intra-articular injection (30G needle), through 

the patellar tendon, in the OA-induced knees. The injectable formulations were administered 

to the respective groups: HA, HA+CEX, GHA+CEX, and control (PBS). Upon injection, group 

allocation remained blind during all experiments and data analysis. 

Euthanasia was performed at day 56 by aortic excision under anesthesia. 1 rat of PBS and 

HA+CEX groups were sacrificed at days 1 and 48, respectively, due to lesions external to the 

experiment. All data collected prior to sacrifice was used since no influence in the parameters 

analyzed is expected. Upon sacrifice, knees were harvested for further analysis. 
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4.3.4 Caliper measurements 

To assess knee swelling, a digital caliper (Kunzer 7EMS01, Germany) was used to measure 

rat knees’ diameter, at predetermined time points, along the study, before and after OA induc-

tion and intra-articular injection. A mean value was calculated from three consecutive manual 

measures for each timepoint. Baseline was considered as the average of three days (day –35 

to –33) measured before OA induction. Knee diameters before OA induction (baseline) were 

subtracted to measurements after OA and presented as mean ± SD.  

4.3.5 Dynamic weight bearing (DWB) 

Pain associated behavior was assessed through DWB analysis. Rats were individually 

placed in a 22 x 22 x 30 cm plexiglass chamber with floor sensors containing pressure trans-

ducers (44 x 44 captors, 10.89 mm2 per captor), and allowed to move freely during all proce-

dure. 5 min videos were recorded using a high-resolution camera (640x480 pixel), coupled to 

DWB software (Bioseb, module v1.4.2.98, France) that measured, in grams, the average weight 

exerted by each limb. The zone detection parameters were set as follows: low weight threshold 

≥ 1g, weight threshold ≥ 1.5 g, surface threshold ≥ 2. The weight-bearing limbs were validated 

by a blinded observer, for at least 1.5 min video frames, through association between rat po-

sition and sensor activation. 3 day-measurements before OA induction were considered as 

baseline. Data was expressed as the weight on the contralateral limb as a percentage of total 

weight distributed by both hind limbs, and represented as mean ± SD. 

4.3.6 Blood analysis 

Systemic celecoxib was analyzed by ELISA (ref. 180719, Neogen, USA), using blood sam-

ples drawn via tail end at 2, 4, 6, 8, 24, 48 and 72h after IA injection. Blood was collected in a 

lithium heparin plasma tube (BD Microtainer, USA). Tubes were put on ice and centrifuged (15 

min, 2000g) within 30 min after collection. Plasma aliquots were stored at − 80 °C until analysis. 

4.3.7 Micro-computed tomography 

Micro-computed tomography scans (µCT) were acquired in a Quantum FX CT scanner 

(PerkinElmer, Massachusetts), one day prior the intra-articular injection (day -1) and post-mor-

tem (endpoint). The in vivo measurements were carried under isoflurane anesthesia. The hind 

legs were extended and scanned for 3 min at an isotropic voxel size of 42 µm, 90 kV voltage, 

180 µA current and a field of view of 21 mm. 512 serial slides (2D) were acquired and data 
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analysis performed using ImageJ software (ImageJ 1.50i, NIH, USA). 8-bit slides were rotated 

(~ 90° x axis), the brightness/contrast parameter set from 100 to 255, and an autolocal thresh-

old algorithm (v1.16.12, Bernsen method, 5 radius) applied for slide analysis (e.g: Figure C.1 a, 

Appendix C). Semi-manual segmentation for the tibial subchondral bone plate and trabecular 

bone was done as previously reported [276], and segmented (polygon selection) regions of 

interest (ROI) registered (e.g: Figure C.1 b, c, Appendix C). ROI were generated each 5 slides, 

throughout 70 slides, starting from the union of the medial and lateral side of the tibial epiph-

ysis (back to front joint direction). Interpolation was applied and corrected when necessary. 

Those stacked ROI were then used to calculate the parameters of thickness (µm) and bone 

volume fraction (BV/TV, volume of mineralized bone per total volume), using the boneJ plugin 

(v1.4.1). Changes in the tibial subchondral bone plate (SBP) and trabecular bone (TB) were an-

alyzed by comparing data at the endpoint (day 55) to the obtained pre-injection (day -1). Com-

plementary comparison of group effects was performed upon data normalization by dividing 

the endpoint by pre-injection data. Results were expressed as mean ± SD. Exceptional cases 

for which it was not possible to obtain results for at least 5 rats per group were not considered 

for statistical comparison. 

4.3.8 Histology 

The harvested knees were cleaned (skin, muscle) and then fixated using 10% neutral buff-

ered formalin (NBF) for 5 days, followed by 7 decalcification cycles in EDTA, 7 days each, inter-

calated with 1 day re-fixation in 10% NBF every week. Fixation and decalcification were per-

formed at room temperature. The decalcified knees were then dehydrated in a tissue processor 

(Leica biosystems, Netherlands) by sequential immersion in solutions of ethanol 96%, ethanol 

100% and xylene, 3 cycles of 5h each, replaced with fresh solution upon each cycle. Then, the 

knees were infiltrated in series of paraffin wax at 62°C, for a total of 17h, and further embedded 

in paraffin wax. 5 µm transversal sections were obtained from paraffinized knee sections, using 

a Leica micrometer (RM2245, China). For staining (Leica autostainer XL, Germany), the sides 

were deparaffinized by sequential immersion in xylene (2x2 min), ethanol 100% (2x1 min), eth-

anol 50% (1 min) and demineralized water (≥ 15 s). Safranin-O/Fast Green/Hematoxylin (Saf-

O) staining was performed by placing the deparaffinized slides in Weigert’s hematoxylin (5 

min), running tap water (10 min), 0.4% fast green aqueous solution (4 min), 1% acetic acid (2 x 

2.5 min), 0.125% Saf-O solution (5 min), ethanol 96% (15 s), ethanol 100% (2 x 45 s), and xylene 

(2 x 5 min). In turn, Hematoxylin/Eosin (HE) staining was achieved by immersing deparaffinized 

slides in Weigert’s hematoxylin (4 min), running tap water (5 min), acidified ethanol (EtOH 
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50%/HCl, 15 s), ethanol 70% (1 min), ammonia ethanol (15 s), ethanol 96% (1 min), eosin (1 

min), ethanol 100% (2 x 1 min), and xylene (2 x 1 min). The slides were mounted by placing a 

thin coat of mounting medium (Pertex™, VWR, USA) and a cover glass on top. Mounted slides 

were left to dry and imaged using a NanoZoomer 2.0RS (40x resolution, Hamamatsu, Japan). 

HE slides were used to assess synovitis, by the Krenn score, as previously described [277]. 

Briefly, the parameters of synovial lining cell layer enlargement, resident cells density and in-

flammatory infiltrate were scored from 0 to 3, reaching a total of 0-9, where 0-1 means no 

synovitis; 2-4: low-grade synovitis and 5-9: high-grade synovitis. In turn, joint degeneration 

was evaluated in Saf-O stained slides through Mankin score, as stated elsewhere [278]. In short, 

4 categories were scored as follows: cartilage degradation (0-5), cellularity (0-3), Saf-O staining 

(0-4), tidemark integrity (0-1). Their sum provides total scores ranging from 0 (healthy) to 14 

(severe joint degeneration). Both score systems were randomly attributed by two blind evalu-

ators individually. Averaged scores were used for data representation, plotted as mean ± SD.  

4.3.9 Statistics 

Statistical analysis was performed with GraphPad Prism 8.0.1. Normality was assessed by 

Shapiro-Wilk tests and Q-Q plots. Knee diameter measurements were assessed by mixed 

model analysis for group and timepoints comparison. Dynamic weight bearing was analyzed 

by 2-way-ANOVA for both group and timepoints. Systemic CEX release profiles were analyzed 

by two-tailed paired t-test, and multiple t-tests for further individual comparisons at each 

timepoint. µCT analysis was performed using Brown-Forsythe and Welch ANOVA tests for nor-

mal data, while non-normal data was assessed by Kruskal-Wallis tests. The histological scoring 

was analyzed by two-way-ANOVA, to correct for inter-observer variability. P-values ≤ 0.05 were 

considered significant. To decrease the chance of discarding false negatives, p-values < 0.1 

were also reported. 

4.4 Results and Discussion 

4.4.1 Assessment of knee edema and pain 

Knee edema and pain are common OA symptoms, here evaluated by relation with knee 

diameter and dynamic weight bearing (DWB) analysis, respectively. The knee diameter 

measures prior OA induction were subtracted to the diameter of OA knees at each time-point, 

to assess for knee edema derived from OA progression (Figure 4.1). Even though there was a 
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slight trend of increased knee edema upon OA surgical induction, it trended to full recovery 

on the following days (-25 to -1). Thus, no OA-induced knee edema and no significant differ-

ences between groups after injection were found throughout all study (Figure 4.1).  
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Figure 4.1 - Ipsilateral knee diameter upon OA induction (days -25 to -1) and after IA injection (days 1 to 55), in 

respect to baseline (healthy, prior OA induction).  

Regarding weight bearing analysis, differences between the non-affected limb (contrala-

teral) and OA limb (ipsilateral) were used as pain indicator (Figure 4.2). Pain-induced behavior 

as measured by weight load transfer from the affected to the non-affected limb was noted. 

Before OA induction, there was an equivalent weight load on both limbs (50.6 ± 5%). One day 

prior to injection (3-weeks after OA induction), there was a significant increase of the weight 

load on the contralateral paw (61.2 ± 6.4%) in comparison to baseline (p<0.0001), which indi-

cates unload of the ipsilateral paw as a response to OA-induced pain. Contralateral load re-

duction was observed for HA in comparison to control (PBS) at all timepoints, which was sig-

nificant for days 3 (p=0.0193) and 6 (p=0.0074). GHA+CEX also presented a trend of lower 

contralateral load in comparison to control, from day 3 to 55, which was statistically significant 

at day 13 (p=0.0232). No significant differences were found between treatments at other 

timepoints, even though HA was slightly decreased compared to HA+CEX at day 6 (p=0.0770). 
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Figure 4.2 – Dynamic weight bearing analysis of OA-induced pain-behavior assessed by the weight on the contra-

lateral limb as a percentage of total weight distributed by both hind limbs. **p ≤ 0.01; *p ≤ 0.05; #p ≤ 0.1. 

In terms of time-related differences, all groups presented significant reduction in the con-

tralateral load bearing for the day 55, especially in comparison to the first timepoints. In respect 

to the contralateral load pre-injection, HA showed increased unloading over time from day 1 

(p=0.0719, day 2: p=0.0719), which was significant from day 3 (p=0.0188, day 6: p=0.0005, day 

13: p=0.0025 and day55: p<0.0001); GHA+CEX presented significant and successive reduction 

from day 6 (p=0.0276; day 13: p=0.0003; day 55: p<0.0001). Baseline-equivalent state (before 

OA) was achieved from day 6 (p=0.3941) for HA and from day 13 (p=0.4781) for GHA+CEX. 

The PBS and HA+CEX groups only presented reduced contralateral load and recovery-to-base-

line at day 55. This reversion to symmetrical loading at day 55 suggest spontaneous healing, 

which limits the sensitivity of DWB analysis for pain evaluation in this animal model. Still, it was 

possible to observe that HA showed the faster analgesic action, from day 1, followed by 

GHA+CEX, from day 6. Moreover, within the first 13 days, both HA and GHA+CEX presented 

significant pain reduction in respect to control (PBS), whereas HA+CEX had no analgesic effect 

during that period.  

4.4.2 Histological evaluation of synovial inflammation and joint 

degeneration 

The synovial inflammation was scored for the most affected region of the synovium. Ac-

cording to the Krenn score, OA-induced synovial inflammation was significantly decreased for 

all the HA-based treatments (HA: p=0.0007; HA+CEX: p=0.0456; GHA+CEX: p=0.0046) in com-

parison to control (PBS) - Figure 4.3 a). The equal effective reduction of HA alone or when 
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combined with CEX with or without GS,  may be related to the intrinsic anti-inflammatory action 

of HA and the low dose of CEX used, in comparison to other studies previously reported 

[40,52,55,57,270]. 

 

Figure 4.3 – Histological evaluation of the injectable effects in OA synovitis and joint degeneration: a) Synovial 

inflammation as represented by the total Krenn score (0-9). b) Joint degeneration as represented by the total Mankin 

score (0-14). c) Degeneration of joint structure denoted by the structure Mankin subscore (0-6), and represented in 

d) Safranin-O/Fast Green-stained medial joint sections. ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05; #p ≤ 0.1. Remaining 

Mankin subscores represented in Figure C.2, Appendix C. 

Regarding OA-induced joint degeneration, it was more severe for the medial tibia plateau, 

for which the histologic results are depicted in Figure 4.3 b-d). GHA+CEX substantially inhibited 

joint degeneration when compared to the other injectables (Figure 4.3 b, PBS: p=0.0071; HA: 

p=0.0658 and HA+CEX: p=0.0004), especially in terms of cartilage structure (Figure 4.3 c, d, 

PBS: p=0.0019; HA: p=0.0046 and HA+CEX: p=0.0004). HA treatment also reduced the total 

Mankin score in comparison to HA+CEX (p=0.0472), indicating that HA+CEX is only effective 

in inhibiting joint degeneration when combined with GS. This is consistent with chondropro-

tective action attributed to GHA+CEX.  Only two other studies report a chondroprotective ef-

fect upon CEX intra-articular injection [52,270]. The first, in a rabbit OA model induced by an-

terior and posterior cruciate ligaments transection and medial meniscus excision, a total of 5 

weekly CEX injections were administered, corresponding to a 3-fold higher CEX than the used 
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in the current study. The results were analyzed at the end of a 5-week period, after which the 

authors found delayed cartilage degeneration for both CEX and HA treatments in comparison 

to control (saline solution). Their study emphasizes that a continued CEX joint exposure, even 

at low concentration, may confer chondroprotective effect [52]. However, weekly injections are 

not a viable option since it is a mildly invasive procedure, and recurrent administration can lead 

to infection or other complications. Haartmans and colleagues also reported chondroprotec-

tive effect upon 12-weeks of CEX IA-injections in an OA rat model (male Lewis) surgically in-

duced by the ACLT/pMMx. In their study, CEX injections were administered on both the af-

fected and non-affected knees, each with 2.05x the amount herein injected [270]. Both studies 

confirm the chondroprotective potential of CEX intra-articular injections, but their findings are 

not directly comparable to ours, since different animal models, CEX concentrations and length 

of study were used, and thus different OA phenotypes and responses to treatment. The OA 

model herein used showed quite an aggressive OA-phenotype, which can hinder the real po-

tential of the developed formulation [40]. Still, the novel formulation here explored could effi-

ciently inhibit cartilage degeneration, as opposed to other studies using the same OA model, 

where IA CEX could not reach that effect, even at higher concentrations and prolonged CEX 

joint exposure [40,54]. 

4.4.3 Microtomography analysis of bone  

4.4.3.1 Changes in the subchondral bone plate 

When evaluating healthy SBP, bone volume fractions (BV/TV) near 1 are expected as the 

volume of mineralized bone should match the total volume. To assess the relative effect of the 

different HA treatments and control (PBS), their comparison was made for normalized data 

(endpoint/pre-injection) - Figure 4.4. The non-treated joints tended to present reduced BV/TV 

values with respect to the treated animals. This was more evident for the tibia medial side, for 

which GHA+CEX significantly inhibited SBP degeneration (Figure 4.4 a), as represented in Fig-

ure 4.4 i, j). Complementary analysis was achieved by assessing the endpoint (day 55) results 

compared to the pre-injection (day -1) ones - Figure 4.5. OA progression as measured by BV/TV 

could not be prevented by injection of PBS, HA or HA+CEX as demonstrated by a significant 

reduction, not found upon injection of GHA+CEX (Figure 4.5 a), thus suggesting a protective 

effect conferred by GHA+CEX but not the other treatments. Even though CEX derived-inhibi-

tion of SBP changes, such as sclerosis, have been previously reported, to the best of our 

knowledge, this is the first study reporting an intra-articular CEX formulation able to inhibit 
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subchondral bone degeneration, at a single dose, 180x up to 5000x lower than the oral doses 

required to inhibit bone loss in arthritis rat models [46,279–282]. Whereas subchondral bone 

defects occur upon deep cartilage deterioration (osteochondral defects), cartilage lesions can 

occur without disrupting the structural integrity of the subchondral bone (chondral defects) 

[283]. As such, GHA+CEX not only provided chondroprotective action (section 4.4.2), but it also 

prevented bone lesions, emphasizing as major novelty the added-value of GS in potentiating 

those effects, retarding OA-progression. This beneficial action attributed by GS when com-

bined to HA+CEX, may be partially associated to at least 2 routes: enhanced CEX bioavailability 

conferred by GS, and the intrinsic GS lubricant properties. However, further studies would have 

  
 
  

  
  

 
  

 
   

  
  

 

            

                          

        

        

    

Figure 4.4 - Subchondral bone plate (SBP) thickness and bone volume fraction of the tibia plateau. Micro-computed 

tomography (µCT) analysis on the differences between groups (data represented as endpoint/pre-injection). Ipsilat-

eral: OA limb; Contralateral: non-OA limb. a) Ipsilateral bone volume fraction (BV/TV) significantly reduced for PBS in 

respect GHA+CEX (p=0.0252). b) No changes in contralateral BV/TV. c) No significant changes in ipsilateral thickness. 

d) No significant changes in contralateral thickness. e) Ipsilateral BV/TV slightly reduced for PBS compared to HA 

(p=0.0363). f) No changes in contralateral BV/TV (no comparison with control (PBS, n=4). g) Trend towards ipsilateral 

thickness increase for GHA+CEX compared to HA (p=0.0599). h) No significant changes in contralateral thickness (no 

comparison with PBS (n=4)). i) µCT frame for ipsilateral knee injected with PBS (no treatment), compared to j) Ipsilat-

eral µCT of knee injected with GHA+CEX. **p ≤ 0.01; *p ≤ 0.05; #p ≤ 0.1. 
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to be conducted to explore the relative extent of these effects, for instance in terms of cause-

response, mechanisms, and durability. 

 

In rat models, SPB thickness may vary along time due to growth, which does not occur in 

humans. From the µCT analysis, no significant differences in SBP medial thickness between 

treated or non-treated animals were noted (Figure 4.4 c, d) nor in comparison to pre-injection 

for the affected limb (Figure 4.5 c). However, there was a significant increase in the medial 

contralateral subchondral bone thickness for animals injected with PBS or HA+CEX when com-

pared to thickness prior to injection (Figure 4.5 d). This effect is consistent with the DWB data 

(Figure 4.2), that showed higher and prolonged contralateral load for those groups after 

  
 
  

  
  

 
  

 
   

  
  

 

        

        

Figure 4.5 - Subchondral bone plate (SBP) thickness and bone volume fraction of the tibia plateau – Micro-com-

puted tomography (µCT) changes at day 55 compared to day -1 (OA pre-injection). Ipsilateral: OA limb; Contrala-

teral: non-OA limb. a) Ipsilateral BV/TV significantly reduced for PBS (p=0.0064), HA (p=0.0306) and HA+CEX 

(p=0.0168) compared to OA pre-injection. b) No differences in contralateral BV/TV before or after injection.  c) No 

significant changes in ipsilateral thickness prior to and upon injection. d) Contralateral thickness significantly in-

creased 2 months after injection of PBS (p=0.0051) or HA+CEX (p=0.0463). e) No significant differences in ipsilateral 

BV/TV. f) No relevant differences considered for contralateral BV/TV, even though HA vs pre-injection: p=0.0893. g) 

Ipsilateral thickness increased for all groups injected in comparison to OA pre-injection (PBS: p= 0.0189; HA: 

p=0.0015; HA+CEX: p=0.0520; GHA+CEX: p=0.0110). h) Contralateral thickness increase for all groups injected in 

comparison to OA pre-injection, significant for HA: p=0.0173, HA+CEX: p=0.0037, and GHA+CEX: p=0.0165. **p ≤ 

0.01; *p ≤ 0.05; #p ≤ 0.1. 
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injection, thus supporting SBP thickening as response to higher load on that paw. This is in line 

with other studies, that also reported subchondral bone changes in the contralateral limb due 

to compensatory loading, although those may also translate in SBP loss, especially at early 

stages after OA induction [284,285].  

For the lateral SBP, ipsilateral thickness tended to be slightly higher for GHA+CEX com-

pared to HA (Figure 4.4 g), and no injection-related effects were found on the contralateral 

limb (Figure 4.4 h). In all injected joints, increased thickness at day 55 was noted in comparison 

to pre-injection Figure 4.5 g, h). However, since this change was observed for both the affected 

and the contralateral limbs, it is most probably related with rat growth rather than sclerosis, 

even though it cannot be ruled out.  

4.4.3.2 Changes in the trabecular bone 

Since in rats the growth plate does not close with adulthood, growth related changes are 

expected as chondrocytes undergo hypertrophy and calcification along animals growing. On 

the ipsilateral medial side, GHA+CEX inhibited the increase of BV/TV compared to PBS and HA 

(Figure 4.6 a), the same groups that presented significant increase compared to OA pre-injec-

tion (Figure 4.7 a). A similar trend was observed for the contralateral side; despite no significant 

differences between injections were found (Figure 4.6 b), when compared to pre-injection, all 

injectables significantly increased BV/TV, except GHA+CEX (Figure 4.7 b). The trabecular bone 

volume fraction of the lateral side tended to decrease upon treatments with CEX for both ipsi-

lateral and contralateral limbs (Figure 4.6 e, f), but only significantly for HA+CEX in comparison 

to HA. Oppositely, HA+CEX increased contralateral trabecular thickness in respect to HA (Fig-

ure 4.6 h), thus HA+CEX induced changes do not seem to be related with bone growth inhibi-

tion; which is also evidenced by the consistent significant growth-increases on the contralateral 

limb, after 2 months (Figure 4.7 b, d, f, h). Regarding thickness, the affected limb presented 

OA-induced increase when compared to the contralateral, more evident for the medial side 

and tendentially lower for GHA+CEX in respect to the other injections, despite non-significant 

(Figure 4.6 c, d). In comparison to OA pre-injection, all groups presented significant thickness 

increase for the medial TB (Figure 4.7 c). GHA+CEX inhibited growth-induced thickness for the 

contralateral medial side (Figure 4.7 d) and ipsilateral lateral side (Figure 4.7 g).  

In sum, GHA+CEX systemically inhibited growth induced increases in thickness and bone 

volume fraction, in both medial and lateral trabecular bone, more pronounced on the medial 
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side. As most of these alterations are also observed in the contralateral (non-OA) joint, it is 

unclear what mechanism would cause such changes, but it might be related to CEX as it has 

been previously associated to inhibition of bone changes derived from decreased chondrocyte 

hypertrophic differentiation [40,286]. Chondrocyte hypertrophy is involved in bone ossification 

and cartilage calcification, a hallmark of osteoarthritis. Thus, in the context of OA, bone growth 

inhibition is beneficial for hyaline cartilage as it prevents chondrocyte hypertrophy and/or cal-

cification. In turn, cartilage calcification is associated with histological degeneration of the joint 

[287,288], which was more efficiently inhibited by GHA+CEX in comparison to other treatments, 

as shown in section 4.4.2. This correlation between the inhibition of cartilage degeneration and 

bone changes is consistent with inhibited chondrocyte-induced bone formation and thus, fur-

ther supports the chondroprotective action attributed to GHA+CEX. In adult humans, this 

would be the only expected effect since the growth plates are closed. 

 

  
  

  
  

 
  

   
  

  
 

        

        

Figure 4.6 - Trabecular bone (TB) volume fraction and thickness of the tibia plateau. Micro-computed tomography 

(µCT) analysis on the differences between groups. Ipsilateral: OA limb; Contralateral: non-OA limb. a) Trend towards 

ipsilateral bone volume fraction (BV/TV) reduction for GHA+CEX in respect PBS (p=0.0831) and HA (p=0.0999). b) 

No significant changes in contralateral BV/TV. c) No significant changes in ipsilateral thickness. d) No significant 

changes in contralateral thickness. e) Ipsilateral BV/TV significantly reduced for HA+CEX compared to HA 

(p=0.0445). f) Contralateral BV/TV significantly reduced for HA+CEX in respect to HA (p=0.08) (no statistic compar-

ison with PBS, n=4). g) No significant changes in ipsilateral thickness. h) Contralateral thickness significantly in-

creased for HA+CEX compared to HA (p=0.0495). *p ≤ 0.05; #p ≤ 0.1. 
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Figure 4.7 - Trabecular bone (TB) volume fraction and thickness of the tibia plateau. Micro-computed tomography 

(µCT) analysis on the differences of OA pre-injection and 2-months upon injections. Ipsilateral: OA limb; Contrala-

teral: non-OA limb. a) Ipsilateral BV/TV significantly reduced for PBS (p=0.0126) and HA (p=0.0585) compared to 

OA pre-injection. b)  Contralateral BV/TV significantly increased 2 months after injection with PBS (p=0.0411), HA 

(p=0.0307) and HA+CEX (p=0.008), but not GHA+CEX, in comparison to pre-injection. c) Ipsilateral thickness in-

creased for all groups injected in comparison to OA pre-injection (PBS: p=0.0784; HA: p=0.0171; HA+CEX: p=0.0351; 

GHA+CEX: p=0.0780).  d) Contralateral thickness significantly increased 2 months after injection of PBS (p=0.0005), 

HA (p=0.0102) or HA+CEX (p=0.0131), but not GHA+CEX, in comparison to pre-injection. e) No significant changes 

in ipsilateral BV/TV before and after injection. f) Contralateral BV/TV tendentially increased upon injection with PBS 

(p=0.0195), HA (p=0.0551) or HA+CEX (p=0.0174). g) Ipsilateral thickness tended to increase for groups injected 

with PBS: p=0.0882; HA: p=0.0709; HA+CEX: p=0.0899, but not for GHA+CEX, in comparison to OA pre-injection. 

h) Contralateral thickness significantly increased for all groups injected in comparison to OA pre-injection (PBS: 

p=0.0230; HA: p=0.0133; HA+CEX: p=0.0132; GHA+CEX: p=0.0228). ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05; #p ≤ 0.1. 

4.4.4 Systemic CEX exposure 

Given the low amount of synovial fluid in rats, it was not possible to locally monitor CEX 

concentration. Thus, the systemic CEX levels were taken as indirect measure of intra-articular 

concentration.   

Even though this CEX release is not comparable with the previously performed in vitro 

(Chapter 3, section 3.4.3) as that was made trying to mimic a local release rather than systemic, 

these in vivo release profiles suggest a rapid clearance in the first 24h, despite lower for 

GHA+CEX than HA+CEX. 
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When comparing the CEX systemic release (Figure 4.8), the profile of both groups in-

creased in the first 6h and decreased thereafter. Residual CEX was detected from 72h onward. 

GHA+CEX presented significant lower CEX release than HA+CEX (p=0.0342), especially at 2h 

(p=0.0184), 4h (p=0.0206), 6h (p=0.0259), 8h (p=0.0154), 24h (p=0.0348) and 48h (p=0.0006).  

Therefore, GHA+CEX reduced CEX systemic exposure, expectedly caused by prolonged 

CEX retention in the joints, and/or slower CEX release in the joints, but at such low levels that 

these result in undetectable systemic levels. Both hypotheses are consistent with the increased 

CEX bioavailability conferred by GS, and with longer therapeutic action for GHA+CEX, which 

may be a suggestive explanation for the analgesic effect observed for GHA+CEX but not for 

HA+CEX, compared to PBS (section 4.4.1). A CEX improved action may also explain, at least 

partially, the higher therapeutic potential of GHA+CEX in comparison to HA+CEX in terms of 

the ability to inhibit bone changes and cartilage degeneration.  

4.5 Conclusions 

Hyaluronic acid and celecoxib have reported advantages for OA treatment, especially in 

terms of pain, but no intra-articular (IA) injections with CEX, let alone HA+CEX, are yet clinically 

available, possibly given CEX’s low solubility and hence bioavailability. This was improved by 

incorporating CEX in a formulation combining GS and HA, as designed in the previous chapters. 

In this chapter, the effect of the designed IA injectable (GHA+CEX) was studied in vivo, in a 

post-traumatic OA rat model, versus HA+CEX and HA. No adverse effects were detected. 

Figure 4.8 – Celecoxib quantified systemically 2 to 72 h upon intra-articular injection.  HA+CEX and GHA +CEX 

release profiles with significantly higher CEX released systemically for HA+CEX in comparison to GHA +CEX. 

***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05. 
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The results support that GHA+CEX was safe for IA-administration and effective in reducing 

pain and synovitis. Thus, it could be an alternative to commercial viscosupplements, while add-

ing improved therapeutic action not conferred by HA or HA+CEX without GS: inhibition of OA-

progression, especially in terms of cartilage and bone degeneration, even at low CEX dosage. 

Follow-up research is necessary to understand the role of GS, further validate GHA+CEX in 

terms of long-term effect and to explore how these findings translate to other animal models 

or humans. Still, the evidence here gathered for GHA+CEX showed its potential as alternative 

OA-therapy. 
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5  

 

CONCLUDING REMARKS                           

AND OUTLOOK 

5.1 Work integration and major achievements 

The work developed throughout the course of this thesis, makes a valuable contribution 

for state-of-the-art development, with special emphasis on the limitless potential of LTTMs in 

the pharmaceutical and biomaterials engineering fields. From LTTM characterization applied 

to drugs and biopolymers to a particular biomedical application, the work herein developed is 

on the way to pursue translational research into innovation, namely towards novel osteoarthri-

tis therapies. 

Osteoarthritis is the most common form of arthritis and a leading cause of disability world-

wide. Given the limitations and drawbacks of current therapies for OA, it is crucial to explore 

alternatives. In this context, the new formulation herein developed was designed to be an in-

novative and improved therapeutic using human-approved products combining the following 

unmet clinical needs: 

i. Combined local administration of hyaluronic acid (HA) and celecoxib (CEX): increased 

therapeutic efficiency and convenience (2-in-1). While both are individually approved 

for viscosupplementation or oral uptake, respectively, no intra-articular injectables are 

clinically available with CEX or HA+CEX, mostly due to CEX low bioavailability, which 

leads to the next clinical need; 

ii. Enhanced CEX bioavailability. CEX oral administration is a first-line treatment option for 

OA pain, since it selectively inhibits COX-2, reducing inflammation, pain, and the side 

effects of non-selective COX-1 inhibition. Thus, it has improved safety profile in respect 

to non-specific NSAIDs. However, its continued use still causes systemic side effects, 

especially given the high doses needed to reach therapeutic efficacy, due to CEX low 
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bioavailability. Thus, CEX therapy is time-limited, and its efficiency impaired. For these 

reasons, a local injectable with enhanced CEX bioavailability, can mitigate systemic ex-

posure and related adverse effects, as it targets the affected region, increasing CEX 

availability and effective action, while reducing the dose needed for therapeutic effi-

cacy. Here, CEX bioavailability improvement was achieved by local administration and 

by solubilization and dispersion in the delivery system compared to the physiologic 

media: the CEX solubility increased 5-fold in a specifically chosen media containing an 

LTTM of glycerol:sorbitol (GS), and at least 25-fold when combined with GS and HA;  

iii. Improved therapeutic efficiency. The GS composition was designed to incorporate lub-

ricant properties, thus increasing the injectable power to supplement the synovial fluid 

(liquid lubricating joints). Both glycerol and sorbitol are FDA and EMA-approved for 

pharma-applications, and at least one is authorized for intra-articular administration at 

concentrations higher than the content of HA+GS+CEX. Moreover, GS conferred an 

alternative media able to incorporate both HA and CEX, combining their therapeutic 

effect, further enhanced by the increased CEX bioavailability, and thus, efficiency. The 

in vivo studies in an OA rat model supported increased therapeutic action of the inject-

able with GS in comparison to CEX+HA without it. The obtained results suggest 

HA+GS+CEX as a strong candidate to disease-modifying-osteoarthritis-drug 

(DMOAD), given its potential to inhibit cartilage and bone degradation, even in an ad-

vanced OA model, and using rather low amounts of CEX.  

In sum, HA+GS+CEX provides a novel therapeutic approach combining a 2-in-1 mixture 

of HA+CEX in a GS carrier for intra-articular injection. It is not only an alternative to common 

viscosupplements and oral CEX uptake, but also a synergetic cocktail, expected to increase 

therapeutic outcomes, while bypassing or accelerating validation from regulatory entities, since 

all constituents are individually approved. To protect the intellectual property rights (IPR) of 

the developed product, an international patent application was already submitted 

(PCT/IB2024/056817). 

5.2 Challenges and Prospects 

The current achievements have led to a turning point where market validation is a priority 

to further research development. In this sense, funding is being pursued towards entrepre-

neurial science, aiming to study the feasibility of transferring results from the laboratory to the 

market. Here are some of the envisioned approaches to do so: 

i. Translation from research into innovative therapy. Even though HA+GS+CEX showed 

promising therapeutic potential in a post-traumatic OA model, these findings are not 
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directly relatable to other animal models or even type of OA (e.g: spontaneous vs chem-

ically or surgically induced). Thus, it is important to further explore the extent of the 

HA+GS+CEX effects to validate trials in OA patients, either animals or humans; 

ii. Market need. Despite there is scientific evidence on the potential of HA+GS+CEX as 

alternative OA therapy, before advancing to further product development or optimiza-

tion, it is crucial to assess its acceptance towards the medical community and potential 

industry partners; 

iii. Market value and competition. Even though the scientific study here conducted evi-

denced the higher therapeutic efficiency of HA+GS+CEX versus HA, as representative 

of commercial viscosupplements, these findings are not straightforward. A multitude 

of factors, such as the concentration, molecular weight, origin, type of HA (linear, cross-

linked), administration site (e.g: knee, hip), OA stage and other comorbidities, signifi-

cantly impact their therapeutic efficacy, even though there are no consensus on the 

best properties or approaches. Thus, HA+GS+CEX may have theoretical advantage, but 

not proven either against marketed viscosupplements or other competitors such as 

corticosteroid injections or CINGAL®(HA+corticosteroid). In this context, while it is not 

yet possible to make those comparisons, it is important to establish the relative market 

value of HA+GS+CEX and the potential social and economic advantages that justify its 

market introduction.  

iv. Scale-up design: it is important to ensure that the scale-up of the product is possible 

and reproducible, first at pilot and then industrial scale. From the production to the 

packing and delivery, it is necessary to find and establish strategies that ensure quality 

control and sterilization. 

v. Industrial production: it is crucial to find potential partners for human and veterinary 

products, able to produce the product at industrial scale under the necessary regulatory 

guidelines. 

Overall, the main research goals initially proposed on the scope of the thesis were met, 

ultimately leading to promising outcomes, that support the translation of the developed prod-

uct from research into innovation. 
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APPENDIX OF CHAPTER 2 

A.1 Screening of PEG-based mixtures 

 

 

Figure A.1 - DSC scans performed for PEG600, ibuprofen and their mixtures at several molar ratios (PEG:IBU). Ther-

mal events registered in Table A.2. 
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Table A.1 - Melting temperature (Tm) and enthalpy (∆𝐦𝐇) of the pure components: PEG600 and ibuprofen. Tm re-

trieved experimentally from DSC (Figure A.1). Melting enthalpy used from literature, respectively listed. 

 

 

 

 

Table A.2 - Thermal events acquired from DSC for PEG600, ibuprofen their mixtures (PEG:IBU) at several molar ratios, 

and respective molar fractions. Namely, melting temperatures (Tm) and crystallization temperatures (Tc) were ob-

tained from the DSC scans represented in Figure A.1. 

Compounds Tm (K) ΔmH (J/mol) 

PEG600 297.85 72660 [289] 

Ibuprofen 356.05 29278 [194,290–294] 

Sample 
Molar fraction Temperature (K) 

χ(ibuprofen) χ(PEG600) Tm(1) Tm(2) Tc 

Ibuprofen 1 0 356.05 - - 

PEG:IBU 1:2 0.67 0.33 288.05±2.12 322.7±6.43 259.8±5.02 

PEG:IBU 2:3 0.6 0.4 288.95 333.95 260.05 

PEG:IBU 1:1 0.5 0.5 289.55 - 261.55 

PEG:IBU 3:2 0.4 0.6 293.15 - 270.85 

PEG:IBU 2:1 0.33 0.67 293.45 - 265.35 

PEG:IBU 4:1 0.2 0.8 295.85 - 273.15 

PEG:IBU 7:1 0.125 0.875 296.45 - 274.65 

PEG600 0 1 297.85 - 277.85 

0.0 0.2 0.4 0.6 0.8 1.0

260

280

300

320

340

360

380

x(ibuprofen)

T
e
m

p
e
ra

tu
re

 (
K

)

Tm 1

Tm 2

SLE ibuprofen

SLE PEG600

𝐄𝐪 𝟑:  𝒙𝐢
𝐋 =

𝟏

𝛄𝐢
𝑳 ∙ 𝐞𝐱𝐩 ൜−

∆𝐦𝐇

𝐑𝐓
൬𝟏 −

𝐓

𝐓𝐦
൰ൠ 

Figure A.2 - Solid-Liquid Equilibrium (SLE). Lines represent SLE based on the simplified thermodynamic equation (Eq 3), 

expressing solubility of the component i in the liquid phase 𝐱𝐢
𝐋 at specified temperature T, considering its activity coefficient 

𝛄𝐢
𝐋, its melting enthalpy ∆𝐦𝐇, its melting temperature Tm and the universal gas constant R (8.314 J/mol.K). Theoric SLE esti-

mated assuming an ideal mixture (𝛄𝐢
𝐋=1) and using the parameters of Table A.1. Symbols represent the experimental Tm 

obtained for ibuprofen, PEG600 and their mixtures at several molar fractions (Table A.2, Figure A.1). 
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Figure A.3 - Derivatizations of the carboxyl groups in the 13C NMR spectra of the mixture PEG600:citric acid 1:4 (top) 

in respect to pure citric acid (bottom), indicate the presence of reaction products, such as esters (esterification). The 

PEG600:citric acid mixtures were therefore excluded as LTTM, since their liquefaction resulted from chemical reaction 

instead of physical interactions. Structures of pure components and respective 13C signals (right) retrieved from 

ChemDraw 18.0. 

Figure A.4 - Derivatizations of the carboxyl groups in the 13C NMR spectra of the mixture PEG600:malonic acid 1:4 (top) 

in respect to pure malonic acid (bottom), indicate the presence of reaction products, such as esters (esterification). The 

PEG600:malonic acid mixtures were therefore excluded as LTTM, since their liquefaction resulted from chemical reaction 

instead of physical interactions. Structure of malonic acid and respective 13C signals (right) retrieved from ChemDraw 

18.0 (PEG structure in Figure A.3). 
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A.2 Physicochemical characterization of citric acid:L-arginine:wa-

ter mixtures 

 

Table A.3 - Summary of the mixtures prepared with citric acid, L-arginine and H2O, their ratio, physical state and pH. 

Mixture Molar ratio Physical state pH 

Citric acid:L-arginine:H2O (CAW) 1:1:7 Translucid liquid 3.58 ±0.15 

Citric acid:H2O 1:7 Translucid liquid 0.46 

Citric acid:H2O pH 3.5 1:7 White solid paste - 

Citric acid:H2O pH 3.5  - a Translucid liquid 3.62 

L-arginine:H2O 1:7 White solid paste - 

L-arginine:H2O pH 3.5  - b Translucid liquid 3.43 

aDiluted with H2O until a translucid liquid was obtained; bDiluted with H2O and HCl until a translucid liquid at pH around 3.5 was 

obtained. 
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Figure A.5 - Diagram of the relative distribution of species (αi) depending on pH, for citric acid (up) and L-

arginine (down). Cit: citric acid; Arg: L-arginine. Calculated by CurTiPot [295] using pKa’s from Table A.4. 
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Table A.4 - pKa’s of citric acid and L-arginine. Functional group numbers’ according to Figure A.6. 

 Citric acid L-arginine 

pKa 

2.9 (COOH 4) 2.5 (OH 1) 

4.8 (COOH 6) 9 (NH2 4) 

6.4 (COOH 1) 12.5 (guanidine 8, 10, 11) 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table A.5 - Assignment of L-arginine functional groups to the respective FTIR wavenumber. Functional group num-

bers’ according to Figure A.6, right. 

Wavenumber (cm-1) Assignment Reference  

3358 s N-H 4 [195–198] 

3302 s N-H 6 (guanidine) [195–198] 

3057 s OH (COOH) 1 [195] 

2946 
s CH 5,6,7 [195,198] 

2863 

1722 - - 

Figure A.6 - Chemical structure of citric acid (left) and L-arginine (right) at different pH’s, 

according to pKa’s from Table A.4. 
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1676 s C=O (COOH) 1 [195,197–199] 

1612 s C=N 9 [195,196] 

1553 b NH [195,196,198] 

1472 

b CH +/ b OH [195,198,199] 
1422 

1374 

1330 

1279 - - 

1180 s C-N 3 
[195–198] 

1137 s C-N 9 (guanidine) +/ b NH 

979 b OH [198] 

766 b NH [196] 

701 -  - 

607 

b COO- 1 [196,198] 551 

495 

 

  

Table A.6 - Assignment of citric acid functional groups to the respective FTIR wavenumber. Functional group num-

bers’ according Figure A.6, left. 

Wavenumber (cm-1) Assignment Reference 

3499 s OH 4 - 

3370 

s OH(COOH) 1,4,6 [195,200–202] 3290 

3242 

3000 
s CH 2,5 [200,201] 

2993 

2640 
OH(COOH) 4 - 

2531 

1750 

s C=O 1,4,6  [195,200,201] 1719 

1681 

1421 b CH [201] 

1394 b OH [195,201] 

1351 b CH [201] 

1314 b COH + b CH [201] 

1292 b CH [201] 

1207 b CH + s COH [201] 
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1171 b C-OH [201] 

1103 s CC [201] 

1055 s CC(COOH) [201] 

1025 - - 

944 s C-O [201] 

904 s CC [201] 

775 b CH/s CC [195,200]/[201] 

725 - - 

687 - - 

635 - - 

599 b OH [201] 

505 b COOH [201] 

441 - - 

404 - - 

 

 

  

 

Figure A.7 - 2D NOESY spectra of the mixture citric acid:L-arginine:H2O 1:1:7 (molar ratio). The functional groups 

of the protons identified are aligned with the respective peaks. 
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B  

 

APPENDIX OF CHAPTER 3 

B.1 Celecoxib release 

Table B.1 - Cumulative release of celecoxib (mg/L) from GHA+CEX, GGluS+CEX, GS and PBS, in a high clearance 

setup. 

 Celecoxib cumulative release – high clearance (mg/L, mean ± SD) 

Time (h) GHA+CEX GGluS+CEX GS PBS 

0.5 0.285 ± 0.247 0.087 ± 0.151 0.006 ± 0.009 0.142 ± 0.246 

1 0.562 ± 0.487 0.241 ± 0.417 0.025 ± 0.013 0.2 ± 0.346 

2 0.906 ± 0.787 0.374 ± 0.647 0.028 ± 0.009 0.333 ± 0.577 

4 1.295 ± 1.055 0.522 ± 0.899 0.215 ± 0.148 0.340 ± 0.589 

6 1.624 ± 1.29 0.717 ± 1.175 0.27 ± 0.146 0.351 ± 0.59 

8 1.917 ± 1.49 0.878 ± 1.426 0.311 ± 0.135 0.354 ± 0.588 

24 2.397 ± 1.551 1.344 ± 1.598 0.564 ±0.095 0.563 ± 0.63 

48 2.924 ± 1.612 1.792 ± 1.726 0.905 ± 0.113 0.836 ± 0.654 

120 3.57 ± 1.72 2.278 ± 1.907 1.89 ± 0.9 1.687 ± 0.437 
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Table B.2 - Cumulative release of celecoxib (mg/L) from GHA+CEX, GGluS+CEX, GS and PBS, in a low clearance 

setup. 

 Celecoxib cumulative release – low clearance (mg/L, mean ± SD) 

Time (h) GHA+CEX GGluS+CEX GS PBS 

1 6.11 ± 6.152 7.741 ± 10.902 0 ± 0 0.005 ± 0.009 

2 4.78 ± 5.277 15.875 ± 11.435 0.009 ± 0.015 0.001 ± 0.001 

4 16.207 ± 20.96 24.577 ± 27.240 0.107 ± 0.051 0.001 ± 0.001 

6 10.239 ± 8.28 31.821 ± 27.866 0.255 ± 0.073 0.225 ± 0.261 

8 6.267 ± 5.756 14.234 ± 18.702 0.243 ± 0.047 0.458 ± 0.569 

24 12.814 ± 6.115 20.597 ± 16.774 0.912 ± 0.579 0.511 ± 0.251 

48 37.618 ± 51.615 36.695 ± 31.336 2.136 ± 0.707 0.498 ± 0.212 

72 10.787 ± 7.056 18.157 ± 16.790 1.011 ± 0.305 0.461 ± 0.203 

120 8.664 ± 8.115 14.241 ± 11.811 1.879 ± 1.389 0.48 ± 0.114 

B.2 NMR of gels with celecoxib 

 

Figure B.1 - 1H NMR spectra over time. Left: GGluS+CEX gel at a) day 0, freshly prepared, b) 1 week, c) 2 weeks, d) 1 

month, e) 2 months; Right: GHA+CEX gels at a) day 0, b) 2weeks, c) 1 month, d) 2 months, e) 1 year. 
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C  

 

APPENDIX OF CHAPTER 4 
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Figure C.1 - a) Knee joint structure represented by means of 2D micro-computed tomography (µCT), 

and respective example of the regions of interest (ROI) selected for µCT analysis: b) Subchondral 

bone plate (SBP) denoted by the selected region (red); c) Trabecular bone (TB) - depicted by the 

selected region (yellow). 
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Figure C.2 - Mankin subscores used for the histological evaluation of joint degeneration: a) Cells Mankin subscore 

(0-3). b) Safranin-O Mankin subscore (0-4), and c) Tidemark Mankin subscore (0-1). **p ≤ 0.01; *p ≤ 0.05; #p ≤ 0.1. 

Total Mankin score and structure Mankin subscore represented in Figure 4.3, chapter 4, section 4.4.2. 
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