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Abstract 

 

Articular cartilage is a highly specialized tissue, adapted to bear significant compressive loads 

in diarthrodial joints, being crucial for healthy articular motion. However, the absence of vascularization, 

low chondrocyte density and low proliferative potential inhibit an effective self-healing of the tissue after 

lesions or degeneration. Osteoarthritis, which results in the progressive degeneration of cartilage, is the 

most prevalent joint disorder, being a major cause of pain and disability worldwide. The most common 

treatment options for this condition are primarily focused on pain relief, failing to address tissue 

regeneration. Cartilage tissue engineering (CTE) focuses on the development of cartilage constructs 

through the combination of biomaterials with cells and bioactive factors (biochemical and physical). The 

potential of CTE to create engineered tissues with structural, mechanical, and functional properties 

similar to the native articular cartilage makes it a promising alternative to the current clinical approaches 

for cartilage repair. Hydrogels appeared as a suitable candidate for CTE due to their ability to 

recapitulate the biophysical properties of native cartilage. Moreover, hydrogels can be combined with 

conductive materials to mimic the natural electrochemical features of articular cartilage. Thus, in this 

work, electrically conductive hydrogels composed by hyaluronic acid-chondroitin sulfate and PEDOT 

nanoparticles were synthesized and characterized in terms of their structural, rheological and electrical 

properties. The nanoparticles were loaded with a chondro-inductive drug, kartogenin, and characterized 

in terms of morphology, size, surface charge, biocompatibility and drug release kinetics. Kartogenin 

release was shown to be tightly controlled by external electrical stimulation. Kartogenin-loaded PEDOT 

nanoparticles were incorporated in hydrogels together with human mesenchymal stem/stromal cells 

(MSCs) and exposed to electrical stimulation. Finally, the ability of the hydrogel system to promote the 

chondrogenic differentiation of MSCs was also assessed. Overall, the controlled release of the drug was 

demonstrated, and the proposed system exhibited promising results in promoting the proliferation and 

chondrogenic differentiation of MSCs, highlighting its potential for CTE applications.  
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Resumo 
 

 A cartilagem articular é um tecido altamente especializado adaptado para suportar cargas 

compressivas significativas nas articulações diartrodiais, sendo crucial para um movimento articular 

saudável. No entanto, a ausência de vascularização, baixa densidade de condrócitos e potencial 

proliferativo inibem uma autorregeneração eficaz do tecido após lesões ou degeneração. A osteoartrite 

resulta na degeneração progressiva da cartilagem, sendo a doença articular mais prevalecente e umas 

das principais causas de dor e incapacidade a nível mundial. As opções de tratamento mais comuns 

para este problema concentram-se principalmente no alívio da dor, falhando em abordar as lesões no 

tecido. A engenharia de tecido cartilaginoso (CTE) visa o desenvolvimento de tecidos artificiais de 

cartilagem, através da combinação de biomateriais, células e fatores bioativos (bioquímicos e físicos). 

O potencial de CTE para criar tecidos artificiais com propriedades estruturais, mecânicas e funcionais 

semelhantes à cartilagem articular nativa torna-o uma alternativa promissora às atuais abordagens 

clínicas para a reparação de cartilagem. Os hidrogéis são candidatos adequados para CTE devido á 

ao seu potencial para recapitular as propriedades biofísicas da cartilagem nativa. Adicionalmente, estes 

podem ser combinados com materiais condutores de modo a mimetizar as propriedades eletroquímicas 

do tecido nativo. Deste modo, para este trabalho, hidrogéis condutores de ácido hialurônico-sulfato de 

condroitina e nanopartículas de PEDOT foram sintetizados e caracterizados em termos das suas 

propriedades estruturais, reológicas e elétricas. As nanopartículas foram carregadas com uma droga 

condro-indutiva, kartogenina, e caracterizadas em termos da sua morfologia, tamanho, carga 

superficial, biocompatibilidade e cinética de libertação da droga. A libertação de kartogenina foi 

demonstrada sendo controlada através de estimulação elétrica. Nanopartículas de PEDOT carregadas 

com kartogenina foram incorporadas em hidrogéis juntamente com células estaminais humanas 

(MSCs) e expostas a estimulação elétrica, Em suma, a libertação controlada da droga foi demonstrada, 

e o sistema proposto exibiu resultados promissores no favorecimento da proliferação e diferenciação 

condrogénica das células presentes.  
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1. Introduction 

 

1.1 Problem and motivation 

 Articular cartilage is a load-bearing tissue present at the end of joint bones, being crucial for 

healthy articulation and movement. Osteoarthritis is a common joint disorder that leads to cartilage 

degeneration, being the major cause of pain and disability in adults. With an increasingly ageing and 

obese population, it is estimated that the prevalence of OA will also continue to increase over the next 

decades. Moreover, the lack of vascularization of articular cartilage severally limits its self-repair 

capacity. Current treatment options carry various limitations, failing to address the core problems that 

underlie cartilage degeneration. Thus, cartilage tissue engineering appeared as a promising alternative 

to the current treatments for cartilage defects, aiming to combine appropriate biomaterials with cells and 

bioactive factors to create cartilage substitutes that can promote tissue regeneration and restore 

function. However, the highly complex structure and biophysical environment of articular cartilage, from 

which it derives its functions and mechanical properties, remain a challenge to fully recapitulate. One of 

the aspects of articular cartilage that is often overlooked in tissue engineering strategies is the tissue’s 

electrochemical properties, which are essential for its normal functioning.   

 

1.2 Thesis objectives 

 The general aim of this thesis was the development of a system consisting of a biomimetic 

hydrogel scaffold with native-like functionalities, able to recapitulate the electrochemical environment of 

native tissue and potentially replace it. Additionally, the produced scaffold was designed to enable the 

controlled release of a nanoparticle-encapsulated drug upon an external trigger (electrical stimulation), 

which would induce the differentiation of seeded mesenchymal stem/stromal cells (MSCs), promoting 

tissue regeneration.  

 Specifically, in this project, kartogenin (KTG), a chondrogenic inducing small molecule, was 

loaded in PEDOT nanoparticles, which were then embedded in an electrically conductive hyaluronic 

acid-chondroitin sulfate hydrogel (HA-CS). The nanoparticles were characterized in terms of their size, 

stability, and electrochemical properties. The hydrogel scaffolds were characterized in terms of their 

morphological and biophysical/chemical (e.g., rheology, swelling, water uptake, electrical conductivity) 

properties. In vitro cell culture assays were performed to optimize both the concentration of KTG/PEDOT 

NPS to use and the electrical stimulation protocol for controlled KTG release. The potential of electrical 

stimuli-controlled KTG release in promoting the chondrogenic differentiation of MSCs was first assessed 

in 2D monolayer cultures. Finally, the conductive hydrogels were combined with MSCs, and their 

potential to induce chondrogenic differentiation by kartogenin release through external electrical 

stimulation was also assessed.   
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1.3 Thesis outline 

This work is divided in 5 chapters. In the first, the motivation and objectives of this thesis can 

are described. Chapter 2 comprises the theoretical background of the work and the state-of-the-art. The 

materials and methods that were used in this work can be found in Chapter 3. Chapter 4 contains the 

results obtained in this work and their respective discussion. Chapter 5 was reserved for the conclusions 

drawn from this work. Finally, possible future perspectives of this project are discussed in the final 

Chapter 6.  
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2. Literature background 

 

2.1 Articular cartilage composition and structure 

Articular cartilage is a highly complex and specialized connective tissue present in diarthrodial 

joints, being paramount for healthy joint mobility (Figure 1). Articular cartilage iss able to provide a 

smooth and highly durable surface that facilitates the transmission of mechanical loads with a low friction 

index. It comprises a single cell type (chondrocytes), which are embedded in a dense matrix composed 

by collagen type II and proteoglycans1. Other types of collagen such as types V, VI, IX and XI can also 

be found in lower quantities, and although they are believed to modulate the structure of type II collagen, 

their exact function is not yet fully understood2. The native tissue’s proteoglycans, which mainly consist 

of aggrecan, are comprised by a protein core with attached glycosaminoglycans (GAGs) as side chains3. 

Chondroitin sulfate is the most abundant sulfated GAG in the tissue, and the negative sulfate groups 

confer to aggrecan, and by extension the tissue’s extracellular matrix, a net negative charge. Aggrecan 

is bound to single, long chains of hyaluronic acid (HA), forming large networks of aggregating 

proteoglycans4. However, in addition to articular cartilage general composition, various structural and 

compositional variations can be found along the tissue’s multiple layers. Articular cartilage has a 

complex, multilayered structure, with each zone displaying different densities of chondrocytes, ECM 

composition and organization, water content and mechanical properties (Figure 1).  

 

 

Figure 1 – Schematic representation of a cross-section cut of articular cartilage. A) Cellular profile of 

the different zones of articular cartilage. B) Collagen fibers distribution and orientation. Adapted from 5. 
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The superficial zone makes up to 10-20% of total articular cartilage thickness, with collagen 

fibers aligned parallel with the articular surface and a relative high number of flattened chondrocytes. 

Around 40 to 60% of the articular cartilage volume is represented by the middle zone, containing a lower 

density of spherical chondrocytes and collagen fibers organized obliquely, being the first layer tasked to 

resist compressive forces. The deep zone represents 30% of articular cartilage thickness and is the 

main responsible for providing resistance to mechanical loads, as it contains the highest diameter 

collagen fibers in a radial disposition and proteoglycan density, with the lowest number of chondrocytes6. 

The presence of ECM components like collagen, proteoglycans and glycoproteins leads to the swell of 

articular cartilage with water, which is retained within the matrix pores and intrafibrillar space. Water 

encompasses 60-85% of its weight, playing a fundamental role in lubricating the articulating surfaces of 

joints and in the transport of nutrients to chondrocytes and waste products out of the tissue. When the 

tissue experiences compression under mechanical stress, the intrafibrillar water is able to move through 

the ECM, despite experiencing a very high frictional resistance. The frictional drag forces during water 

flow dissipate the majority of energy conveyed into the tissue during compression, allowing articular 

cartilage to withstand such heavy loads7. Despite its importance, the hypocellular and avascular nature 

of this tissue severely limits its capacity for intrinsic repair required after trauma or degenerative 

conditions such as osteoarthritis (OA) or rheumatoid arthritis8,9. 

 

2.2 Impact and pathophysiology of osteoarthritis 

Articular cartilage lesions present a high socioeconomic burden, with physical sequelae often 

manifesting in affected individuals. Trauma-related injuries are common, being one of the main 

contributors of lesions in the tissue10. These are associated with excessive or repetitive loads being 

applied to the tissue, which can lead to injury. In fact, articular cartilage lesions are highly prominent in 

high-impact sports athletes, as 36 to 38% have been reported to sustain these types of injury11.  

Another common cause of articular cartilage degeneration is OA. OA is the most common joint 

disorder, characterized by severe pain and loss of mobility as result of the progressive loss of articular 

cartilage, thickening of the subchondral plate and development of cysts in the subchondral bone12 

(Figure 2). Under normal conditions, articular chondrocytes maintain equilibrium between the synthesis 

and degradation of ECM components. However, in osteoarthritic states, this balance is disrupted, 

occurring a shift towards catabolism over anabolism, and eventually leading to the progressive loss of 

cartilaginous tissue. The early development and progression of OA heavily involves inflammation of the 

tissue, which is mediated through the secretion of inflammatory cytokines13. Among these, interleukin-1 

β (IL-1β) and tumor necrosis factor (TNF)-α appear to be the main cytokines involved in OA. Both 

cytokines can be produced by chondrocytes, triggering the production of inflammatory and catabolic 

factors14. This is accompanied by an inhibition of chondrocyte anabolic activities, with studies showing 

chondrocytes treated with IL-1β or TNF-α exhibited decreased expression of major cartilage 

components like type II collagen and aggrecan15,16. These cytokines also promote the overproduction 
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and release of various matrix metalloproteinases (MMPs) from chondrocytes17,18. These matrix-

degrading enzymes are the main agents of cartilage degradation. IL-1β and TNF-α have also been 

shown to upregulate the expression of inducible nitric oxide synthase (iNOS), soluble phospholipase a2, 

and cyclooxygenase 2 (COX2) stimulating the production of reactive oxygen species (ROS) like nitric 

oxide and prostaglandin e219. These ROS can accelerate cartilage loss by further inducing the 

production of MMPs and inhibiting anabolic macromolecules production. Apart from the effects on 

chondrocytes, these cytokines affect the immune system cells migrating for the inflammation site, 

inducing the excessive production of free radicals20. 

 

Figure 2 – Schematic representation of a healthy and osteoarthritic joint. Taken from21. 

 

Nowadays, it is estimated that 360 million people are currently affected by OA, with knee OA 

affecting approximately 10% of men and 13% of women over 60 years old, while hip OA affects 6,1% 

of men and 13% of women over 65 years22–24. When considering the various factors associated with the 

incidence of OA, age and sex are the major non-modifiable contributors and weight is the major 

modifiable contributor25. The incidence of this condition has seen a rise over the years; in the US alone, 

the number of adults suffering from OA increased from 21 million in 1995 to 27 million in 200526. 

Additionally, as key predicators, the number of people affected by OA is estimated to keep increasing 

as a consequence of the obesity epidemic and population aging, with data suggesting an additional 26 

thousand adults per 1 million will experience OA by 203227. The impact of OA can also be felt 

economically, as its healthcare cost already exceeds 60 billion dollars per year in the US28 and, given 

its prevalence and estimated growth, its burden will only continue increasing. 

 Despite its prevalence and socioeconomic impact, the pathogenesis of OA remains largely 

unknown, and the current non-arthroplasty treatments only offer short-term solutions, failing to rectify 

the core pathophysiological mechanisms that underlie the degeneration of cartilage. Pharmaceutical 



6 
 

therapy is the most common option for OA treatment, and largely consists of acetaminophen, non-

steroidal anti-inflammatory drugs, opioid analgesics and serotonin–norepinephrine re-uptake inhibitors. 

However, as previously stated, these treatment options are primarily focused on pain relief and anti-

inflammation, being unable to repair cartilage damage29. Osteochondral autograft transplantation 

(mosaicplasty) is another regeneration technique, involving transfer of cartilage from non-load bearing 

sites to the damaged load-bearing sites. However, this method is only applicable to small defects and 

the transplanted cartilage is more prone to damage due to structural differences between the two 

cartilaginous regions30. In terms of cell-based approaches, autologous chondrocyte implantation (ACI) 

aims to repair articular cartilage lesions through the isolation of chondrocytes from a low weight-bearing 

area of the patient, followed by their expansion in vitro, and implantation into the damaged site. Matrix-

assisted chondrocyte implantation (MACI) is a similar technique, where chondrocytes are seeded in a 

matrix scaffold, which is then glued to the articular cartilage defect with fibrin31. However, several 

problems emerge from these techniques, mainly the need for a two-surgery procedure, donor site 

morbidity and the dedifferentiation of chondrocytes during in vitro expansion32,33. 

 

2.3 Cartilage tissue engineering 

Considering the unmet medical needs for the effective treatment of OA, regenerative medicine 

therapies have been a growing topic of research and discussion as promissory strategies to enhance 

cartilage repair and restore the quality of life of patients. From these types of therapies, cartilage tissue 

engineering (CTE) has emerged as a promising alternative to treat cartilage defects34. CTE basic 

principle employs the use of a biocompatible, biodegradable and biomimetic biomaterial scaffold that is 

combined with cells (chondrocytes or stem cells) and bioactive factors (e.g., growth factors, physical 

stimuli) to promote cell proliferation, differentiation and maturation, ultimately leading to tissue 

regeneration35. Over the years, a myriad of combinations of different cell types, bioactive factors and 

biomaterial scaffolds have been developed in other to produced viable cartilage substitutes with 

properties and function similar to the native tissue36. However, despite the recent advances in this field, 

a number of challenges still remain, like the multiphasic and gradient properties of articular cartilage. 

The different volumes, chondrocyte densities, extracellular matrix (ECM) composition, orientation and 

water content of the different layers confer them different compositions and mechanical properties37. In 

fact, when tissue engineering was firstly introduced, it was predicted that articular cartilage would be 

one of the first tissues to be successfully regenerated, due to its thin, and apparent simple structure, 

being avascular and composed by a single cell type. However, this would later be proved wrong as a 

result of not only its poor innate self-repair capabilities, but also of a better understanding of the highly 

complex structure of the tissue38.  
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2.4 Cell-seeded hydrogels as scaffolds for CTE 

One of the major challenges of CTE is the recreation of articular cartilage’s complex structure 

and mechanical properties, from which it derives many of its functional properties. A biomimetic structure 

is fundamental for setting the correct environment for cells, and thus optimizing tissue regeneration. 

Scaffolds arise as a potential solution to this problem though their high customization. By choosing 

appropriate materials, pore precursors and manufacturing methods, the scaffold parameters can be 

optimized to provide a suitable, native-like environment for cells, aiding the tissue’s regeneration39,40.  

Hydrogels are crosslinked hydrophilic polymer networks that typically contain 60-90% water, 

being highly absorbent with well-defined structures. Since investigations on biomedical applications of 

hydrogels started about 60 years ago, they have been successfully applied as drug carrier systems, 

devices used for diagnostic purposes and chemically modified implants for regenerative medicine41. 

One of the most enticing properties of hydrogels is their biocompatibility, although many factors can 

influence the immune system response to their presence. When designing hydrogels, various 

parameters can be controlled in order to modify their properties and function, which include composition, 

structure, mechanical properties, degradation profile, cell sources, controlled release of bioactive 

factors, and integration within the native tissue42. Their ability to enhance chondrocyte adhesion to levels 

similar to cartilage ECM is a key factor for CTE strategies. This property of hydrogels, alongside a native-

like swelling, and a broad range of possible designs, has allowed their widespread use as scaffolds for 

CTE strategies43. In fact, as cell-seeded scaffolds, hydrogels have the potential to be designed as 

structurally and mechanically similar to cartilage, allowing the entrapment of cells like in native cartilage 

ECM44. Their viscoelasticity enables the effective transmission of mechanical loads to chondrocytes, 

which require these biophysical signals for their normal growth and function45. Furthermore, hydrogels 

are, initially, aqueous flowable solutions, that upon crosslinking start to gelate. This property makes 

hydrogel scaffolds easily injectable into an injured site without invasive surgeries, able to match any 

shape of damaged cartilage, with posterior polymerization. A variety of biomaterials, either synthetic or 

natural, have been utilized to successfully fabricate injectable polymeric hydrogels, including: gelatin46, 

heparin47, alginate48, poly(ethylene glycol) (PEG)49, poly(vinyl alcohol)50, chondroitin sulfate51, 

hyaluronic acid52, and chitosan53 (Table 1).  When compared to natural polymers, synthetic polymers 

have the advantage of being highly stable and easily manipulated, able to be modulated to fit the 

biochemical and biomechanical requirements of native cartilage54. Natural polymers, despite having 

relatively inferior mechanical properties and being more subjected to batch-to-batch variability, are still 

tunable, and some can either be found in native cartilage tissue like hyaluronic acid and chondroitin 

sulfate or have similar monomers like chitosan and alginate. The similarity to the native tissue grants 

these types of polymers outstanding biocompatibility and advantageous cell-matrix interactions55. 

However, combining natural polymers or proteins with synthetic polymers might be the ideal way to 

create scaffolds for CTE, as it would combine the bioactivity and compatibility of natural materials with 

the good mechanical properties provided by synthetic materials56.  
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Table 1 – Materials used to fabricate injectable hydrogels for CTE applications. Adapted from57. 

Injectable Hydrogel  
Material 

Advantages Disadvantages References 

Heparin 

Naturally occurring 
negatively charged GAG 
able to interact with ECM 
proteins/growth factors 
and influence several 

cellular processes. 
 

Poor mechanical properties 
 

58 

Collagen 

High biocompatibility 
Biodegradable 

Promotes cell adhesion 
Non-immunogenic 

Biomimetic of native 

articular cartilage 

(collagen type II) 

Poor mechanical stability 
Slow gelation 

Rapid degradation  

 

 
59 

Gelatin 

Cost-effective 
High biocompatibility 

Biodegradable 
Promotes cell adhesion 

Non-immunogenic 

Poor mechanical properties and 
stability 

Rapid degradation  

 
 

60 

Alginate 

Fast gelation 
Cost-effective 

Non-immunogenic 
Non-toxic 

Lack of strength to maintain 
structural shape of the tissue 

Poor cell attachment 

 
60 

Poly (ethylene glycol) 
(PEG) 

Adjustable mechanical 
and structural properties 

Biocompatibility 

Possible immunogenicity 
Non-biodegradable 

Poor cell adhesion and growth 

61 

Chondroitin sulfate 

Easily available 
High biocompatibility 

Biodegradable 
Anti-inflammatory  

Biomimetic of native 
articular cartilage 

Difficult processability 
Poor mechanical properties 

 
 

62 

Hyaluronic Acid 

High biocompatibility 
Biodegradable 

Promotes cell growth 
and differentiation 
Non-immunogenic 

Poor mechanical strength 
Rapid degradation 

 
 

63 

Chitosan 

Biocompatibility 
Antibacterial and 

antifungal activity 

Poor mechanical properties 
Poor structural control 

Extensive swelling in water 

 
46 

 

Over the years, a variety of cell types have been used for CTE purposes. As the only cell type 

present in native tissue, chondrocytes have been extensively explored in vitro to produce cartilage 

constructs64. However, a major problem arises when employing these cells that significantly inhibits their 

use. Chondrocytes are isolated from articular cartilage, but in order to obtain sufficient cell quantities, 

considerable amounts of healthy human cartilage from load-bearing sites would be required, which is 

challenging as it presents donors a high risk of joint injury65. The low proliferation capacity and 

dedifferentiation of chondrocytes in vitro also impairs their use in CTE strategies. Embryonic (ESCs) 

and induced pluripotent stem cells (iPSCs) have also been investigated for potential uses in CTE. 

Various approaches have been developed to induce the differentiation of these cells into chondrocytes, 

from co-culture with chondrocytes and preparation of embryoid bodies to differentiation towards 
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chondrocytes through intermediate populations66–68. However, several problems have emerged with the 

application of these cells in vivo, namely the risk of teratoma and tumor formation69. Mesenchymal 

stem/stromal cells (MSCs) have become an object of interest in the scope of TE strategies, including 

for cartilage regeneration. These cells can be easily isolated from several tissues including bone 

marrow, umbilical cord blood and matrix, synovium and adipose tissue. MSCs are also highly 

proliferative and exhibit self-renewal and multilineage differentiation capacity70. Under specific 

chondrogenic factors (e.g., biochemical or physical), MSCs exhibit an outstanding chondrogenic 

potential, being able to differentiate into cartilage tissue. Additionally, during differentiation, MSCs are 

able to produce and secrete various ECM molecules like fibronectin, collagen, proteoglycans, GAGs 

and various growth factors and cytokines important for the regenerative process71,72. With these 

considerations, MSCs are great candidates to be combined with hydrogel scaffolds in order to construct 

cartilage substitutes.  

The potential of hydrogels for CTE has been extensively explored, with many different types 

produced and yielding promising results. However, recapitulating the native tissue goes beyond the 

physical structure and properties of the scaffold. Articular cartilage has complex biophysical and 

biochemical properties that are essential for the correct functioning of the tissue, directly influencing the 

local cells. In order to successfully construct hydrogel scaffolds that can accurately mimic articular 

cartilage, acting as its substitute and allow an optimized differentiation of seeded MSCs, incorporating 

the beforementioned articular cartilage properties into these systems is key to their success. As such, 

there is now a need to find new ways to combine these scaffolds with relevant biophysical stimuli in 

order to more accurately replicate the native tissue’s microenvironment for the seeded cells, which might 

lead to improved regenerative outcomes. 

 

2.5 Electrical stimulation as a tool to enhance cartilage 

regeneration 

 Chondrocytes present in articular cartilage are responsible for producing the ECM, being crucial 

for this tissue’s homeostasis and function. As previously discussed, the phenotype and maintenance of 

chondrocytes are dependent on various biophysical stimuli, like mechanical, electric, and magnetic, 

which were shown to promote the growth, differentiation, and maturation of the tissue73,74. Cartilage has 

natural electrochemical properties, which are derived from the flow of free electrolytes (Ca2+, Na+, K+) 

through the fixed highly negative charges of GAGs in the side chains of proteoglycans75. Each negative 

charge associated with a proteoglycan requires a counter-ion, dissolved in the interstitial fluid, in order 

to maintain electro-neutrality in the interstitium76. However, this high counter-ion requirement creates an 

imbalance between this region and the external bath solution. The excess of mobile ions within the 

interstitium creates a swelling pressure, contributing for the hydrophilic nature of articular cartilage77. 

When the tissue is at equilibrium, the swelling pressure is balanced through the tensile forces generated 

by the solid matrix of articular cartilage. Interestingly, it is this balance that determines the dimensions 
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of the cartilage78. Aside from the swelling pressure, an electrical potential and current can also be 

observed, which results from diffusion and streaming potentials. The diffusion potential results from the 

inhomogeneous distribution of the fixed negative charges along the cartilage ECM79, while the streaming 

potential results from the fluid flow along the charged tissue80. The chondrocytes present in articular 

cartilage are in constant exposure to these electromagnetic signals, which in turn convert the physical 

stimuli into intracellular signals. In this particular case, the signal transduction is achieved through ion 

channels in the surface of the cell membrane, more specifically, voltage-gated calcium channels81. 

Electric signals lead to an influx of Ca2+ intracellularly, which in turn activates calmodulin, a cytoskeletal 

protein. This will lead to the production of the SOX9 transcription factor, triggering the production of 

typical cartilage ECM components collagen type II and aggrecan82,83. 

 As the electrochemical properties of articular cartilage can direct the synthetic activities of 

chondrocytes, it was feasible to think that this effect could be replicated in vitro through external electrical 

stimulation. In fact, over the recent years, various works highlighted the chondrocyte’s particular 

sensitivity to electrical stimulation. This stimulus has been shown to increase the proliferative capacity 

of the cells, the secretion of ECM molecules, and chondrogenesis induction, accelerating the repair of 

deep cartilage defects84,85. TGF-  TGF−  BMP-2 and BMP-4 are key regulators of cartilage and 

bone morphogenesis, being expressed during chondrogenesis86. Utilizing electromagnetic fields (EMF), 

one study revealed a 31% increase in TGF- protein and 411% increase in the number of chondrocytes 

when compared to the control, after 8 days of exposure87. The same group had previously reported an 

increase of aggrecan and type II collagen production in EMF-exposed chondrocytes88. In a different 

study using cartilage explants, chondrocytes exposed to electric fields were shown to have a 1.8-fold 

increase in proteoglycan production and 1.7-fold increase in collagen content when compared to non-

stimulated cells89.  

 Following the previously mentioned constraints in using chondrocytes for cartilage regeneration, 

the effects of electrical stimulation in MSCs chondrogenic differentiation have also been accessed by 

several research studies. Early works reported the positive effects of electrical stimulation in the 

proliferation and differentiation of MSCs towards osteogenic outcomes90,91, but its chondrogenic 

inducing potentials remained elusive. However, a 2016 study from Kwon et al. revealed the high 

potential of electric stimulation in MSCs-based therapies for cartilage regeneration. Particularly, the 

obtained results show that, even in the absence of growth factors, MSCs under electric stimulation had 

an increase in the expression of chondrogenic markers type 2 collagen, aggrecan and SOX9 of 66-, 43- 

and 35-fold respectively, while GAGs expression was also enhanced. This was accompanied by the 

decrease of type 1 collagen expression, an indicator that the observed differentiation of MSCs was 

towards hyaline cartilaginous tissues92. More recently, a study evaluated the same effects of electric 

stimulation in MSCs seeded in hyaluronic acid-gelatin hydrogels93. Corroborating previous results, an 

increase in aggrecan and SOX9 expression could be observed after 21 days of stimulation, when 

compared to non-stimulated cells. The results also showed an increase in the production of GAGs and 

type II collagen. Furthermore, the levels of type II collagen normalized to total collagen where 2.43 times 
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higher in stimulated cells93. Overall, previous results strongly suggest that electrical stimulation can 

promote MSCs chondrogenesis, making it a promising strategy for CTE strategies.  

 

2.6 Electrically conductive hydrogels 

 Combining electrical stimulation with hydrogel scaffolds allows a better mimicking of the 

electrochemical properties of native cartilage while allowing the electrical stimulation of the seeded cells. 

These scaffolds should be electrically conductive to potentiate the effects of electrical stimulation. To 

attain conductivity, hydrogels can be combined with conductive materials during formulation. Over the 

years, various conductive nanocomposite hydrogels have been successfully formulated, produced and 

applied in diverse biomedical fields, with interesting properties that could potentially be applied in CTE 

(Table 2). The most common conductive materials combined with hydrogels can be divided in 

metallic/metal oxide nanoparticles, carbon-based materials and conductive polymers (CPs). Gold (Au), 

silver (Ag), and platinum (Pt) nanoparticles (NPs) have been combined with hydrogels for applications 

in drug delivery, cancer treatment and bioimaging, as these particles are highly stable and carry 

excellent optical signals. However, their main disadvantages come in the form of a high price and latent 

cytotoxicity, limiting their use for CTE purposes94,95. For carbons, graphene and carbon nanotubes 

(CNTs) have also been combined with hydrogel scaffolds for tissue engineering and cancer treatment. 

In the scope of CTE, these materials present very interesting characteristics as they are not only highly 

conductive, but have a very high mechanical strength. As such, combining these materials with 

hydrogels can potentially create conductive nanocomposites with similar mechanical properties to native 

articular cartilage. However, these materials have some level of cytotoxicity, and can also induce 

oxidative stress96. Conductive polymers are another class of conductive materials commonly combined 

with hydrogels. These are organic polymers with unique mechanical and optical properties, with 

characteristics similar to some inorganic semiconductors while maintaining polymer properties like 

flexibility and facilitated synthesis. Polyaniline (PANi), poly(3,4-ethylene dioxythiophene) (PEDOT), 

polythiophene (PT) and polypyrrole (PPy) have been incorporated into hydrogels for applications in 

tissue engineering, biosensors, drug delivery and cancer treatment97. Particularly, PEDOT has emerged 

as a highly promising conductive polymer for CTE. It was first reported in the year 1988, being chemically 

and thermally stable, while also being stable to air and moisture compared to the previously mentioned 

conductive polymers98. Furthermore, PEDOT carries a crucial advantage over the discussed metal NPs 

and carbons, as it is completely biocompatible99. This conductive polymer is also characterized by a 

high conductivity (up to 4500 S cm-1)100 that arises from a combination of its conjugated backbone and 

dopant. The polymer backbone consists of alternating single and double bonds, which both contain 

localized σ-bond, while the latter also contains a less localized π-bond101. The series of π-bonds overlap 

each other and facilitate the delocalization of electrons. The doping process occurs during synthesis, 

usually through the introduction of a molecule that is placed with the monomer (creating small 

impurities), ultimately leading to the oxidation of the neutral polymer102. Interestingly, these dopants 
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introduce charge carriers to the polymer, allowing its physical properties to be controlled with cycles of 

oxidation and reduction and forming the basis of the drug delivery applications of these CPs103. 

 

Table 2 – Properties and applications of conductive materials. 

Conductive polymer 
Advantages Disadvantages Applications References 

 AuNPs 

 

Low initial 

cytotoxicity 

High stability 

 

Weak optical 

signal 

Long term 

cytotoxicity 

High price 

Photodynamic 

therapy 

X-ray imaging 

Drug delivery 

Cancer 

treatment 

 
104 

AgNPs 

High optical 

signal 

Anti-bacterial 

and fungal 

properties 

 

Low stability 

Cytotoxicity 

High price 

 

Cancer 

treatment 

Bone healing 

Drug delivery 

 
105 

PtNPs 

High optical 

signal 

High stability 

Oxidative 
stress 

Aggregation 
Possible 

cytotoxicity 

Bioimaging 

Drug delivery 

Cancer 

treatment 

 
106 

Graphene 

High 
mechanical 

strength 
Easily 

synthesized 
High 

conductivity 

Oxidative 
stress 

Aggregation 
Possible 

cytotoxicity 

Drug delivery 
Cancer 

treatment 
Tissue 

engineering 
Bioimaging 

96 

 
CNTs 

 
High 

mechanical 
strength 

High 

conductivity 

 
Oxidative 

stress 
Possible 

cytotoxicity 

Tissue 
engineering 
Biosensors 

Drug delivery 

107 

 
Polyaniline (PANi) 

 
High stability 

High 
conductivity 

 

Low cell 

adhesion and 

growth 

Antimicrobial 
therapy 

Drug delivery 
Tissue 

engineering 

108 

 
Poly(3,4-ethylene 
dioxythiophene) 

(PEDOT) 
 

High stability 
High 

conductivity 
Biocompatibility 

Low 
mechanical 

Strength 

Drug delivery 
Tissue 

engineering 

109 

Polythiophene (PT) 

Good optical 

properties 

Biocompatibility 

Low 
conductivity 
Low stability 

Biosensors 
Tissue 

engineering 

110 
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2.7 Applications of electrically conductive hydrogels in CTE 

strategies 

 Although a there is wide variety of electrically conductive hydrogels successfully produced and 

applied to diverse biomedical fields, their latent potential for CTE remains largely untapped, with 

literature on this topic being scarce. However, the existing studies that applied these types of scaffolds 

for CTE purposes exhibited promising results (Table 3) 

 Distler et. al produced a 3D-printable PPY:polystyrenesulfonate (PPY:PSS) alginate-gelatin 

(ADA-GEL) nanocomposite hydrogel, that exhibited enhanced conductivity when compared to pristine 

ADA-GEL111. In fact, the addition of 0.1M of PPY lead to a conductivity increase from 0.5 to 1.4 S m-1 at 

100 Hz, which is close to range found in native cartilage. The mechanical properties of the hydrogel 

were also suitable for a potential cartilage substitute, with tensile strengths in the order of native cartilage 

at 1-1.5 MPa. Additionally, the conductive scaffold offered cytocompatibility and cell-material 

interactions similar to the control ADA-GEL, with only a slightly reduced cell attachment, which was likely 

due to the higher stiffness of the PPY:PSS functionalized hydrogel. In a different study, Zhang and 

colleagues produced a poly(vinyl alcohol) (PVA) with sodium phytate (PANa), which exhibited excellent 

mechanical properties112. The scaffold was able to resist strains of 600% before breaking with a tensile 

strength of 7 MPa. It also presented a high elastic resilience, with cyclic loading tests in 0-50% strain 

ranges showing negligible changes in tensile strength through the loops. Additionally, its conductivity was 

close to native cartilage ranges at 1.65 S m-1. Another interesting property of the hydrogel was its anti-

swelling properties. If a hydrogel scaffold absorbs too much water, it can diminish its stiffness and 

compromise its mechanical integrity. This study’s scaffold only exhibited a 50% swelling after 7 days, with 

no significant changes in the next 18 days.  

Table 3 - Summary of research studies on electrically conductive hydrogels for articular cartilage tissue 

engineering. Adapted from 57. 

Hydrogel Conductive Filler Main Outcomes References 

Poly(vinyl 
alcohol) 
(PVA) 

Sodium phytate 
(PANa) 

Easy to produce and cost-effective PVA-
PANa hydrogel.  

Excellent mechanical strength with a 
fracture stress of over 7 MPa and stable in 

different solutions for over 20 days.  
Ionic conductivity of 1.65 S m−1.  

Hydrogel features are close to the properties 
of native articular cartilage.  

112 

Poly-D,L-lactic 
acid/polyethyl

ene glycol 
(PDLLA) 

Graphene Oxide 
(GO) 

Biodegradable PDLLA-GO nanocomposite 
hydrogel that promotes hBMSCs 

chondrogenic differentiation even in the 
absence of chondroinductive factors.  
The addition of GO also improved the 
mechanical properties of the hydrogel.  

113 

Oxidized 
alginate–
gelatin 

(ADA-GEL) 

Polypyrrole: 
polystyrenesulfonate 

(PPy:PSS) 

Cytocompatible, 3D-printable and 
electroactive oxidized alginate–gelatin PPy 
hydrogel that allow improved cell-material 

interactions.  

114 
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2.8 Small molecules for the induction of MSCs chondrogenesis 

 The involvement of growth, differentiation, and transcriptional factors in the development of 

cartilage and regulation of chondrogenesis has been extensively studied115,116. In order for MSCs to 

differentiate into mature chondrocytes, a precise combination of these factors is required. Due to their 

importance for chondrogenesis, growth factors were assumed to be a promising way to induce 

differentiation of MSCs into chondrocytes, promoting cartilage repair. In fact, many studies have 

demonstrated the efficacy of these factors in stimulating cartilage formation both in vitro and in vivo. 

TGF- was shown to induce a dose-dependent effect on the production of chondrogenic markers by 

MSCs117, while mice implanted with hydrogels containing chondrocytes and TGF- had substantial 

increase in GAGs and collagen content, when compared to controls118. Another study revealed that the 

growth factor IGF-1 can also induce the proliferation and expression of chondrogenic markers in 

MSCs119. However, despite the great number of studies reporting the potential of these and other growth 

factors to induce chondrogenesis, others works have concurrently uncovered their limitations. These 

come in the form of a short half-life in vivo, instability, and immunogenicity. For example, TGF- comes 

with an in vivo half-life of few days to hours, making it unable to perform its function for the necessary 

time, as a 3-month period is usually required for repairing cartilage defects120. As such, to reach a 

significant regenerative processs, high dosages of TGF- would be needed, but intra-articular injections 

of high-dosages of this growth factor have been associated with synovitis, synovial fibrosis, joint 

swelling, and osteophyte formation121,122. Additionally, TGF- and other growth factors, as exogenous 

proteins, easily denature during storage, which can eventually lead to immunogenicity in vivo. With these 

limitations, utilizing exogenous growth factors for cartilage regeneration might not be optimal, which 

made the search for other bioactive factors that share their potential but have fewer drawbacks highly 

valuable. 

 Recently, small molecules are emerging as a promising alternative to growth factors for the 

modulation of cell differentiation, including MSCs chondrogenesis. They exhibit various advantages over 

growth factors, which highlight their use for CTE strategies. Firstly, they are easier to obtain; their simple 

structure allows their sufficient production and easy modifications through various methods of synthetic 

chemistry. Hence, small molecules can be produced for a substantially lower cost than growth factors. 

Both the tensile strength (≈1.2 MPa) and 
conductivity (≈1.0–1.4 S m−1) of this 

hydrogels are within the range of values 
found in native articular cartilage. 

Chitosan- β-
glycerophosph

ate 
(CS-ΒGP) 

Oligopyyrole 
(OPy) 

Biodegradable and cytocompatible CS-BGP-
OPy hydrogel.  

The addition of OPy significantly increased 
the conductivity of the scaffold to 1.9 S m−1, 

which is relatively close to the value 
reported for native cartilage. 

112 
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Secondly, the small size also allows them to bypass the immune system, being unlikely to trigger an 

immune response123. Finally, small molecules are able to induce cell differentiation in a rapid and 

accurate manner124.  

 In 2012, a study conducted by Johnson et al. screened 22 thousand structurally diverse, 

heterocyclic, drug-like small molecules for effects in MSCs chondrogenesis. It was through this 

screening that kartogenin (KTG) was firstly reported as a hydrophobic, non-protein small molecule that 

can act as a chondrogenic agent125. The results highlighted its potential to notably induce the 

differentiation of MSCs into chondrocytes, in a dose dependent manner, without any associated toxicity. 

Additionally, its stability allows for storage and transportation at room temperature. It was revealed that 

KTG induces chondrogenesis by disrupting the interaction between core-binding factor β (CBFβ) and 

actin-binding protein filamin A (FLNA). Consequently, CBFβ is translocated to the nucleus of the cells, 

binding to RUNX1 transcription factor, which in turn will activate genes that mediate chondrogenesis125. 

Since its discovery, several studies have supported its potential for CTE strategies126,127. Despite this, it 

was found that directly injecting KTG might not be optimal since the molecule may be quickly cleaned 

in vivo and overstimulate growth of normal tissue in untargeted sites128. Furthermore, due to its 

hydrophobic nature, KTG exhibits a low solubility in water, which turns the accurate control and 

administration of the dose harder129. In response to this, various studies have coupled KTG with drug 

delivery systems, which have shown to be a promising way to offset these problems. Particularly, loading 

KTG into NPs can enhance the drug’s pharmacokinetics in the body, increasing its aqueous solubility 

and permeability130. More importantly, this type of conjugation can also allow for a more controlled and 

sustained release profile of the drug, improving its desired effects131 (Table 4) 

 Many of the works conjugating KTG with hydrogels or loading it in NPs have achieved a level of 

sustained KTG delivery, but usually only through its passive release. However, designing a system that 

permits the encapsulation of this drug, and its release dependent on a specific trigger, allows the full 

control of its delivery. In fact, PEDOT NPs have been successfully utilized to encapsulate drugs, with 

electrical stimulation employed to control their release132,133. In one study, curcumin, an anti-cancer 

highly hydrophobic drug (similar to kartogenin) was loaded in PEDOT NPs, where its non-stimulated 

release was found to be almost null. However, the authors identified a pulse-dependent release of the 

drug, where even 1 pulse of the selected voltage led to 8% of total loaded curcumin to be released. On 

this basis, loading kartogenin in PEDOT nanoparticles and conjugating them with a hydrogel can be an 

extremely promising system for cartilage repair. These nanoparticles could provide a dual effect, as they 

would allow the controlled release of KTG upon electrical stimulation, while providing conductivity to the 

hydrogel scaffold, recreating a more native-like environment for the seeded cells. 

 

Table 4 - Summary of reported nanoparticle formulations containing kartogenin. 

Nanoparticle 
composition 

KGN 
loaded or 

conjugated 

Size 
(nm) 

 

KGN release 
properties 

 

Properties 
affecting release 

Reference 
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KGN-chitosan 

self-assembled 

nano-/micro-

particles 

 

 

 

Conjugated 

 

 

150 ± 39 

1840 ± 540 

Passive: 30% 

release over 

50 days for 

nanoparticles and 

50% release over 

50 days for 

microparticles 

 

 

 

Size 

 

 

134 

KGN-loaded 

PLGA in HA 

hydrogels 

 

 

Loaded 

 

 

270 

Passive: 60% over 

60 days with 

hydrogel and 85% 

over 60 days without 

hydrogel 

 

Cross-linking and 

hydrophilicity of 

polymer matrix 

 

135 

 

PN-KGN 
 

 

Conjugated 

 

25 

 
Passive: 20% over 

30 days 
 

 
Covalent 

attachment of KGN 
 

 

136 

 
QD with KGN 
loaded βCD 

 

 

Loaded 

 

5 

 

Passive 

 
Hydrophilic RGD 

peptide, 
hydrophobic βCD 

 

 

137 

UCNPs with KGN 

conjugated to 

surface 

 

Conjugated 

 

20 

Triggered: 60% over 

4 h with NIR 

activation 

 

NIR-triggered 
 

 

138 

UCNT with KGN-

loaded βCD 

conjugated at 

surface 

 

Loaded 

 
 

59 ± 5 
 

 
 

Triggered: 60% over 
3 days 

 

 
 

NIR-triggered 

 

139 

 

 With the previous considerations, this project focused on the creation of an electrically 

conductive hydrogel based on natural polymers found in articular cartilage (HA and CS), and able to 

recreate some of its native properties. The hydrogels were embedded with KTG-loaded PEDOT 

nanoparticles and electrical stimulation was employed achieve a controllable drug release, with KTG 

promoting the chondrogenic differentiation of hydrogel-embedded MSCs, leading to tissue regeneration.  
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3. Materials and methods  

3.1 Nanoparticles 

3.1.1 PEDOT and KTG/PEDOT nanoparticles fabrication 

 PEDOT and KTG-loaded PEDOT NPs were produced through in situ emulsion polymerization. 

A detergent, sodium dodecyl benzenesulfonate (DBSA, Sigma Aldrich), was added to miliQ water at 9.3 

mM and magnetically stirred (750 rpm) at 40ºC in a hot plate (RCT Classic; IKA) for 1 hour in order to 

form micelles. 3,4-Ethylenedioxythiophene (EDOT) (Sigma Aldrich) was added to the solution to a final 

concentration of 32.2 mM and, in the case of KTG-loaded NPs, a 4mg/ml KTG in DMSO solution was 

also added to the mixture for a final concentration of 0.4 mg/ml, which was then magnetically stirred 

(750 rpm) at 40ºC for 1 hour. Finally, a 182,4 mg/ml ammonium persulfate solution (in miliQ water) was 

added to the mixture for a final concentration of 18,24 mg/ml and magnetically stirred (750 rpm) at 40ºC 

for 17 hours, in order to start the polymerization reaction. 

 After 17 hours, the produced NPs followed various washing steps. The reaction mixture was 

centrifuged at 11000 rpm for 40 min at 4ºC, with the supernatant retrieved and stored for drug-loading 

efficiency analysis in the case of KTG-loaded PEDOT NPs. MiliQ water was newly added, and the pellet 

was thoroughly resuspended by 5 min vortex and 15 min ultrasonication (Ultrasonic Cleaner; VWR). 

These centrifugation-resuspension cycles were repeated 2 more times, and after the final centrifugation 

the supernatant was retrieved and the nanoparticles were dried in an oven for 3 days in order to 

completely remove the solvent.   

3.1.2 Nanoparticles characterization 

 After drying for 3 days, the NPs were thoroughly resuspended with miliQ water in 5 and 1 mg/ml 

suspensions for further characterization. 

 

3.1.2.1 Scanning electron microscopy and Transmission electron microscopy. 

The structural characterization of the NPs was performed using a field emission gun scanning 

electron microscopy (FEG-SEM) (Model JSM-7001F; JEOL) and transmission electron microscopy 

(TEM). For FEG-SEM, prior to imaging, the samples were mounted on a holder using carbon tape and 

were coated with a 30 nm gold/palladium (60:40) layer (Model E5100 Sputter Coater; Polaron/Quorum 

Technologies). Using an average accelerating voltage of 15 kV, the samples were imaged at several 

magnifications. TEM was performed in a JEOL 2010F microscope equipped with a field emission 

electron source and operated at an accelerating voltage of 200 kV. The point-to-point resolution was 

0.19 nm, and the resolution between lines was 0.14 nm. Samples were dispersed in an aqueous 

suspension using an ultrasonic bath, and a drop of the suspension was placed over a grid with holey-

carbon film. 

https://www.sigmaaldrich.com/US/en/product/aldrich/483028
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3.1.2.2 Dynamic light scattering 

 The size and zeta potential of PEDOT and KTG-loaded NPs resuspended in miliQ water at 1 

mg/ml were assessed trough dynamic light scattering (DLS) in a Zetasizer (Malvern Panalytical). The 

refractive index of the suspension was water, as in accordance with Bocca et.all140. 

 

3.1.2.3 Atomic force microscopy 

Images from the nanoparticles were obtained using a Dimension 3100 Nanoman atomic force 

microscope (AFM) (Veeco Instruments Inc.), with a fitted NanoScope V controller (Veeco Instruments 

Inc.), under ambient conditions in tapping mode, with a silicon TAP 150-G probe (Budget Sensors) with 

a frequency of 150 kHz and a force constant of 5 N/m. For sample preparation, 20 μL of 1 mg/mL 

PEDOT and KTG/PEDOT NPs suspensions were deposited onto glass slides and left at room 

temperature (RT) until solvent dryness. AFM measurements were performed on various parts of the 

deposited NPs, which produced reproducible images as the ones displayed in this work. The scan 

window size was set to 5 × 5 μm2 to 20 x 20 μm2. Data was analyzed using the NanoScope Analysis 

software (Version 1.50, Bruker Corporation). 

 

3.1.2.4 Cyclic voltammetry 

 In order to study the electrochemical properties of the produced NPs, cyclic voltammetry (CV) 

was employed. A 5 mg/ml suspension of NPs was put in a screen-printed electrode (Metrohm 

DropSens), which was submerged in a de-aerated 0.05% Tween 20 (Sigma Aldrich) solution prepared 

in phosphate buffered saline (PBS, Sigma Aldrich). The setup was combined with a Bipotentiostat µStat 

300 (Metrohm DropSens). The assay was performed with a potential range of -0.8V to 1V and a 

sensitivity of 1x10-4 A/V, with scan rates of 0.01; 0.02; 0.04; 0.08; 0.1; 0.2 and 0.3 V/s. 

 

3.1.2.5 Tween 20 concentration optimization 

As KTG is a highly hydrophobic drug, electrically stimulating its release to aqueous media can 

be challenging. As such, it was hypothesized that utilizing a detergent to increase its affinity to the 

medium would allow for a more efficient release upon triggering it through electrical stimulation. As such, 

a setup similar to the one used for the cyclic voltammetry tests was employed, were 5 mg/mL of 

KTG/PEDOT NPs were adsorbed in an electrode, and electrically stimulated at a constant 0.6 V 

(coincident with a KTG oxidation peak) for 3 x 3 min (30 seconds rest). However, for this assay, an 

electrolyte medium with increasing concentrations of Tween 20 (0, 0.001%, 0.005%, 0.05% Tween 20) 
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was utilized. The solutions used were then analyzed in a plate reader at 274nm in order to quantify the 

release of KTG.  

 

3.1.2.6 High performance liquid chromatography 

  The encapsulation efficiency (EE%) and drug loading (DL) of KTG in the produced PEDOT NPs 

was determined by analyzing the supernatant obtained after centrifuging the reaction mixture through 

reverse-phase high performance liquid chromatography (HPLC), using a Luna C-18 column 

(Phenomex). The mobile phase was acetonitrile(ACN):0.01% trifluoroacetic acid (TFA in water, Fisher 

Scientific) starting at a 90:10 ratio. This ratio steadily changed to 0:100 in the first 10 min of each run, 

and maintained for 3 min, which then steadily returned to a 90:10 ratio ACN:0.01% TFA in the next 9 

min. The flow rate of the samples was 1 ml/min and they were analyzed at a wavelength of 274 nm. The 

concentration of the samples was calculated through a calibration curve (Figure S1), where samples 

with 1, 5, 10, 25 ,50, 100, 150, 400 ug/mL were analyzed, while also allowing to infer the retention time 

of drug. EE% and DL were calculated using the following formulas:  

 

𝐸𝐸% =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐾𝑇𝐺 𝑚𝑎𝑠𝑠 − 𝑓𝑟𝑒𝑒 𝐾𝑇𝐺 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐾𝑇𝐺 𝑚𝑎𝑠𝑠 
 

 

𝐷𝐿 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐾𝑇𝐺 𝑚𝑎𝑠𝑠 (𝑚𝑔) − 𝑓𝑟𝑒𝑒 𝐾𝑇𝐺 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑓𝑖𝑛𝑎𝑙 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑚𝑎𝑠𝑠
 

 

 The controlled release of KTG from the KTG/PEDOT NPs with electrical stimulation was also 

assessed through HPLC. A PBS solution with 15 ug/mL of NPs and 0.003% Tween 20 was electrically 

stimulated for 3 min, then left to rest for 30 sec and this was repeat until a total of 9 min stimulation was 

achieved , between -3 and 3 V at a frequency of 500 mHZ using a AFG1022 potentiostat (TEKTRONIX) 

and a custom made 12-well plate lid with parallel titanium electrodes (0.8 cm apart). The solution was 

the retrieved and analyzed by HPLC in the previously described conditions. 

 

3.1.2.7 Fourier-transform infrared analysis 

The presence of KTG in the KTG/PEDOT NPs was confirmed through Fourier-transform infrared 

(FTIR). FTIR spectra were recorded on a FTIR Jasco 4100 spectrophotometer equipped with an 

attenuated total reflection (ATR) accessory (Top-plate) and a diamond crystal (Specac model MKII 

Golden Gate Heated Single Reflection Diamond ATR). For each sample, 32 scans were recorded 
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between 4000 and 600 cm-1 with a resolution of 4 cm-1. The obtained spectra were analyzed using the 

Jasco Spectra Manager software. 

3.2 Hydrogels  

3.2.1 Hydrogel fabrication 

 For the characterization assays, hydrogels were fabricated using HyStem® hydrogel kit 

(Advanced Biomatrix), following the producer’s instructions. This kit comes with a thiol modified 

hyaluronan (Glycosil) and a thiol-reactive crosslinker (Extralink). Glycosil and Extralink were 

reconstituted with 1 and 0.5 ml of degassed water respectively, vortexed immediately, and placed on a 

rocker platform for 1 hour until the components were fully dissolved. This was followed by the production 

of three distinct hydrogels: HyStem-CS, HyStem-CS-PEDOT:PSS, HyStem-CS-PEDOT NPs. For 

fabrication, glycosil was supplemented with CS (Sigma) to a final concentration of 1% v/v, and Clevios™ 

PH1000 PEDOT:PSS (Heraeus Epurio) or PEDOT NPs were added to a final concentration 10% v/v or 

0.2 mg/ml, respectively. Finally, Extralink was added to the different glycosil mixtures in a 1:4 v/v ratio 

in order to start the cross-linking process.  

 The hydrogels for human bone marrow-derived MSCs (hBMSCs) culture were prepared as 

previously described, but PEDOT NPs were replaced by KTG/PEDOT NPs added to a final 

concentration of 14 μg/ml prior to addition of the cross-linker. 

 

3.2.2 Hydrogel characterization 

 Following fabrication, the hydrogels were characterized in terms of their water content, swelling, 

conductivity, and rheological properties.  

 

3.2.2.1 Morphology 

The structure and morphology of the fabricated air-dried hydrogels was assessed through FEG-

SEM. The samples were mounted on a holder using carbon tape and were coated with a 30 nm 

gold/palladium (60:40) layer. The scaffolds were then imaged using an average accelerating voltage of 

15 kV. 

 

3.2.2.2 Water content and swelling ratio 

 To assess water content (WC), the newly formed hydrogels were left in eppendorfs at RT for 7 

days until they were completely dry. In the case of swelling ratio (Q), newly formed hydrogels were left 

at RT for 1 day, and then hydrated in excess PBS at RT. The weight of the hydrating hydrogels was 
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measured at timed intervals, after excess water was removed by gentle blotting. Four (n=4) independent 

hydrogels were used in the analysis. The water content and swelling ratios were calculated as follows:  

 

𝑊𝐶 =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑔𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐷𝑟𝑦 𝑔𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑔𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
 ×  100 

 

𝑄 =  
𝐻𝑖𝑑𝑟𝑎𝑡𝑒𝑑 𝑔𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔) − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑔𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)

𝐼𝑛𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑔𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)
 × 100 

 

3.2.2.3 Electrochemical impedance spectroscopy 

 The impedance of newly formed hydrogels was analyzed through electrochemical impedance 

spectroscopy (EIS) using a PalmSens4 potentiostate and the PSTrace5 software (PalmSens). The 

samples were put between 2 stainless steel cylindrical electrodes that measured the voltage. In order 

to maintain the contact area with the electrode’s surfaces the same across the different gel samples, 

these were produced in identical 3D printed molds. To keep the same distance between the electrodes 

across the different sample measurements, a circular mold was put between the electrodes (without 

directly contacting them), which prevented them to come closer after contact with the hydrogel surfaces. 

The assay was performed at a fixed potential of 0.01 V, with a frequency range of 0.01 to 100000 Hz. 

To calculate the resistance of hydrogels formulated with nanoparticles, an equivalent circuit was utilized. 

A Randles circuit, consisting of an active electrolyte resistance in series with a parallel combination of 

the double-layer capacitance and the impedance of a faradaic reaction (given by the Warburg element) 

was used as an equivalent circuit (Figure 3). 

 

Figure 3 – Randle’s equivalent circuit schematic. 

As for the HA-CS hydrogel, a simplified Randles circuit with the absence of the Warburg element was 

utilized (Figure 4): 

Figure 4 -Simplified Randles circuit schematic. 
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Furthermore, the frequency-dependent conductivity of the hydrogels was calculated as follows: 

 

𝜎𝑎𝑐 = (
𝑍′

Z′2 + Z″2) 
𝑑

𝐴
  

where 𝑍′ is the real measured impedance, Z″ the imaginary measured impedance, d the height of the 

hydrogel and A its cross-sectional area.  

 

3.2.2.4 Rheology 

 The rheological properties of the produced hydrogels were assessed using an MCR 92 modular 

compact rheometer (Anton Paar). The measurement was made using a cone-plate geometry with a 

cone diameter of 50 mm, and a constant measurement gap of 0.1 mm, with a sample volume of 0.5 ml. 

The elastic behavior of the gels was studied through an oscillating time sweep test, were the time 

dependent storage modulus (G’) and loss modulus (G’’) were recorded, with a frequency of 1 Hz at 25ºC 

for 90 min. An amplitude sweep test was also performed at a frequency of 1 Hz at 25ºC until a maximum 

strain of 200% was reached. 

 

3.3 In vitro cell culture studies  

 Various cytocompatibility assays were performed with hBMSCs in order to optimize the 

biological performance and ensure a biocompatible environment before combining the various elements 

of the final system. After this criteria was met, the chondrogenic potential of KTG released from 

nanoparticles via electrical stimulation was accessed with hBMSCs seeded in 2D-culture plates or 

embedded in 3D hydrogels. 

3.3.1 hBMSC culture 

 The human hBMSCs used in this thesis were part of the cell bank available at the Stem Cell 

Engineering Research Group, Institute for Bioengineering and Biosciences (iBB) at Instituto Superior 

Técnico. MSC were previously isolated according to protocols previously established at iBB-IST. 

Samples were obtained from Instituto Português de Oncologia Francisco Gentil, Lisboa, and Centro 

Clínico da GNR, Lisboa, under collaboration agreements with iBB-IST. All human samples were 

obtained from healthy donors after written informed consent according to Directive 2004/23/EC of the 

European Parliament and of the Council of March 31, 2004, on setting standards of quality and safety 

for the donation, procurement, testing, processing, preservation, storage, and distribution of human 

tissues and cells (Portuguese Law 22/2007, June 29), with the approval of the Ethics Committee of the 
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respective clinical institution. Isolated cells were kept frozen in liquid/vapor nitrogen tanks until further 

use. Vials with cryopreserved hBMSCs (Donor: Male 46 years) were thawed at 37ºC in a water bath. 

Afterwards, the cells were diluted in cell culture medium (1:6, v/v) - low glucose Dulbecco’s Modified 

Eagle Medium (DMEM; Gibco Thermo Fisher Scientific) supplemented with 10% v/v fetal bovine serum 

(FBS; Gibco, Thermo Fisher Scientific) and 1% v/v antibiotic-antimycotic solution (Anti-Anti Solution; 

Gibco, Thermo Fisher Scientific) - and centrifuged for 7 minutes at 1250 rpm. Afterwards, the 

supernatant was removed, and the cells were resuspended in fresh culture medium, counted using the 

trypan blue (Trypan blue solution 0.4%; Gibco, Thermo Fisher Scientific) exclusion method, and plated 

on a T-flask at a cell density of 3000 cells/cm2 that was kept at 37ºC and 5% CO2 in an incubator. 

Culture media was fully renewed every 3-4 days. Cell passaging was performed when hBMSCs reached 

90% confluence. For that, cells were washed with PBS, incubated with a trypsin solution (0.05%, v/v) 

(Trypsin; Gibco, Thermo Fisher Scientific) for 7 minutes at 37ºC and 5% CO2 in order for the cells to 

detach, and afterwards centrifuged and counted. The cells were then distributed in the appropriate 

number of cell culture flasks at a density of 3000 cells/cm2. All experimental assays were performed 

using hBMSCs between passage 3 and 5.  

 

3.3.2 Materials and device sterilization 

 The NPs used in cell culture studies with hBMSCs were sterilized under UV light for 1 hour. In 

the case of the electric stimulation lid device, these were cleaned with ethanol 70% (v/v) and left under 

UV light exposure for 3 hour after each use. Besides the stimulation period performed inside the 

incubator, the devices were kept inside a sterile laminar flow hood during all the experiment. Prior to cell 

culture, the hydrogels prepared with sterile materials were further sterilized though washing with a 2% 

Anti-Anti solution in PBS for 3 h (3 washes, 1 h each). 

 

3.3.3 Cytotoxicity assays 

 In order to confirm the biocompatibility of the various elements in the proposed hydrogel system, 

several cytotoxicity assays were performed.  

 

3.3.3.1 Nanoparticles cytotoxicity assay 

 For this cytocompatibility assay, 104 hBMSCs/cm2 were seeded in a 96-well plate (Falcon BD), 

and cell culture media with 2; 5 or 10 ug/ml PEDOT or KTG-PEDOT NPs was added to the respective 

wells. The cell metabolic activity was monitored on days 1, 3 and 7 using AlamarBlue assay (AlamarBlue 

Cell Viability Reagent; Thermo Fisher Scientific). After washing the wells with PBS, a 10% (v/v) 

AlamarBlue solution diluted in culture media was added and left for incubation for 3h at 37ºC and 5% 

CO2. The fluorescence intensity of the resultant solutions was then measured in a plate reader (Infinite 
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200 Pro, Tecan) at an excitation/emission wavelength of 560/590nm. A well without cells was used as 

blank control. Furthermore, on day 7, cells were stained with calcein AM 2 μM (Thermo Fisher Scientific) 

in PBS and incubated for 30 min at room temperature, washed with PBS, and visualized in a 

fluorescence microscope (LEICA DMI300B, Leica Microsystems) equipped with a digital camera 

(NIKON DXM1200F, Nikon Instruments Inc.).  

 

3.3.3.2 Tween 20 cytotoxicity assay 

 To understand the biocompatibility threshold for the concentration of Tween 20, 104 

hBMSCs/cm2 were seeded in a 96-well plate, and cell culture media (DMEM + 10% FBS + 1% Anti-Anti) 

with 0.005; 0.003 and 0.001% v/v Tween 20 was added to the respective wells. The cytocompatibility of 

the different Tween 20 concentrations after 7 days of culture was confirmed by staining the cultures with 

calcein AM 2 μM (v/v) , which were imaged under fluorescence microscopy.  

 

3.3.3.3 Electrical stimulation cytotoxicity assay 

 In order to confirm the cytocompatibility of the electric potential required for the release of KTG 

from the NPs, 104 hBMSCs/cm2 were seeded in a 12-well plate and cultured with DMEM + 10% FBS + 

1% Anti-Anti media for 2 days. The cell cultures were then electrically stimulated for 3 minutes (with 30 

second pauses) for 9 min total with 1, 2 and 3 V at 500 mHz. Non-stimulated hBMSCs were used as 

control. Cell viability was assessed with a LIVE/DEAD assay kit (Thermo Fisher Scientific), where cells 

were stained with a 2 μM (v/v) calcein AM and 4 μM (v/v) ethidium homodimer-1 in PBS and imaged 

under fluorescence microscopy. 

 

3.3.4 Evaluation of the chondrogenic inducting potential of different 
concentrations of non-stimulated KTG/PEDOT NPs 

The effects of non-stimulated KTG/PEDOT NPs in the chondrogenic differentiation of hBMSCs 

was assessed by seeding 3.2x103 cells/cm2 in a 96 well-plate, and supplementing with incomplete 

chondrogenic media - DMEM high glucose with 100nM dexamethasone (Sigma-Aldrich), 50 ug/ml 

ascorbic acid (Sigma-Aldrich), 40 ug/ml L-proline (Sigma-Aldrich), 1% v/v ITS + supplement (Corning), 

1 mM sodium pyruvate and 1% v/v Anti-Anti solution – with increasing concentrations of KTG/PEDOT 

NPs (2, 5, 10 and 50 ug/mL) for 14 days. As a positive control, complete chondrogenic media was used 

with TGF- and a negative control with incomplete chondrogenic media with 50 ug/mL PEDOT NPs. 

Four replicates (N=4) were used in this analysis. The cell metabolic activity was monitored on days 7 

and 14. Additionally, after 14 days of culture, the cells of each conditions were stained with 1% (w/v) 

Alcian blue, a compound that stains glycosaminoglycans.  
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3.3.5 Assessment of the chondrogenic inducing potential of KTG/PEDOT NPs 
and HA-CS-KTG/PEDOT NPs hydrogels with and without electrical 
stimulation 

 To understand the effects of KTG-loaded nanoparticles in the chondrogenic differentiation of 

hBMSCs, 2.6x104 hBMSCs/cm2 were seeded in a 12-well plate and supplemented with incomplete 

chondrogenic media - DMEM high glucose with 100nM dexamethasone (Sigma-Aldrich), 50 ug/ml 

ascorbic acid (Sigma-Aldrich), 40 ug/ml L-proline (Sigma-Aldrich), 1% v/v ITS + supplement (Corning), 

1 mM sodium pyruvate and 1% v/v Anti-Anti solution – supplemented with 2 ug/ml of KTG/PEDOT NPs 

or PEDOT NPs. The differentiation was carried through 21 days, with media being exchanged every 3 

to 4 days. With every media exchange, the wells were thoroughly washed with PBS to retrieve the 

remaining NPs, and new NPs at 2 ug/mL were added. With each exchange, the cells were electrically 

stimulated for 3 x 3 min (30 second rest between each stimulation) between -3 and 3 V at a frequency 

of 500 mHZ. Cells seeded in the absence of NPs and non-stimulated correspondent groups were used 

as controls.  

 In the case of the hydrogels, the assay was performed similarly, where 2.22x105 hBMSCs/mL 

hydrogel were encapsulated in a HA-CS hydrogel together with 14 ug/mL KTG/PEDOT NPs or PEDOT 

NPs, but no new NPs were added with each media exchange. hBMSCs encapsulated in HA-CS 

hydrogel and non-stimulated correspondent groups were used as controls.  

 

3.3.5.1 Cell viability and metabolic activity assays 

 The metabolic activity of hBMSCs (2D cultures in plates or 3D hydrogel cultures) was measured 

on days 3, 7, 14 and 21 of the culture using the Alamar Blue assay as previously described in subsection 

3.3.3.1. Three independent hydrogels were considered for each condition (n=3). To account for possible 

hydrogel autofluorescence, acellular hydrogels were used as blank controls. For the case of hydrogels, 

cell viability was assessed after 21 days of culture through a LIVE/DEAD assay as previously described, 

and observed under fluorescence microscopy. 

 

3.3.5.2 Sulfated GAGs quantification 

 After 21 days of culture the cells in 2D cultures were harvested, centrifuged, and the obtained 

cell pellets were frozen and stored at -80ºC until further use. In the case of the hydrogels, these were 

digested with 40 mM N-acetyl cysteine and the cells were collected and centrifuged, which yielded a cell 

pellet with some hydrogel remainants.  

The measurement of sulfated GAG levels was carried out using a 1,9-Dimethylmethylene Blue 

(DMMB, Sigma-Aldrich) assay. A DMMB dilution buffer pH 6.5 (50 mM sodium phosphate (Sigma-

Aldrich), 2 mM N-acetyl cysteine (Sigma-Aldrich) and 2 mM EDTA (Merck) in ultrapure miliQ water) was 
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prepared. DMMB stock solution (pH 3) was prepared by adding a 3.2 mg/mL DMMB in absolute EtOH 

solution (Sigma-Aldrich) to a solution of 2.73 g NaCL and 3.04 gL glycine in ultrapure MiliQ water, with 

a total volume of 1L. The previously obtained pellets were digested with a 0.1 mg/mL papain (from 

papaya latex, Sigma-Aldrich) in DMMB dilution buffer solution for 16 hours at 60ºC. Afterwards, DMMB 

stock solution was mixed with the digested pellets in 96-well plates. The mixtures were incubated for 5 

min at RT, and the fluorescence was read at 525 nm in a plate reader. The amounts of sGAG for each 

condition were calculated by recurring to a calibration curve (Figure S2) using chondroitin sulfate 

(sodium salt from bovine cartilage, Sigma-Aldrich) standards. The sGAG amounts were then normalized 

to the metabolic activity of the cells at day 21 of differentiation.    

 

3.3.5.3 Quantitative Real Time‐Polymerase Chain Reaction (qRT-PCR) 

Analysis 

 After 21 days of culture (both 2D cultures in plates or 3D hydrogel, with and without electrical 

stimulation), the expression levels of Sox9, COL I, COL II, COL X and MMP-13 were quantified by qRT-

PCR analysis. Total RNA was extracted from the pellets using a RNeasy Mini Kit (QIAGEN) following 

the manufacturer’s guidelines. RNA concentration and quality was evaluated using a Nanodrop 

(NanoVue Plus, GE Healthcare). cDNA was synthesized from the extracted RNA using a High-Capacity 

cDNA Reverse Transcription kit (Applied Biosystems) according to the manufacturer’s protocol. The 

reaction mixtures were incubated in a T100TM thermal cycler (Bio-rad) with the following temperature 

protocol: 5 min at 25°C, 30 min at 42°C and 5 min at 85°C, and then were maintained at 4°C. The qRT-

PCR analysis was performed using NZYSpeedy qPCR Green Master Mix (2x), ROX plus (NZYTech) 

and StepOnePlus real-time PCR system (Applied Biosystems). All reactions were carried out at 95°C 

for 10 min (denaturation step), followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. The 

expression of target genes was normalized to the housekeeping gene glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and then expressed as fold-change relative to the baseline expression of 

hBMSCs at day 0 prior to cell seeding. The primer sequences used in the qRT-PCR analysis are 

summarized in Table 5. 

Table 5 – Primer sequences used for quantitative real time PCR analysis. 

Gene Fwd primer sequence Rev primer sequence 

GAPDH 5’-GGTCACCAGGGCTGCTTTTA -3’ 5’-CCTGGAAGATGGTGATGGGA-3’ 

COL I 5’-CATCTCCCCTTCGTTTTTGA-3’ 5’-CCAAATCCGATGTTTCTGCT-3’ 

COL II 5’-GGAATTCCTGGAGCCAAAGG-3’ 5’-AGGACCAGTTCTTGAG-3’ 

Sox9 5’-TACGACTACACCGACCACCA-3’ 5’-TTAGCATCATCTCGGCCATC-3’ 

COL X 5’-CCAGGTCTCGATGGTCCTAA-3’ 5’-GTCCTCCAACTCCAGGATCA-3’ 

MMP13 5’-TCCTCTTCTTGAGCTGGACTCATT-3’ 5’-CGCTCTGCAAACTGGAGGTC-3’ 
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3.3.5.4 Immunofluorescence analysis 

 The presence and distribution of collagen type II, one of the major components of native articular 

cartilage was analyzed in seeded hBMSCs (2D cultures) after 21 days of chondrogenic differentiation. 

The cells were washed with PBS, fixed with 4% PFA for 20 min at RT and kept in PBS at 4ºC until the 

staining procedure. Afterwards, the cells were washed with 1% bovine serum albumin (BSA, Sigma-

Aldrich) in PBS for 5 min, and incubated for 45 min with a blocking solution composed by 1% BSA, 10% 

FBS and 0.3% Triton X-100 in PBS to block and permeabilize cells. A primary antibody mouse anti-

human collagen II (Invitrogen, dilution 1:50 in 1% BSA, 10% FBS and 0.3% Triton X-100) solution was 

added and left for incubation overnight at 4ºC. After washing with 1% BSA in PBS, goat anti-mouse IgG 

Alexa Fluor 546 (Thermo Fisher Scientific, dilution 1:100 in 1% BSA solution (in PBS)) were utilized as 

secondary antibodies and incubated in 1 h at room temperature protected from light. Finally, the cell 

nuclei were counterstained with DAPI (Thermo Fisher Scientific, 1.5 μg/ml) for 5 min and washed with 

PBS. The cells where then visualized through fluorescence microscopy (LEICA DMI300B, Leica 

Microsystems) equipped with a digital camera (NIKON DXM1200F, Nikon Instruments Inc.).  

 

3.4 Statistical analysis 

Results are presented as mean ±SD. Statistical analysis of the obtained results was performed 

through one-way ANOVA in Excel. Results were considered statistically significant when p-values 

obtained were lower than 0.05 (95% confidence intervals, *p<0,05). 
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4. Results and discussion 

4.1 Nanoparticle formulation and characterization  

 Both PEDOT and KTG/PEDOT nanoparticles were formed using an EDOT monomer, with 

DBSA acting simultaneously as a surfactant and doping agent, and APS providing the free radicals for 

polymerization. Due to the high hydrophobicity of kartogenin, the drug remained in the core of the 

micelles formed by the surfactant, being loaded in the PEDOT NPs through in situ emulsion 

polymerization.  

4.1.1 Nanoparticle morphology 

 Following production, the morphology of both PEDOT and KTG/PEDOT nanoparticles was 

assessed through SEM (Figure 5) and TEM (Figure 6) analysis. For the SEM analysis, a picture of the 

aluminum foil without NPs is also present in order to more clearly identify the NPs in the other pictures. 

These microscopy techniques have been successfully utilized to measure nanoparticle sizes141,142, 

however this is not feasible for these NPs, as images acquired with both techniques show particle 

aggregation. As such, singular particles become indistinguishable and their size unable to be accurately 

measured through these techniques. 

 

 

 

Figure 5 - SEM images of KTG/PEDOT and PEDOT nanoparticles. Scale bars are depicted in the 
images. 

5 um 2 um 2 um 

1 um 2 um 1.5  um 
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Figure 6 -TEM images of PEDOT and KTG/PEDOT NPs. Scale bars are depicted in the images.  

 

4.1.2 Nanoparticle size and stability 

 The size of the PEDOT and KTG-loaded PEDOT NPs was determined through DLS, with 

effective diameters of 99 ± 71 and 172 ± 90 nm respectively (Figure 7, A). The size distribution of the 

particles is represented by the polydispersity index (PdI), which ranges from 0 to 1, with 0 being a 

homogenous nanoparticle population and 1 being a highly heterogeneous one. Despite both being 

somewhat heterogeneous, PEDOT NPs (PdI = 0.245) were significantly less heterogeneous than the 

KTG-loaded NPs (PdI = 0.490), which can also be seen through the lower size standard deviation. The 

dispersity among the NP populations can be explained by the lack of full control during the synthesis 

process, and the chemical reactions during NP development not being homogenous processes, which 

often introduces intra and inter-batch heterogeneity143. In fact, this might explain the higher PdI of KTG-

loaded PEDOT NPs, as the introduction of an additional molecule to the formulation (when compared 

to PEDOT NPs) introduces further complexity to the chemical synthesis, elevating heterogeneities. The 

size of the nanoparticles was also determined through AFM, with PEDOT NPs exhibiting a size of 31.7 

nm and KTG/PEDOT a size of 91.5 nm (Figure 8). Despite in both assays KTG/PEDOT NPs exhibiting 

larger diameters than PEDOT NPs, the absolute values varied significantly. However, inter-technique 

differences for NP measurement are common144. 

 DLS was also utilized to measure the ζ-potential of the NPs, which came at -71 ± 10.3 mV for 

PEDOT and -75 ± 5.8 mV for KTG-loaded NPs (Figure 7, B). The ζ-potential can give insight on the 

stability and electrokinetic potential of an NP colloidal dispersion, being the potential difference between 

the dispersion medium and the stationary layer surrounding the NP. Because the particle surface has a 

charge, it creates a surrounding bound layer with the correspondent counter-ions, traveling with the 

nanoparticle as it diffuses through the dispersion. Hence, the magnitude of the ζ-potential indicates the 
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degree of electrostatic repulsion between particles with the same charge, were higher values (either 

positive or negative) indicate a higher repulsion, and thus a resistance to NP aggregation and 

flocculation. The produced NPs have absolute ζ-potentials above 61 mV, which is the threshold were 

particles are considered highly stable. In fact, these nanosuspensions were able to maintain stability for 

over 2 months without significant sedimentation due to particle aggregation.  

 Nanoparticles are able to enter cells through endocytosis, depending on their surface chemistry, 

size and shape. Several studies have identified particles with diameters of 100 nm to be optimally 

internalized by cells145,146. However, particles with diameters upwards of 240 nm have been shown to 

able to be internalized at lower rates147. Particle surface charge is another critical factor influencing the 

cellular uptake of nanoparticles. As the cell membrane is negatively charged, nanoparticles with a 

positive surface charge have improved electrostatic interactions and adhesion than neutral or negatively 

charged NPs148. However, unlike negatively charged NPs, the uptake of cationic NPs can disrupt the 

cell membrane, leading to increased toxicity and even cell death149,150. Hence, as the produced PEDOT 

and KTG-loaded PEDOT NPs have respective diameters of 99 and 172 nm and are negatively charged, 

they should be internalized by the MSCs without cytotoxicity. As Johnson et al, was able to demonstrate 

the chondrogenic inducing effects of KTG even when the drug was supplemented in the cell media, an 

intracellular delivery of the drug through combination with nanoparticles might optimize its effects upon 

release151.  
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Figure 7 – Dynamic light scattering assessment of size (A) and (B) zeta potential of PEDOT (left) and 

KTG/PEDOT (right) nanoparticles resuspended in miliQ water, at a concentration of 1 mg/ml. PEDOT 

NPs exhibited a size of 98.57 nm, with a zeta potential of -70.7 mV. The size of KTG/PEDOT NPs was 

172.1 nm while the zeta potential was -75.2 mV. 

 

 

Figure 8 – Atomic force microscopy of A) PEDOT and B) KTG/PEDOT nanoparticles. PEDOT NP size 

was 31.7 nm while KTG/PEDOT NP was 91.5 nm. 

A 

B 
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4.1.3 Electrochemical properties 

 The electrochemical response of the produced nanoparticles, adsorbed to the electrode surface, 

was assessed through CV, which registered oxidation-reduction cycles within a potential range of -0.8 

and 1 V at different scan rates (Figure 9). PEDOT NPs demonstrated a typical anodic peak at around 0 

V, and a cathodic peak at around -0.2 V which is close to what has been previously describe152. As 

kartogenin is a compound that also experiences redox behavior, the KTG/PEDOT NPs voltammograms 

can get partially “masked” by KTG. This is evident by the appearance of a “shoulder” to the right of the 

previously mentioned oxidation peak at 0 V, meaning the drug has an irreversible oxidation peak at 0.2 

– 0.3 V, depending on the scan rate. However, another irreversible oxidation peak at 0.6-0.7 V, 

depending on the scan rate, can also be observed. The current densities of the scans are given by a 

superposition of a capacitive current (double layer at electrode-electrolyte interface) and a faradaic 

current (mass transfer in redox electrochemical reactions at the electrode) responsible for the 

oxidation/reduction peaks153. In the voltammograms of both nanoparticle types, as the scan rates 

increase, it is possible to observe a concomitant increase in current density. In terms of the capacitive 

current, this is explained by its linear dependence with the scan rate. Furthermore, there is also an 

increase in the faradaic current, as faster voltage cycling leads to a more rapid conversion of a species 

to its oxidized/reduced forms154. As current is defined by the rate of electron flow per unit of time, faster 

conversion leads to higher currents. Through the voltammograms, it is also possible to confirm the 

adsorption of the species to the electrode and that the reaction rate is not limited by the diffusion of the 

species to the electrode’s surface. In the case of adsorbed species, plotting the peak current densities 

against the scan rate should result on a linear dependence154,155.  In fact, this linearity can be observed 

by plotting the latter KTG oxidation peak intensities against the scan rates (Figure S4), with an R2 of 

0.9998. Overall, these results show the existence of an electrochemical response by the fabricated NPs 

and loaded drug upon applied voltages. This response will be the key for the proposed electrically 

triggered-drug release mechanism, that will be latter explained. 
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Figure 9 – Voltammograms of PEDOT and KTG/PEDOT nanoparticles obtained by cyclic voltammetry 

with PBS and 0.05% Tween 20 as an electrolyte. The voltage range was -0.8 to 1 V, and the assay was 

performed at various scan rates (0.02, 0.04, 0.08, 0.1, 0.2 and 0.3 V/s) for both nanoparticle formulations 

(n=3). Red arrows point to oxidation and reduction peaks, and blue arrow to the direction of the scan. 

4.1.4 Drug loading into PEDOT nanoparticles 

 In order to assess the mass of KTG that was successfully loaded in the PEDOT NPs, the 

supernatant acquired after their production and centrifugation (containing the leftovers of the chemical 

processes and the unloaded KTG) were analyzed through HPLC (Figure 10). Through the area of the 

absorption peak at the KTG retention time, the drug loading efficiency was calculated to be 60%, and a 

drug loading of 0.3 mg KTG / mg NPs. Usually, nanoparticle drug delivery systems have very low drug 

loading efficiencies, with most systems reporting values lower than 5%156,157. However, the drug loading 

efficiency achieved by this system can likely be explained by the high hydrophobicity of KTG, since other 

works using these types of molecules reported similar results158,159. As the drug was loaded through in 

situ emulsion polymerization, it remained inside the micelles generated by the surfactant, instead of 

interacting with the aqueous medium. As such, a large proportion of KTG was present during 

polymerization of the NPs. Furthermore, it is favorable for the hydrophobic drug to be loaded inside the 

PEDOT NPs, as these provide a hydrophobic core for KTG, shielding it from the surrounding medium160. 

With the goal of confirming that the drug was successfully loaded, Fourier transform infrared 

spectrometry (FTIR) of KTG, PEDOT NPs and KTG/PEDOT NPs was employed (Figure 11). This 

technique utilizes infrared light that, depending on its energy (wavelength) can trigger the vibration of 

specific molecular bonds after absorption, leading to stretching or bending161. As such, drops in 

transmission signify absorption peaks of identifiable functional groups, and the comparison of these 

peaks across the measured samples can confirm the presence of KTG in the PEDOT NPs162. In the 
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KTG spectra a peak at wavenumber 3300 cm-1 indicates the presence of a N-H bond from the secondary 

amine. At wavenumber 3050 cm-1, we can see the O-H bond from the drug’s carboxylic acid. A C=O 

bond from the same carboxylic acid responsible for the peak at wavenumber 1710 cm-1. From the 

aromatic amine, a C-N bond can be observed at wavenumber 1260 cm-1. The drug loading can be 

confirmed through the comparison of several peaks among the analyzed samples. At wavenumber 3050 

cm-1, the O-H bond stretch characteristic of KTG is slightly represented in the KTG/PEDOT NPs spectra, 

but totally lacking in PEDOT NPs. The same can be seen in the wavenumber region between 2350 and 

2175 cm-1, where a slight absorbance in KTG is also represented exclusively in KTG/PEDOT. At 

wavelength 1050 cm-1, there is an absorbance peak in both PEDOT and KTG PEDOT NPs, however, 

the latter is comparatively higher, which can be due the contribution of KTG, also having a peak in that 

wavenumber. At 1000 and 783 cm-1, KTG/PEDOT exhibits some slightly higher peaks than PEDOT 

correspondent to KTG absorption peaks. Despite visible and able to confirm drug loading, the KTG 

absorption peaks in KTG/PEDOT spectra are notably slight, which is likely due to a low concentration 

of NPs in the sample used for the assay. In addition, drug loading was calculated to be 0.3 mg KTG / 

mg NPs, meaning that the absorption contribution of KTG in the KTG/PEDOT spectra might be lighter. 

 

Figure 10 – HPCL chromatogram of the KTG/PEDOT NPs supernatant retrieved after fabrication. KTG 

retention time is at 10,47 min. The amount of unloaded KTG was calculated using a prepared calibration 

curve. Red arrow points to KTG retention time. 
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Figure 11 – FTIR analysis of KTG drug, PEDOT NPs and KTG/PEDOT NPs. 5 KTG peaks that can 

confirm its presence in the nanoparticles were identified at wavenumbers 3050, 2262, 1050, 1000 and 

783 cm-1. Some of the covalent bonds responsible for the absorption peaks can also be seen bellow 

their respective peaks. 

 

4.1.5 Controlled KTG release with electrical stimulation 

 After positive confirmation that KTG was encapsulated inside PEDOT nanoparticles, the next 

step was to control its release through electrical stimulation. As KTG is a very hydrophobic drug, it was 

hypothesized that triggering its release in a heavily aqueous media, even with the right voltages, would 

be difficult. As such, an assay was performed in other to understand if the electrically triggered release 

of the drug would improve if with an electrolyte medium consisting of PBS with increasing concentrations 

of Tween 20 (no Tween, 0.001%, 0.005%, 0.05% v/v). An assay with a similar set up to cyclic 

voltammetry, were KTG/PEDOT NPs were adsorbed to the electrode surface, was performed, but 

instead of cycling through voltages, a fixed voltage of 0.6 V (coincident with the second KTG oxidation 

peak) was applied every 3 min, with 30 seconds rest between for a total of 9 min of stimulation. The 

release medium was measured in a plate reader at 320 nm (Figure 12), and the release percentage of 

KTG was calculated with the aid of a calibration curve (Figure S3). As theorized, increasing the affinity 

of the release media for the drug greatly improves drug release upon electrical stimulation. In the 
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absence of Tween 20, only 3% of the loaded drug was released, while in the presence of 0.05% Tween 

this value reached a staggering 50 ± 5%. However, as a powerful detergent, the implementation of 

Tween 20 with cells requires careful management of its concentration, as it can disrupt the cell 

membranes after a certain concentration threshold.  

 

 

Figure 12 – KTG release assay under electrical stimulation with increasing concentrations of Tween 20. 

KTG/PEDOT NPs adsorbed to an electrode were stimulated at 0.6V for 3 x 3 min with 30 second rest. 

The electrolyte medium was composed by PBS with 0, 0.001, 0.005 and 0.05% v/v Tween 20 (n=2). 

  

 Despite the positive results showing the control of KTG release with electrical stimulation, and 

its dependence on the affinity to the release medium, the experimental conditions of the previous release 

assay are fundamentally different from the ones required for the stimulation of NPs when these are to 

be combined with cells and hydrogels. In this case, the stimulation will occur through direct coupling, 

where a plate lid with two parallel electrodes will be placed in direct contact with the cell culture media 

reservoir, with applied voltages creating an electric field163. In this setup, the nanoparticles would no 

longer be adsorbed onto the electrode (but instead either in suspension or entrapped in a hydrogel). 

Because electric field strength is distance dependent164, the potential “felt” by the nanoparticles would 

be significantly less than the applied potential, as the particles are at different distances from the 

electrodes. As such, applying the potential used for the previous assay would likely not result in drug 

release, as the actual potential that reached the NPs would be very low. Consequently, a different 

electrical stimulation protocol was required. For this protocol, instead of a fixed potential (direct current), 

an alternating current was employed, with potentials being cycled between -3 and 3 V at a frequency of 

500 mHz for 3 min. In Figure 13 the HPLC chromatograms of the media (PBS with 0.003% Tween 20) 
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where 15 μg/mL KTG/PEDOT NPs were stimulated once or twice using the abovementioned protocol 

can be observed. It is possible to see that the KTG/PEDOT NPs sample without stimulation did not 

exhibit any drug release, evidenced by the lack of a peak at a retention time of 10.67, correspondent to 

the KTG retention time. However, the sample that was stimulated once showed a peak at the KTG 

retention time with an area of 24 mAU.s, the same peak having an area of 49 mAU.s in the KTG/PEDOT 

NPs samples that were stimulated twice. Through a previously prepared calibration curve, it was 

estimated that there was a 5 and 10.5% KTG release from NPs stimulated once or twice, respectively. 

This result indicates that KTG can be released from KTG/PEDOT NPs in a controlled manner upon 

electrical stimulation without significant passive release. 

 When kartogenin was first identified as a chondro-inductive drug, it was determined that its 

effective median concentration to induce the chondrogenic differentiation of hBMSCs was 100 nM125. 

However, higher values of KTG still exhibited slightly improved effects without added toxicity. As such, 

the theoretical concentration of nanoparticles required for the release of 100 nM of KTG post electrical 

stimulation (assuming the 5% release of the loaded drug with the previously described protocol) was 

calculated according to the following formula: 

 

𝑁𝑃 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐾𝑇𝐺 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × 𝐾𝑇𝐺 𝑀𝑀 

𝐷𝐿 × 𝐷𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒
 

 

where KTG is kartogenin, MM its molecular mass an DL its drug loading in the KTG/PEDOT NPs. It was 

estimated the minimum KTG/PEDOT concentration to achieve the desired KTG release would be 2 

μg/ml.  

 

Figure 13 – HPLC chromatograms of (A) non-stimulated KTG/PEDOT NPs, (B) KTG/PEDOT NPs 

stimulated 1 time with the referred stimulation protocol and (C) KTG/PEDOT NPs stimulated 2 times. 

Red arrows point to the retention time of KTG. 
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 The proposed release mechanism of the drug is a combination of changes in the electrostatic 

interaction between the drug and conductive polymer and an actuation response of the latter. By cycling 

through voltages, the electroactive PEDOT NPs and the loaded drug will experience oxidation/reduction 

cycles. In an oxidation cycle, both polymer and drug will become oxidized, increasing the positive charge 

within the NPs. This will create repulsive interactions between the two species, driving the release of 

the drug165,166. This effect is further amplified by PEDOT actuation. When reducing PEDOT NPs, 

electrons are injected into the polymer chains, compensating the positive charges acquired in the 

oxidation cycle. To maintain overall electroneutrality, negatively charged counter ions are expelled to 

the media, inducing the contraction of the particles167. This event produces a hydrodynamic pressure 

inside the particle that causes expulsion of the drug. Furthermore, actuation creates cracks and holes 

in the polymer, which can aid the release of the drug109. As such, by using alternating current, oxidation 

and reduction cycles can be applied to the nanoparticles, altering electrostatic interactions, and 

producing cycles of actuation that cause frequency dependent contractions and cracks.  

 

4.2 Cytocompatibility assays  

 The designed strategy for cartilage regeneration encompassed a variety of elements that need 

to interact with hBMSCs, namely KTG-loaded PEDOT NPs, Tween-20, electrical current, and hydrogels. 

In order to ensure the biological viability of these interactions, the cytocompatibility of each individual 

element was assessed.  

 To assess the cytocompatibility of the NPs, increasing concentrations (2, 5 and 10 ug/mL) of 

PEDOT and KTG/PEDOT supplemented in culture media were combined with hBMSCs 2D cultures for 

7 days. Culture media without NPs was used as a positive control and media supplemented with Tween 

20 0.05% v/v was used as a negative control. Figure 14A shows live cells stained with calcein after 7 

days. It is possible to see that the cells maintained their viability across all the concentrations of both 

PEDOT and KTG/PEDOT NPs, exhibiting their characteristic elongated spindle-like morphology. 

Especially at higher concentrations, the presence of the NPs can be seen in the form of amorph black 

shapes sitting on top of cells, which correspond to aggregates of nanoparticles blocking the fluorescence 

of the cells. In some conditions like PEDOT NPs at 10 ug/mL or 5 ug/mL KTG/PEDOT NPs, a closer 

inspection reveals intensely fluorescent green dots that appeared to be within the marked cells that 

contain very small black dots in their centers. These appear to be nanoparticles that were internalized 

by the hBMSCs, which, as previously discussed, would likely happen considering the size and surface 

charge of the produced NPs. However, future assays need to be performed in order to confirm NP 

internalization, possibly through confocal microscopy or by analyzes with flow-cytometry using 

fluorescent labeled NPs168. The metabolic activity of the cells at days 1,3 and 7 was also studied in order 

to ensure the biocompatibility of the NPs (Figure 14B). As it can be observed, hBMSCs proliferated well 

during the studied time frame for all NPs samples. Overall, the confirmation of the compatibility of both 
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types of NPs was expected, as PEDOT has been described as having excellent biocompatibility in 

multiple studies169,170.  

 

 

 

 

Figure 14 – Calcein staining (A) and metabolic activity assay (B) of hBMSCs cultured with 2, 5 and 10 

ug/ml of PEDOT or KTG/PEDOT NPs for 7 days. Culture media without NPs was used positive 

cytocompatibility control and media with Tween 20 0.05% v/v as a negative control. Live cells stained in 

green. Scale bars are present in the figures. 

As previously discussed, kartogenin is a highly hydrophobic drug, and while this greatly 

improved its loading in the nanoparticles, it constitutes a hindrance for drug release in aqueous 
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mediums. Tween 20, a surfactant, was used to increase the affinity and dissolution of the drug to the 

media. However, Tween 20 can also disrupt the cell membrane at certain concentrations by breaking 

up its lipids, causing cell death. As such, in order to successfully implement Tween 20 in the final system, 

it is important to find a concentration that can simultaneously improve the release of KTG upon electrical 

stimulation while not harming the cells. It was previously shown that this compound causes the lysis of 

mammalian cells at concentration higher than 0.005% v/v171. Accordingly, the cytocompatibility of this 

compound was assessed by exposing hBMSCs to culture media supplemented with 0.001, 0.003 and 

0.005% (v/v) Tween 20 for 7 days. Culture media with no Tween 20 was used as a positive control and 

media with Tween 20 0.05% as a negative control. After the 7 days, live cells where stained with calcein 

(Figure 15). As expected, it is possible to observe the viability of the cells when cultured with the 3 

different Tween 20 concentrations, exhibiting a normal morphology. For the subsequent assays 

employing the detergent Tween 20, a concentration of 0.003% v/v was utilized, since it exhibited 

compatibility, and as previously shown, and could also improve the release of KTG. Furthermore, as it 

is not in the limit concentration that causes cells lysis, this choice accounted for potential preparation 

errors, as mistakes leading to over supplementation of Tween 20 could damage the cells in further 

assays.  

 

 

Figure 15 – Calcein staining of hBMSCs cultured in media with increasing concentrations of 

Tween 20 (0.001, 0.003, 0.005% v/v) over a period of 7 days. Culture media without NPs was used 

positive cytocompatible control and media with Tween 20 0.05% v/v as a negative control. Scale bar: 

100 μm. 

In order to study the effects of applied potentials in the viability of cultured cells, biocompatibility 

assays were performed with cells electrically stimulated with different potentials. As such, hBMSCs were 

platted in 12-well plates and stimulated the next day with 1, 2 and 3 V for 3x3 min at a frequency of 500 

mHz, with 30 seconds rest between each stimulation. Following stimulation, live cells were stained in 
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green with calcein and dead cells stained in red with EtBr (Figure 16). Cells that received no stimulation 

were used as controls. In stimulating conditions, it can be observed that the cells maintained a high 

degree of viability, with very few dead cells. Since stimulation with 3 V for 3x3 min at 500 mHz was 

shown to trigger the release of KTG from the PEDOT NPs, and exhibited no significant negative effects 

on cell viability, this potential was chosen to be used in the subsequent assays that employed electrical 

stimulation.  

 

 

Figure 16 – LIVE/DEAD assay with calcein and ethidium bromide staining of hBMSCs after being 

electrically stimulated with alternating current between -3 and 3 V at 500 mHz. Cells that receive no 

stimulation were used as a positive control for cytocompatibility. Scale bar: 100 μm. 

 

4.3 Hydrogel development and characterization 

 In order to successfully construct a system applying hydrogels as cartilage substitutes and 

promote tissue regeneration, the properties of the scaffolds should be similar to the ones of native tissue. 

As previously stated, hydrogels possess many parameters that can be modified and fine-tuned, being 

highly customizable. As such, various properties of three different hydrogels fabricated for this work 

(HA-CS; HA-CS-PEDOT:PSS and HA-CS-PEDOT NPs ) were studied. 

4.3.1 Hydrogel morphology 

 In order to visualize the morphology of the three hydrogel formulations, dry samples of the 

scaffolds were seen through SEM (Figure 17). 

 

Figure 17 – SEM images of dried HA-CS, HA-CS-PEDOT:PSS and HA-CS-PEDOT NPs hydrogels. 

Scale bar: 200 μm. 
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4.3.2 Water content and swelling ratio 

 As articular cartilage is heavily encompassed by water, one of the crucial properties of hydrogels 

would be their high water content, which is critical to support integrity and diffusion of substances172. 

Furthermore, besides the innate amount of water they carry upon fabrication, the capacity of the scaffold 

to absorb surrounding water is also an important property, as it can have a profound impact on its 

mechanical properties173. The water content of three types of hydrogels (HA-CS; HA-CS-PEDOT:PSS 

and HA-CS-PEDOT NPs) was calculated by subtracting the weight of completely dry scaffolds to the 

wet weight post-fabrication. Every hydrogel formulation exhibited a very similar high water contents, of 

around 97% (Table 6). To assess swelling ratio, newly formed hydrogels were left incubating at RT in 

order for the unbound superficial water to evaporate. They were afterwards immersed in excess PBS 

and their weight was followed for 7 days (Figure 18). Significant differences between the different 

hydrogel formulations were observed. HA-CS hydrogels exhibited a constant increase in swelling ratio 

for the first 108 h, followed by no significant changes in swelling. Both HA-CS-PEDOT:PSS and HA-CS-

PEDOT NPs hydrogels showed limited swelling, with a maximum of 13.87% for HA-CS-PEDOT:PSS 

and 6.04% for HA-CS-PEDOT NPs. Interestingly, in the first 40 hours, the swelling rates of both 

formulations appeared nearly identical. One of the reasons for the lower water absorption capacity of 

these formulations could be the apparent lower porosity observed through SEM174. Introduction of 

PEDOT:PSS and PEDOT NPs could act as cross-linking points for the polymer, resulting in stronger 

interactions between polymer chains, tightening the gel structure and creating stiffer scafolds175. 

Consequently, the mobility of polymers chains is hindered, minimizing water absorption. Lower swelling 

rates in hydrogels with embedded nanoparticles have been observed in previous studies176,177. As 

articular cartilage is a water rich tissue, swelling-resistant hydrogels for CTE applications are invaluable. 

This property allows hydrogels to be injected into a damage site, without absorbing the surrounding 

body fluid, preserving its mechanical properties, and not damaging surrounding tissues178. Furthermore, 

hydrogel swelling can lead to loss of adhesive properties, which are essential cartilage substitute 

scaffolds179. Overall, these results showed that introducing PEDOT NPs to HA-CS hydrogels improves 

the scaffold’s swelling-resisting properties, without compromising its water content.   

 

Table 6  – Water content of HA-CS, HA-CS-PEDOT:PSS and HA-CS-PEDOT NPs.  

 

Gel Average WC STDV

HA-CS 96.8% 0.4%

HA-CS-PEDOT:PSS 97.2% 0.1%

HA-CS-PEDOT NPs 97.2% 0.3%
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Figure 18 – Swelling rate of HA-CS, HA-CS-PEDOT:PSS and HA-CS-PEDOT NPs over the course of 

7 days. Results are presented as mean ± SD of 4 independent (n=4) hydrogel samples for each 

condition. 

4.3.3 Rheological analysis 

 After assessing the water content and swelling capacities of the hydrogels, its rheological 

properties were evaluated. Rheology allows the study of a material’s response to externals forces 

(stress), being normally quantified in terms of its deformation rate (strain)180. As cartilage is a load 

bearing tissue, understanding how potential cartilage substitute scaffolds respond to mechanical stress 

is essential for a successful implementation. Hydrogels developed from ECM-based proteins are 

viscoelastic, with a mechanical behavior combining elements from both elastic and viscous 

responses181. Elastic materials respond instantaneously to deformation while the response of viscous 

materials depends on the rate of deformation. In rheological assays, the elastic response is given by the 

storage modulus (G’) and the viscous response by the loss modulus (G’’).  

 

4.3.3.1 Hydrogels gelation kinetics 

 In order to analyze the gelation kinetics of the hydrogels, an oscillating time sweep assay was 

performed. The different formulations of hydrogels were prepared, and after addition of the cross-linker, 

the assay was swiftly initiated, with the storage and loss modulus being recorded (Figure 19). Since 

hydrogels are initially aqueous flowable solutions, it is expected G’’ to be, initially higher than G’, as the 

hydrogel will mainly act as a viscous liquid. However, when cross-linking occurs and the hydrogel 

experiences a sol-gel transition, the material should exhibit a more elastic response, with G’ > G’’. As 
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such, the crossover of G’ and G’’ splits the hydrogel gelation process in two stages, primarily viscous 

when G’ < G’’ and primarily elastic when G’ > G’’, being a measure of gelation time182. For the HA-CS 

hydrogel, it can be observed that the crossover time was right in the beginning of the measurement, 

meaning that gelation started occurring as soon as the cross-linker was added. However, this was 

unexpected, as the producers of the Hystem hydrogel kit state gelation occurs after 20 min. This could 

be both due to differences in definitions of gelation time, as the manufacturer do not state the method 

used for this determination (many times a visual tube inversion test is used to infer gelation183), or due 

to the addition of CS to the formulation. Despite a different hydrogel formulation and experimental setup, 

another work measuring gelation of a HA-CS hydrogel through a rheological time-sweep also reported 

an instant gelation after addition of the cross-linker184. In the case of HA-CS-PEDOT NPs, an initial 

viscous response can be observed after the addition of the cross-linker until crossover at 22.5 min. It 

appears that the cross-linking in this hydrogel had a slight delay, starting a very low G’ value that had a 

sudden increase at 8 min. For HA-CS-PEDOT NPs hydrogel, a definite crossover can be detected at 29 

min, although it is difficult to claim a definite gelation time due to high fluctuations of G’ and G’’ for the 

first 18 min. These fluctuations are likely caused by a setup error, as G’ will be dependent on the cross-

linking state of the hydrogel, which is irreversible185 and thus should not fluctuate. Overall, both HA-CS-

PEDOT:PSS and HA-CS-PEDOT NPs hydrogels exhibited gelation times close to the Hystem kit 

fabricator’s stated time at, 22.5 and 29 min respectively. The longer gelation times can actually be 

beneficial or even crucial for CTE strategies employing injectable hydrogels, as the scaffolds can more 

easily fit surgical requirements by staying in a sol state for a longer period of time after addition of the 

cross-linker. In this sol state, hydrogels can be more easily manipulated and injected into a damaged 

cartilage site, having enough time to match the defect and only then transition to a gel phase and start 

adhering. 

 

Figure 19 – Oscillating time sweep showing the gelation kinetics through storage (G’) and loss modulus 

(G’’) of HA-CS, HA-CS-PEDOT:PSS and HA-CS-PEDOT NPs. G’ and G’’ crossover indicates gelation 

time (n=1). 
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4.3.3.2 Hydrogel response to mechanical stress 

 Understanding the gelation kinetics of the hydrogels can give precious insight on their potential 

to be used as injectable scaffolds. However, it is equally important to understand how they would 

perform against mechanical stress post-gelation. As such, the three types of hydrogels post sol-gel 

transition were put through an amplitude sweep rheology assay (Figure 20). Here, a shear stress is 

applied to the hydrogels that exhibit a response in the form of shear strain. From plots obtained through 

this technique, various important parameters like Young’s modulus, yield strength and fracture strain 

can be acquired186. The response of materials under stress usually exhibits various stages (although 

this heavily depends on the material type, as some stages might not be present). The first stage is the 

linear elastic region, where the stress is proportional to the strain and the slope of the curve being 

Young’s modulus. Until the final point of this stage, defined as the yield strength, the material exclusively 

experiences a reversible elastic deformation. When this point is crossed, the materials start to 

experience irreversible plastic deformation until it eventually fractures187. In the case of the HA-CS 

hydrogel, these regions are well visible. There is a near linear proportionality between stress and strain 

until an 88% strain is reached, where a yield stress of 84 Pa was recorded. The hydrogel eventually 

fractured at a 185% strain. The HA-CS-PEDOT:PSS and HA-CS-PEDOT NPs hydrogels exhibited very 

different stress-strain curves compared to HA-CS gel. Lower shear stresses lead to much higher strains, 

and fracture wasn’t observed in the analyzed strain window. Because an elastic region cannot be 

properly identified, the yield stress cannot be acquired. The behavior observed for these gels is likely 

due to an error while performing the assay. After adding the cross-linker, the same amount of time was 

waited for the three types of hydrogels before staring the measurements. However, as previously seen, 

gelation of the HA-CS hydrogel started occurring immediately after the addition of the crosslinker, while 

the other formulations took longer than 20 min to gelate. As such, it appears that the PEDOT-based 

hydrogels had not fully initiated gelation when the amplitude sweep was started, being mainly in their 

sol phase. This would explain why the low stresses (comparatively to the HA-CS hydrogel) led to such 

high deformation of the gels, since, as seen in the kinetics assay, the hydrogels have a very low G’ and 

G’’ modulus pre-gelation. This would also explain the lack of total linearity in the elastic region of HA-

CS (achieved after a complete gelation), with instead a very slight exponential curve. The gelation kinetic 

curves show that, even after crossover, G’ still significantly increases over time, meaning that HA-CS 

was still acquiring some mechanical strength during the amplitude sweep, which lead to small 

exponential increases in the elastic region.  

 Despite being difficult to take conclusions on the PEDOT-based hydrogels response to 

mechanical loads, as gelation had not fully occurred, some insight can still be obtained through analysis 

of the HA-CS hydrogel, since it is the basis of all the formulations. Previously, it was discussed how the 

addition of PEDOT:PSS and PEDOT NPs can increase the tightness of the hydrogel structure by 

creating cross-linking points. The stronger interactions between polymer chains would very likely confer 

improved mechanical strength to the gel, enabling it to sustain higher mechanical loads and strains 

without fracture. In fact, various studies have shown that increasing nanoparticle concentration in 

hydrogels improved its mechanical properties, especially in the elastic region where higher reversible 
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strains were achieved188,189. As such, it is feasible to assume that HA-CS-PEDOT:PSS and HA-CS 

PEDOT NPs hydrogels would exhibit superior mechanical properties when compared to HA-CS 

hydrogel in a correctly performed assay.  

 When studying the response of hydrogels to mechanical loads, the most important region to be 

analyzed is the elastic region. As potential cartilage substitutes, these hydrogels would need to be able 

to provide mechanical stability and support to the tissue under constant cyclic loads. Since trespassing 

the yield strength leads to permanent deformation of the gels and eventual compromise of structural 

integrity due to fracture, it is paramount that the scaffolds mechanical strength is close to articular 

cartilage within their elastic region. This can be measured through Young’s module, which is the relation 

between the deformation of a material and the power needed to deform it within the elastic region190. 

Through the slope of the elastic region, the Young’s module of HA-CS hydrogel was calculated to be 

121 Pa. Despite the PEDOT hydrogels likely having a higher value, the Young’s modulus of native 

cartilage is in the order of MPa, magnitudes higher than the one observed in the HA-CS hydrogels191. 

The lack of mechanical strength severely hinders the application of these scaffolds as cartilage 

substitutes, as they would not withstand the high cyclic loads experienced in the tissue. However, a vast 

amount of strategies have successfully been employed in order to optimize the mechanical strength of 

HA hydrogels without compromising its biologic properties192–194.  

 

 

Figure 20 – Amplitude sweep of HA-CS, HA-CS-PEDOT:PSS and HA-CS-PEDOT NPs. The assay was 

performed at a frequency of 1Hz at 25ºC until a strain of 200% was reached (n=1). 

 

4.3.4 Hydrogel impedance  

 In this work, the impedance (and consequently conductivity) of the hydrogels is a key parameter, 

as it is important not only for the correct mimicking of the native tissue electrochemical properties, but 

also for the effective trigger of drug release through electrical stimulation. Conductive hydrogels can 

allow a more effective transmission of electric signals to the seeded cells and the embedded 

nanoparticles without the use of high potentials195. Frequency dependent impedance of the three 
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hydrogel formulations was measured through electrochemical impedance spectroscopy (Figure 21A), 

and the frequency dependent conductivity calculated (Figure 21B). In this technique, a sinusoidal 

potential is applied to an electrochemical system (in this case the various hydrogels) and measures the 

sinusoidal potential out of the system. The frequency dependent impedance (Z) is given by the ratio 

between the applied voltage and the measured current. From the impedance curves, it is possible to 

observe that all hydrogels exhibited low impedance, at high frequency values. However, at lower 

frequencies, like the ones found in electroactive tissues (1Hz)196, resistive currents dominate, with higher 

impedances for all hydrogel formulations being observed. However, it is clearly visible that the addition 

of PEDOT:PSS or PEDOT NPs notably increases the conductivity of the hydrogels across the entire 

frequency range. Various other works have highlighted the potential to modulate hydrogel conductivity 

with the addition of conductive polymers195,197–199. The dependence of hydrogel conductivity with the 

presence of PEDOT:PSS or PEDOT nanoparticles constitutes a powerful tool to fine-tune the electrical 

properties of the scaffolds for cartilage regeneration. For the system of this particular work, the 

concentration of KTG/PEDOT embedded in the hydrogels, to serve as scaffolds for hBMSCs, can be 

modified in order to confer different degrees of conductivity. This effect might be crucial and important 

to optimize in order to ensure that the applied electrical stimulation is enough to trigger the controlled 

release of KTG from the nanoparticles.  

 

 

Figure 21 – Electrochemical impedance spectroscopy results of HA-CS (control), HA-CS-PEDOT:PSS 

(PSS) and HA-CS-PEDOT NPs (NPs), with plots of impedance over frequency (A) and calculated the 

frequency dependent conductivity (B) (n=1).  
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4.3.5 Effects of non-stimulated KTG/PEDOT NPs in chondrogenic 
differentiation of seeded hBMSCs  

To assess if non-stimulated KTG/PEDOT NPs would have an effect in the chondrogenic 

differentiation of hBMSCS, these cells were cultured for 14 days in an incomplete chondrogenic media 

with increasing concentrations of KTG/PEDOT NPs (Figure 22). As it can be observed, as a powerful 

chondrogenic inducer, cells culture in chondrogenic media with TGF- demonstrated an increased 

sulfated GAG production when compared to cells cultured in incomplete media, highlighting the 

enhanced chondrogenic differentiation. However, cells cultured with increase concentrations of NPs did 

not exhibit an increase in GAG production when compared to the INC condition, which indicates that the 

NPs do not have a direct effect of hBMSC chondrogenic differentiation. Since electrical stimulation was 

not employed in this assay, it was expected that conditions with KTG/PEDOT NPs would not show an 

increased chondrogenic differentiation when compared to empty PEDOT NPs, which was corroborated 

by the obtained results. This further suggests that there is not a significant passive release of KTG from 

the nanoparticles in the absence of electrical stimulation. The GAGs present in each condition were 

stained with Alcian blue, and can be seen in figure S5.  

 

Figure 22 – Sulfated GAGs content of each sample after 14 days of chondrogenic differentiation in 

incomplete chondrogenic media (INC). Complete chondrogenic media (COMP) was used as a positive 

control and incomplete media with 50 ug/mL PEDOT NPs as a negative control. GAG levels were 

normalized to the metabolic activity of hBMSCs on day 14 of the assay (n=4). 

 

4.3.6 Effects of KTG/PEDOT NPs in the chondrogenic differentiation of 
hBMSCs with electrical stimulation 
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As previous assays confirmed that KTG release from KTG/PEDOT NPs could be controlled 

through electrical stimulation, the chondro-inductive effects of this release were assessed. A high 

density of hBMSCs (2,6x104 cells/well) were seeded in 12-well plates, and cultured in incomplete 

chondrogenic media with 2 ug/mL of KTG/PEDOT NPs, while non-stimulated cells cultured in incomplete 

chondrogenic media with 2 ug/mL PEDOT NPs or without NPs were used as controls. With every media 

exchange, new NPs at the same concentration were added and the cells where electrically stimulated 

with the before-mentioned protocol. The metabolic activity of the cells was measured on day 3, 7, 14 

and 21 (Figure 23A). It can be seen that hBMSCs in all conditions maintained their metabolic activity 

along de 21 days of differentiation, with a slight drop on day 21. This is also illustrated by the fold 

increase calculated between day 3 and 21 of culture (Figure 23B), where all the conditions exhibited a 

fold increase of approximately 0.92. A possible explanation for the observed results was the high 

hBMSC seeding density, as the cells were already confluent on day 3, which likely inhibited proliferation. 

Due to this inhibition, possible effects of electrical stimulation or KTG release in the proliferation of 

hBMSCs could not be accounted through this assay. Although it is heavily dependent on the parameters 

of electrical stimulation (e.g., potential and frequency), short electrical stimulation exposure times have 

been seen to increase the proliferation rate of MSCs cultured in monolayer with chondrogenic 

medium200.   
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Figure 23 – (A) Metabolic activity of hBMSCs across the 21 days of culture with PEDOT or KTG/PEDOT 

NPs in incomplete chondrogenic media with or without electrical stimulation. (B) Fold increase after 21 

days of culture in relation to day 3. Non-stimulated hBMSCs cultured in standard expansion media 

without NPs were used as controls (n=3). 

 

 As previously stated, GAGs are a very prominent component of native articular cartilage, and 

an important marker of chondrogenic differentiation201,202. As such, the amount of GAGs present in each 

sample after 21 days of chondrogenic differentiation was evaluated (Figure 24). It is possible to see that 

all in all the conditions (except KTG/PEDOT NPs with electrical stimulation) presented nearly same 

amount of GAGs, which suggests a similar level of chondrogenic differentiation. The close amount of 

GAG levels between electrically stimulated or non-stimulated samples (control and PEDOT NPs) 

indicates that the stimulation did not have direct effects on hBMSCs chondrogenesis. However, in the 

case of KTG/PEDOT NPs, the samples that received electrical stimulation exhibited a significantly 

increase of GAG levels when compared to non-stimulated samples. Despite this particular electrical 

stimulation protocol not showing direct effects on cell chondrogenesis, it is capable to trigger the release 

of KTG loaded in the NPs. These results not only further confirm the controllable drug release, but also 

show the effectiveness of KTG in enhancing the chondrogenesis of hBMSCs.  
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Figure 24 – Sulfated GAGs content of each sample after 21 days of chondrogenic differentiation. GAG 

levels were normalized to the metabolic activity of hBMSCs on day 21 of the assay. Non-stimulated 

hBMSCs cultured in standard expansion media without NPs were used as controls (3 technical 

replicates from a single biological replicate (1 donor)). 

 

After 21 days of chondrogenic differentiation, hBMSCs were also analyzed through 

immunocytochemistry analysis (Figure 25). Collagen type II, one of the main components of articular 

cartilage ECM, was expressed in all conditions, either with or without electrical stimulation. In conditions 

with either PEDOT or KTG/PEDOT NPs, aggregates of each NP type can be observed in the form of 

amorph black shapes. Interestingly, a higher cell density can be seen surrounding the NP aggregates, 

illustrated by a higher number of DAPI stained nuclei in their surroundings. The higher hBMSC density 

is also accompanied by a denser collagen type II expression, which might suggest a higher production 

of this compound around NP aggregates.  
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Figure 25 - Immunofluorescence analysis of hBMSCs cultured with PEDOT or KTG/PEDOT NPs under 

chondrogenic differentiation conditions for 21 days with and without electrical stimulation. Expression of 

collagen type II (COL II, red) and cell nuclei counterstained with DAPI (blue). Scale bar: 100 μm. 

 

Following the 21 days of chondrogenic differentiation the gene expression levels of 

chondrogenic markers and other relevant genes such as COL II, SOX9, COL I, COL X and MMP-13 

were evaluated by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis 

(Figure 26). As COL I is major osteogenic phenotype marker203, analysis of the expression levels of COL 

I can provide further insight on the differentiation fate of hBMSCs. COL X and MMP-13 are markers of 

chondrocyte hypertrophy, that are usually overexpressed in diseased cartilage like in case of OA. As it 

can be seen, all the conditions exhibited a significant upregulation of both SOX9 and COL II when 

compared to the control (hBMSCs at Day 0), confirming the cell’s chondrogenic differentiation. However, 

no significant differences in the expression levels are observed between the different conditions, either 

with or without electrical stimulation. There was no significant upregulation of the COL I expression, 

indicating that there was a chondrogenic commitment of hBMSCs. Additionally, MMP-13 and COL X 

expression levels were downregulated in all conditions, evidencing the lack of tissue hypertrophy. 

Overall, these results highlight the achieved chondrogenic differentiation of hBMSCs without 

hypertrophy, however, the lack of differences between conditions, especially for KTG/PEDOT NPs, was 

unexpected, as previous results highlighted improved GAG production with the release of KTG. 

Overall, the use of electrical stimulation to trigger the release of KTG from KTG/PEDOT NPs 

appears to be a promising way to deliver this drug and promote the chondrogenic differentiation of 

hBMSCs, as higher levels of GAGs were detected, and no significant cytotoxicity was observed. 

However, the assays need to be repeated in order to draw conclusive results (and achieve statistical 

significance) as the gene expression analysis did not fully corroborate an increased chondrogenic 

differentiation in the presence of electrical stimulation.  
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Figure 26- qRT-PCR analysis of hBMSCs after 21 days of chondrogenic differentiation in incomplete 

chondrogenic media with or without PEDOT or KTG/PEDOT NPs and with or without exposure to 

electrical stimulation. Gene expression of SOX9, COL II, COL I, MMP-13 and COL X was normalized to 

the endogenous gene GAPDH and then calculated as a fold-change relative to the baseline expression 

of target gene measure in Day 0 experimental group (undifferentiated cells before seeding) (3 technical 

replicates from a single biological replicate (1 donor)). 

 

4.3.7 Effects of HA-CS-KTG/PEDOT NPs hydrogel in the chondrogenic 
differentiation of encapsulated hBMSCs with electrical stimulation  

 After characterization of the various elements of the system, optimization of drug release upon 

electrical stimulation conditions and confirmation of the biocompatibility of the different conditions, the 

entire system was employed in order to assess the effects on the chondrogenic differentiation of 

encapsulated hBMSCs. As such, three types of hydrogels were fabricated; HA-CS, HA-CS-PEDOT NPs 

and HA-CS-KTG/PEDOT NPs, and hBMSCs were added before introducing the cross-linker in order to 

embed them in the scaffolds. As previously, a 21-day differentiation protocol was followed, where a 12-

well plate with hydrogels of each type in incomplete chondrogenic media was electrically stimulated 
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every time fresh media was added, while another plate in identical conditions did not receive electrical 

stimulation. The metabolic activity of the seeded cells was monitored on days 3, 7, 14 and 21. At day 3, 

it can be observed a notable difference in metabolic activity, even across the same gel types, indicating 

different cell seeding densities. This occurred due to the method used for the preparation of the 

hydrogels. Instead of individually preparing the triplicates, each hydrogel formulation was prepared in a 

single eppendorf, and the cells where homogenized in this mixture. After adding the cross-linker post 

cell-homogenization, some time had to be waited before pipetting the hydrogels to the wells. When the 

cross-linker was added (after cells were homogenized in the stock gel solution in the time it took for 

gelation to start), some cells had already started depositing when the gel was transferred to the wells, 

creating heterogeneities between samples. However, with this consideration, it can be seen that cells 

exhibited normal proliferation across all conditions, with higher metabolic activities at day 21 when 

compared to day 3. The fold increase (in metabolic activity) between day 21 and 3 was also determined 

(Figure 27). Interestingly, the fold increases obtained for HA-CS-PEDOT and HA-CS-KTG/PEDOT NPs 

were significantly higher than the HA-CS hydrogels, both with and without electrical stimulation, meaning 

that hBMSCs exhibited higher proliferation rates in the scaffolds formulated with NPs. This difference is 

likely caused by changes in the hydrogel’s physical properties introduced by the NPs. As previously 

discussed, the introduction of nanoparticles to the formulations likely caused denser hydrogel cross-

linking, which in turn generates stiffer scaffolds. Hydrogels stiffness plays a key role in cell-matrix 

interactions and cell behavior204. In fact, MSCs have demonstrated increased proliferative potential 

when cultured on stiff hydrogels compared with softer hydrogels205, which corroborates the obtained 

results. The dependence of hBMSC proliferation on the mechanical properties of the scaffold is 

something that can be explored in future assays by modulating the concentration of NPs in the hydrogel 

formulation. Besides the differences in hBMSC proliferation observed between plain and NP embedded 

hydrogels, interesting results can also be observed between samples with or without electrical 

stimulation. In the case of HA-CS and HA-CS-PEDOT NPs hydrogels, no significant changes can be 

observed between stimulated and non-stimulated samples. However, in the case of HA-CS-

KTG/PEDOT NPs hydrogels, samples that were electrically stimulated exhibited a significantly higher 

fold increase when compared to non-stimulated samples. This indicates that electrical stimulation 

triggered a response in these hydrogels that led to an increase in the proliferation rate of hBMCSs. Such 

response might be the release of KTG from the gel-embedded NPs, triggered by the stimulation. KTG 

has been seen to increase the metabolic activity of chondrocytes and adipose-derived stem cells 

elsewhere, although the mechanism that led to this increase remained unclear206,207. However, a 

possible explanation could be that KTG activates RUNX1, a transcription factor that plays important role 

in chondrocyte proliferation208. The similar fold increase observed between non-stimulated HA-CS-

KTG/PEDOT and HA-CS-PEDOT NPs hydrogels further corroborates the involvement of KTG release 

in the increase of hBMSC proliferation rate. As It was previously seen, the passive release of KTG from 

KTG/PEDOT NPs is almost null, meaning that in the absence of electrical stimulation to trigger its 

release, similar results should be expected between drug-loaded and unloaded PEDOT NPs.  
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Figure 27 - Fold increase after 21 days of culture in relation to day 3. Non-stimulated hBMSCs cultured 

in standard expansion media without NPs were used as controls (n=3).  

 

Following the 21 days of chondrogenic differentiation, a live/dead assay was performed in order to 

assess the biocompatibility of the entire system (Figure 28). Interestingly, almost no dead cells were 

found in any of the conditions and a high number of live cells stained with calcein can be clearly seen in 

all the conditions. In this case, the hBMSCs do not exhibit their usual morphology since they are not 

attached to the bottom of the well, but instead encapsulated within the hydrogel scaffold. Overall, this 

assay demonstrates the biological viability of the system. The excellent viability of the cells encapsulated 

in this hydrogel system was expected, since the hydrogel is mainly composed by HA and CS, which are 

natural polymers with intrinsic biocompatibility. Furthermore, the utilized NPs were composed by 

PEDOT, which is a synthetic polymer with proven good biocompatibility209.  
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Figure 28 – Live/Dead assay of hBMSCs encapsulated in HA-CS, HA-CS-PEDOT NPs and HA-CS-

KTG/PEDOT NPs hydrogels without (A) and with (B) electrical stimulation. Live cells were stained in 

green with calcein and dead cells (red) with ethidium bromide. Scale bar: 100 μm. 

 

As GAGs production is characteristic of MSCs undergoing chondrogenic differentiation210, a 

GAG quantification assay was performed after 21 days in order to measure the amount of sulfated GAGs 

in each condition (Figure 29). For this, hydrogels with encapsulated cells were digested using N-acetyl 

cysteine and centrifuged, with the pellet consisting of digested hydrogel and cells used for this assay. 

Analysis of the results does not show a concrete correlation between the different conditions and the 

amount of GAGs produced. Conditions with electrical stimulation showed an increase in GAGs 

production for the HA-CS-KTG/PEDOT and HA-CS hydrogel, when compared to the same gel without 

stimulation, but in the case of HA-CS-PEDOT, the contrary was verified. In conditions that were 

electrically stimulated, HA-CS-KTG/PEDOT showed the least amount of GAGs production, however, in 

non-stimulated conditions, HA-CS-PEDOT had the least amount. These somewhat erratic results make 

conclusions hard to be drawn, as there is no apparent correlation between the various system’s 

response to electrical stimulation and GAGs production. However, these results can very likely be 

explained by the presence of CS in the hydrogel formulations. The detection of GAGs is achieved 

through the induction of metachromasia of DMMB by sulfated GAGs. However, unliked HA, CS is a 

sulfated GAG, which can also induce metachromasia of DMMB. As such, the measured absorbance is 

a contribution of not only the GAGs produced by the cells, but also from the CS present in the scaffolds. 
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In the 21 days differentiation assay previously described, a HA-CS hydrogel with no seeded cells was 

also present as a control. After performing the GAGs quantification assay with this hydrogel, it was found 

that the absorption levels were almost entirely a contribution of the CS present in the hydrogel. The 

various triplicates of each condition were seen to have some differences in the amount of hydrogel, 

which would lead to vast differences in the GAG measurements across conditions, masking the GAG 

amount contribution of embedded cells. Thus, in future assays, a control hydrogel without embedded 

cells for each condition should be prepared with an effort to achieve a close amount of hydrogel across  

the conditions.  

 

Figure 29 – GAG levels measurement through DMMB colorimetric assay. (n=3 technical replicates from 

a single biological replicate (1 donor)). 

 

After the 21 days of chondrogenic differentiation, the expression levels of the genes previously 

analyzed (COL II, SOX9, COL I, COL X and MMP-13) were quantified (Figure 30). SOX9 was 

upregulated in all conditions, but without relevant differences between samples that were electrically 

stimulated or non-stimulated. However, the expression of SOX9 was higher across all conditions in 

hydrogel-seeded hBMSCs than the same cells cultured without the scaffolds, indicating a positive effect 

on chondrogenic differentiation. In terms of COL II, cells encapsulated in hydrogels with NPs exhibited 

a higher expression than cells cultured in HA-CS hydrogels, but there was again no difference between 

stimulated and non-stimulated conditions. The severe downregulation of COL I in all conditions indicates 

that the differentiation of hBMSCs was towards chondrogenic lineage. Furthermore, there was again no 

significant upregulation of either MMP-13 or COL X, suggesting that cells in the final constructs were 

not hypertrophic. Due to previous results, it was expected that hydrogels with PEDOT nanoparticles 

would have the same results as non-stimulated hydrogels with KTG/PEDOT NPs, as the drug would 
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notbe released, and that electrically stimulated HA-CS-KTG/PEDOT NPs would achieve enhanced 

chondrogenesis. This was not observed, however, this assay should be repeated in the future in order 

to obtain more conclusive results. 

 

 

 

Figure 30 - qRT-PCR analysis of hBMSCs encapsulated in HA-CS, HA-CS-PEDOT NPs and HA-CS-

KTG/PEDOT NPs after 21 days of chondrogenic differentiation in incomplete chondrogenic media with 

and without electrical stimulation. Gene expression levels of SOX9, COL II, COL I, MMP-13 and COL X 

were normalized to the endogenous gene GAPDH and then calculated as a fold-change relative to the 

baseline expression of target gene measure in Day 0 experimental group (undifferentiated cells before 

seeding) (3 technical replicates from a single biological replicate (1 donor)). 

 

Overall, introducing NP to the hydrogels formulation was seen to effectively increase the proliferation of 

seeded hBMSCs, likely due to higher hydrogel stiffness when compared to HA-CS hydrogels. 

Electrically stimulating cells encapsulated in hydrogels containing KTG/PEDOT NPs also showed 

enhanced proliferation, possibly due to the release of KTG. However, the effectiveness of the system in 

promoting the chondrogenic differentiation of seeded cells was inconclusive, and further assays 

regarding gene expression should be conducted.  
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5. Conclusions 

Articular cartilage is a connective tissue paramount for healthy articulation and motion. However, 

due to its avascular nature, it has very limited self-repair capabilities upon lesions or degeneration. This 

problem is further exacerbated by the prevalence of osteoarthritis, which, due to risk factors like obesity 

and ageing, is expected to see a considerably rise in its incidence in the future. The current treatment 

options for this condition mainly focus on pain relief rather than cartilage regeneration, failing to address 

the core problem. 

This MSs thesis focused on developing a novel system for cartilage regeneration by employing 

the principles of CTE, aiming to construct biomimetic scaffolds that could act as substitutes for native 

cartilage and promote its regeneration. As such, hydrogels were designed to serve both as scaffolds for 

hBMSCs and as a drug delivery system that allowed the controlled delivery of KTG through electrical 

stimulation, promoting the chondrogenesis of seeded cells. In this work, KTG was successfully loaded 

in PEDOT NPs with a high efficiency, and its encapsulation was confirmed through various assays. 

Through cyclic voltammetry, the produced NPs were seen to be electroactive, which allowed for a 

controlled release of encapsulated KTG through electrical stimulation. As chondrogenic differentiation 

is a 21-day process, the drug delivery system presented in this work may be optimal for effectively 

promoting differentiation, allowing a stimuli-dependent delivery of controllable doses along the entire 

differentiation process. Furthermore, the produced NPs and stimulation protocol used in this work 

exhibited excellent biocompatibility. However, further assays regarding KTG release triggered by 

electrical stimulation need to be conducted, with different stimulation conditions being employed and a 

higher number of replicates used. 

The addition of NPs to HA-CS hydrogels significantly lowered the swelling ratio of the scaffolds 

without compromising their water content, which would allow them to retain their mechanical strength in 

an in vivo environment. Additionally, this addition also enhanced the conductivity and mechanical 

strength of the scaffolds. The results obtained highlight the customization potential of this hydrogel, were 

adjusting NP concentration allows the modulation of crucial properties required to create a scaffold that 

mimics native cartilage. Furthermore, as the addition of NPs prolonged the gelation time of the 

hydrogels, these could potentially be utilized as injectable hydrogels, which would further aid their clinical 

translation.  

hBMSCs cultured with KTG/PEDOT NPs exhibited higher levels of GAG production when 

electrically stimulated, pointing to an effective release of the drug that promoted the chondrogenic 

differentiation of the cells. Gene expression analysis also confirmed the differentiation of the seeded 

cells towards hyaline chondrogenic outcomes, highlighted by the upregulation of SOX 9 and COL II and 

downregulation of COL I, COL X and MMP-13. In hydrogels fabricated with NPs, seeded hBMSCs 

exhibited enhanced proliferation, which was likely caused by the increased stiffness of the scaffold. 

Interestingly, cells encapsulated in HA-CS-KTG/PEDOT NPs hydrogels that were electrically stimulated 

showed increased proliferation, suggesting the release of KTG from the nanoparticles. Despite the 

promising results regarding the effectiveness of the system in promoting the proliferation and 



60 
 

chondrogenic differentiation of seeded cells, further assays are required in order to draw definitive 

conclusions, as gene expression analysis did not corroborate the release of KTG in electrically 

stimulated conditions.   
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6. Future perspectives 

The development of a CTE inspired system capable of mimicking the properties of native 

cartilage and allow controlled drug delivery, is a very promising approach to target cartilage 

regeneration. If correctly optimized, this system has the potential for an effective clinical translation, 

where the NPs embedded hydrogels could be injected into damaged cartilage sites of patients, and 

already existing devices could be used to electrically stimulate the tissue, triggering the KTG release 

and promoting regeneration. However, there is still a need for further investigation and optimization in 

order to make this a reality.  

In the future, some of the assays performed for this work need to be re-conducted, in order to 

gather more robust results. The KTG release assays should be re-done in triplicates, and more electrical 

stimulation conditions studied, possibly by changing stimulation times and frequencies. KTG release 

assays should also be performed with NP embedded hydrogels, as the conductivity of the hydrogel can 

influence the effectiveness of electrical stimulation on drug release. The quantification of GAGs and 

gene expression analysis also require further analysis to acquire more robust results. 

After confirming the results obtained in this work with future assays, the hydrogels and 

stimulation protocol need to be optimized in order to not only construct a native cartilage mimetic 

scaffold, but to maximize tissue regeneration potential through cell proliferation and differentiation. In 

order to achieve this, the hydrogel’s composition should be adjusted, by changing crosslinker and 

nanoparticle concentrations, with posterior rheological characterizations. Furthermore, as the prolonged 

presence of a biocompatible hydrogel can hinder the growth of new tissue, being a key parameter for 

an effective clinical translation, the biodegradability of the hydrogels needs to be improved possibly by 

introducing biodegradable materials to their formulation. In terms of electrical stimulation, a deeper dive 

in the molecular mechanisms behind the chondrogenic inducing abilities of KTG should be taken, as 

drug delivery timings could improve the chondrogenic differentiation of MSCs.  

The introduction of the designed system in a multilayered scaffold would also be an interesting 

option, as it would be more closely mimic the different zones of articular cartilage. Finally, after more 

robust results are obtained and the designed system further optimized, studying the system potential in 

vivo would be invaluable to assess its potential for clinical translation.  
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8. Supplementary material 

 

Figure S1 – KTG concentration calibration curve used to calculate LE. 

 

 

Figure S2 - KTG concentration calibration curve used to calculate KTG release. 
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Figure S3 – Sulfated GAGs calibration curve. 

 

 

Figure S4 – Peak conductivity of KTG at 0.6 V plotted against the various scan rates. 
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Figure S5 – Alcian blue staining of hBMSCs cultured in complete and incomplete chondrogenic media 

supplemented with different concentrations of KTG/PEDOT or PEDOT NPs. 

 


