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ABSTRACT 
Current treatments for multiple sclerosis (MS) are hindered by adherence 

challenges linked to frequent systemic dosing regimens, which demand active 
patient participation and often lead to suboptimal therapeutic outcomes. 
Conventional disease-modifying therapies (DMTs) administered orally or via 
injection, struggle to balance efficacy with patient quality of life, compounded by 
risks of systemic toxicity and rapid drug clearance. Recent surveys underscore a 
growing demand for implantable drug delivery systems (DDS) that minimize 
dosing frequency, reduce patient burden, and enhance long-term compliance.   

This dissertation addresses these unmet needs by developing an injectable 
hydrogel platform based on aldehyde-functionalized hyaluronic acid (HAOX) and 
chondroitin sulfate (CSOX), designed for localized, sustained delivery of anti-
inflammatory therapeutics. Central to this innovation is the immobilization of 
polyelectrolyte complexes (PECs) within the covalently crosslinked hydrogel 
matrix. Unlike conventional nanoparticle-based DDS, which rely on freely 
diffusing carriers prone to burst release and instability, immobilized PECs exploit 
electrostatic interactions between therapeutic agents (minocycline, MN; 
Fluorescein isothiocyanate-modified synthetic Preimplantation Factor, FITC-
SPIF) and the anionic sulfate groups of CSOX. This strategy enhances drug 
retention, reduces manufacturing complexity, and eliminates the need for costly 
encapsulation processes.   

For MN, a repurposed tetracycline antibiotic, PECs formed with Ca²⁺ and 
gelatin achieved sustained release over 288 hours with an 88% reduction in burst 
release compared to unbound formulations. Similarly, FITC-SPIF, an 
immunomodulatory peptide, exhibited prolonged delivery kinetics proportional to 
CSOX concentration, minimizing premature leakage. The hydrogel’s enzymatic 
resistance, injectability (<185 kPa extrusion force, Dynamic Glide Force < 40 N), 
and mechanical adaptability (storage modulus: 125–1,083 Pa) ensure structural 
stability under physiological conditions, addressing key limitations of prior DDS.   

In vitro validation confirmed therapeutic bioactivity: released MN 
suppressed pro-inflammatory IL-6 secretion by 56% in human monocytes, while 
FITC-SPIF promoted TGF-β expression in macrophages, indicative of anti-
inflammatory polarization. By integrating immobilized PECs with a tuneable 
HAOX-CSOX matrix, this platform resolves the historical trade-offs between 
controlled release, scalability, and clinical practicality.   

This work advances MS therapy by offering a patient-centric solution that 
aligns with preferences for minimally invasive and long-acting treatments. The 
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HAOX-CSOX hydrogel’s cost-effective design, coupled with its capacity to 
deliver diverse therapeutics, positions it as an alternative tool for managing 
chronic neuroinflammatory diseases, bridging the gap between material 
innovation and patient-centred care. 
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ABSTRAKT 
Současné terapie roztroušené sklerózy (RS) jsou limitovány problémy s 

dodržováním léčebných režimů založených na častém dávkování léčiv, které 
vyžadují aktivní účast pacientů, což vede ke snížené terapeutické účinnosti. 
Terapie modifikující onemocnění (DMTs), podávaná perorálně nebo injekčně, 
nedokáže účinně sladit klinický přínos s kvalitou života pacientů, a to zejména v 
důsledku systémové toxicity a rychlé eliminace léčiv. Nedávné průzkumy 
zdůrazňují rostoucí poptávku po implantovatelných systémech pro řízené 
uvolňování léčiv (DDS), které minimalizují frekvenci aplikace, snižují zátěž 
pacientů a zlepšují dlouhodobou adherenci.   

Tato disertační práce řeší tyto nedostatky vývojem injekčně 
aplikovatelného hydrogelového systému na bázi aldehydem modifikované 
hyaluronové kyseliny (HAOX) a chondroitin sulfátu (CSOX), určeného pro 
lokalizované a prodloužené uvolňování protizánětlivých léčiv. Klíčovou inovací 
je imobilizace polyelektrolytových komplexů (PECs) v kovalentně zesíťované 
hydrogelové matrici. Na rozdíl od konvenčních DDS založených na 
nanočásticích, které využívají volně difundující nosiče náchylné k prvotnímu 
prudkému uvolnění (burst effect) a nestabilitě, imobilizované PECs využívají 
elektrostatické interakce mezi terapeutiky (minocyklin, MN; 
fluoresceinisothiokyanátem modifikovaný syntetický preimplantační faktor, 
FITC-SPIF) a aniontovými sulfátovými skupinami CSOX. Tato strategie zvyšuje 
retenci léčiv, snižuje výrobní náročnost a eliminuje potřebu nákladných 
enkapsulačních procesů.   

Pro MN, repurposed antibiotikum ze skupiny tetracyklinů, dosáhly PECs s 
Ca²⁺ a želatinou prodlouženého uvolňování po dobu 288 hodin s 88% redukcí 
prudkého uvolňování efektu ve srovnání s neimobilizovanými formami. Podobně 
FITC-SPIF, imunomodulační peptid, vykazoval kinetiku uvolňování úměrnou 
koncentraci CSOX, což minimalizovalo předčasnou ztrátu účinné látky. 
Enzymatická odolnost hydrogelu, injekční aplikovatelnost (<185 kPa vytlačovací 
síla, dynamická kluzná síla <40 N) a mechanická adaptabilita (elastická složka 
dynamického modulu ve smyku G‘: 125–1 083 Pa) zajišťují strukturální stabilitu 
za fyziologických podmínek, čímž řeší hlavní omezení předchozích DDS.   

In vitro testy potvrdily biologickou aktivitu uvolňovaných léčiv a 
kompatibilitu systému HAOX-CSOX: uvolněný MN potlačil sekreci 
prozánětlivého IL-6 v lidských monocytech o 56 %, zatímco FITC-SPIF 
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indukoval expresi TGF-β v makrofázích, což indikuje protizánětlivou polarizaci. 
Integrací imobilizovaných PECs do matrice HAOX-CSOX tato platforma 
překonává tradiční kompromisy mezi řízeným uvolňováním, škálovatelností a 
klinickou praktičností.   

Práce přináší inovativní řešení pro léčbu RS, které odpovídá preferencím 
pacientů pro minimálně invazivní a dlouhodobě působící terapie. Nákladově 
efektivní design hydrogelu HAOX-CSOX spolu s jeho schopností dodávat různé 
terapeutické látky jej předurčuje jako alternativní nástroj pro léčbu chronických 
neurozánětlivých onemocnění, propojující materiálový výzkum s potřebami 
pacientů. 
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1. INTRODUCTION AND CURRENT STATE OF 
THE ART OF THE ISSUE DEALT WITH 

1.1 Introduction 

Multiple sclerosis (MS) is an autoimmune-driven neuroinflammation and 
demyelination of central nervous system (CNS) contribute to escalating motor, 
sensory, and cognitive deficits. Current treatment strategies primarily involve 
Disease-Modifying Therapies (DMTs), which have proven effective in slowing 
disease progression and reducing relapse rates. Recent technology in medicine, 
such as autoinjectors and oromucosal sprays, have improved the ease of DMT 
administration by enabling self-administration and reducing the need for frequent 
clinical visits. However, these innovations come with significant limitations, 
including high costs and a heavy reliance on patient active involvement. For 
instance, autoinjectors often require daily replenishment, while oromucosal 
sprays may necessitate daily dosing. These application scheme creates 
burdensome regimens that can lead to non-compliance, compromising therapeutic 
efficacy and underscoring a critical gap in current DMT delivery systems. 
Addressing these challenges is essential for improving treatment adherence and 
clinical outcomes, particularly for patients with cognitive or physical 
impairments. 

Recent surveys report a growing preference among patients for implantable 
drug delivery systems (DDS) that provide sustained DMTs release with minimal 
patient intervention. Such systems have the potential to enhance compliance, 
therapeutic effectiveness, and overall quality of life. In response to these unmet 
needs, this study proposes an injectable DDS based on an aldehyde-modified 
hyaluronic acid hydrogel (HAOX) integrated with immobilized polyelectrolyte 
complexes (PEC) composed of aldehyde-modified chondroitin sulfate (CSOX). 
While hydrogel-based DDS face challenges such as burst release and long-term 
stability, the incorporation of PEC within the HAOX structure allows for precise 
tuning of release kinetics, ensuring sustained and controlled delivery of 
therapeutic agents. Additionally, the HAOX hydrogel provides structural 
integrity, enabling the DDS to be injected and localized at the target site. This 
localization enhances drug concentration while minimizing systemic toxicity, 
addressing a key limitation of conventional delivery methods. The proposed 
system is designed to deliver two therapeutic agents: Minocycline (MN), an 
affordable tetracycline antibiotic with neuroprotective properties, and Fluorescein 
isothiocyanate–modified Synthetic Preimplantation Factor (FITC-SPIF), a 
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peptide with potent immunomodulatory effects. Together, this approach offers a 
patient-centric solution that simplifies drug administration, reduces cost, dosing 
frequency, and eliminates the dependency on active patient involvement. 

The research is structured into two distinct phases, each dedicated to 
developing the DDS for a specific therapeutic agent. This approach enables a 
detailed investigation of the HAOX-CSOX hydrogel's structural properties and 
their influence on release performance, offering key insights into the mechanisms 
controlling MN and FITC-SPIF delivery. Unravelling these mechanisms is critical 
to enhance the system's therapeutic efficacy and ensuring its clinical applicability. 

The implications of this research are substantial. By addressing the inherent 
limitations of current DMT delivery methods, the proposed DDS holds the 
promise to optimize MS management. It not only simplifies drug administration 
and reduces the burden on patients but also offers a modular system with tuneable 
properties for various biological parameters. Ultimately, this study aspires for a 
future in which patients benefit from more effective, patient-centred therapeutic 
strategies, thereby enhancing their quality of life and overall disease management. 
In an era where innovative and accessible treatment options are critically needed, 
this dissertation represents a step forward in the field of chronic disease 
management through advanced DDS.  

1.2 Current state of the art  
1.2.1 Pathoetiology of multiple sclerosis 
MS is as a progressive inflammatory degenerative disease of the CNS 

influenced by multiple interdependent pathobiological axes rather than a 
distinctive category (Fig. 1.1). The inflammation simultaneously initiates the 
dysregulation of cytokines like interleukin-6 (IL-6), transforming growth factor-
beta (TGF-β), tumour necrosis factor-alpha (TNF-α), and interferon-gamma 
(IFN-γ). These cytokines disrupt the blood-brain barrier (BBB) to aid the 
migration of T and B cells while promoting macrophage polarization into pro-
inflammatory phenotype. This interplay promotes reactions that attack the myelin 
sheath to form lesions (sclera) [1,2].  

Currently there is no single therapy that effectively targets the underlying cause 
of MS due to the overlapping symptoms and disease heterogeneity. Consequently, 
patients are prescribed complex DMTs as a multimodal treatment to halt the 
disease progression by reducing the frequency of relapses and the production of 
pro-inflammatory cytokines. U.S. Food and Drug Administration (FDA) have 
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approved more than 20 DMTs for MS, with each therapy offering a varying 
duration of treatment and route of administration (Table 1.1). For example, 
several DMTs require daily administration, such as oral medications like 
Teriflunomide. Meanwhile, Glatiramer acetate should be injected daily or three 
times a week. Cladribine has a longer treatment course lasting 4-5 days over two 
weeks. On the other hand, infusion therapies vary significantly; Ocrelizumab is 
administered every six months, while Natalizumab and Mitoxantrone are given 
more frequently every four weeks [3].  

 

Fig. 1.1: Interdependent pathobiological axes of MS. 

While the DMT proven to reduce the relapse frequency by 30-50%, their 
efficacy is often limited by treatment regimens that demand continues healthcare 
visits or frequent self-administration [1]. Adherence rates are significantly 
influenced by patient comfort levels with different routes of administration. For 
instance, adherence reduced from 69.4% for weekly intramuscular injection to 
58.4% for subcutaneous administrations given three times per week [4,5]. The 
recognized efficacy of injectable DMTs may be compromised by physiological 
burdens such as needle anxiety, injection site reaction (including pain and 
redness), and flu-like symptoms such as fever, fatigue, and muscle sores. 
Although oral therapy offers greater convenience, patients may find it challenging 
to maintain the frequent dosing schedule required for some DMTs [5]. Patient-
prescribed infusion treatments are associated with higher treatment satisfaction 
due to their efficacy and less frequent administration. However, this treatment 
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requires hospital visits, which can be inconvenient for some patients. 
Furthermore, the decrease in compliance is worsened by physiological burdens 
combined with cognitive and motor impairment, which enhance the challenge for 
patients to comply with their treatment plans. 

Table 1.1 FDA Approved Disease Modifying Therapies [3,6–8]. 

DMTs Route of 
administration 

Approved 
indication 

Mechanism of 
action 

Interferon beta 
1a Injection  

Clinically 
Isolated 
Syndrome 
(CIS); 
Relapsing 
Remitting MS 
(RRMS)  

Immunomodulatory 

Interferon beta 
1b Injection CIS; RRMS Immunomodulatory 

PEGylated 
Interferon beta 
1a 

Injection CIS; RRMS Immunomodulatory 

Glatiramer 
acetate 

Injection / 
Infusion 

RRMS; Active 
Secondary 
Progressive MS 
(SPMS) 

Immunomodulatory 

Teriflunomide Oral  RRMS Suppression of cell 
differentiation 

Fingolimod Oral  RRMS 
Lymphocyte 
retention and 
migration arrest 

Dimethyl 
fumarate Oral  CIS; RRMS; 

Active SPMS Immunomodulatory 

Diroximel 
fumarate Oral  CIS; RRMS; 

Active SPMS Immunomodulatory 

Monomethyl 
fumarate Oral  CIS; RRMS; 

Active SPMS Immunomodulatory 

Cladribine Oral  RRMS, SPMS 

Immunosuppressive; 
Impairment of DNA 
synthesis for T-cell 
and B-cell 

Ozanimod Oral RRMS Immunosuppressive; 
Bind S1P receptor 
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Siponimod Oral RRMS, SPMS Immunomodulatory; 
Bind S1P receptor 

Alemtuzumab Infusion RRMS 

Depletion of 
CD25+, T-cell, B-
cell, monocytes and 
macrophages 

Mitoxantrone Infusion RRMS Cell division and 
migration arrest 

Ofatumab Infusion CIS; RRMS; 
Active SPMS Immunosuppressive 

Ocrelizumab Infusion  

CIS; RRMS; 
Active SPMS; 
Primary 
Progressive MS 
(PPMS) 

Depletion of CD20+ 
cells 

Natalizumab Infusion  CIS; RRMS; 
Active SPMS 

Inhibit immune cells 
trafficking to CNS 
by blocking a-4, ß -
1, and ß -7 integrins 

 

The complexity of current modes of administration, each with a different 
mechanism of action, side effects, and efficacy, can potentially overwhelm 
patients and lead to frustration. Recent surveys focusing on the relationship 
between adherence and quality of life reveal that 72% of patients opt for 
implantable DDS to eliminate dosing burdens, underscoring the urgency for 
innovations aligning with patient-centric care that considers individual patient 
needs and preferences [9–11]. Despite well-documented adherence challenges 
that remains a central issue in MS management, conventional delivery systems 
impose potential systemic side effects that can compound the problems and 
ultimately diminish the effectiveness of treatment. 

1.2.2 Systemic toxicity of conventional MS treatment: a hidden cost of 
conventional delivery 

MS therapy depends on DMT for disease management with goals to regulate 
immune responses and decrease exacerbated neuronal damage. However, the 
absence of harmonized protocols for the administration route, combined with the 
existing variability in the approved DMTs and multifaceted symptoms, can lead 
to inconsistent treatment outcomes and make it difficult to compare the efficacy 
between treatment plans [12]. For example, systemic drug administrations are 
effective for targeting peripheral therapeutic areas but often associated with a 
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higher risk of adverse effects [13]. The non-selective nature of systemic route 
distributes the DMT to both diseased and healthy tissue (Fig. 1.2). Consequently, 
in the case of MS, the efficacy may be limited when the intended targets are 
sequestered by the BBB. 

 

Fig. 1.2: Risk of systemic administration route of the Disease Modifying Therapies. 

Although oral and injectable DMTs can be effective in treating MS, their ability 
to traverse BBB often requires supratherapeutic doses and linked with the 
propensity to induce systemic toxicity [13]. For example, 60% patients prescribed 
with weekly or three times per week of intramuscular injection (Avonex®) of 
Interferon Beta-1 or subcutaneous injections (Rebif®) experienced persistent 
nausea. This adverse effect comes as systemic cytokines activation with 10 - 15% 
has reported for hepatotoxicity [14,15]. Such broad immunomodulatory 
mechanism induces the disruption for both pathological and homeostatic immune 
cascades, which requires another administration of proinflammatory agent and 
routine biochemical monitoring. 

Similarly, orally taken dimethyl fumarate aggravates the safety concern of 
inefficiency delivery routes. Although dimethyl fumarate decreases the annual 
relapse rate by approximately 50%, its bioactive metabolite (monomethyl 
fumarate) achieves only 1 µg mL-1 in the cerebrospinal fluid (CSF). This 
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concentration deemed far low from the thresholds to induce neuroprotective 
mechanism. This pharmacokinetic inefficiency is compensated by high oral doses 
of 240 mg twice daily, which simultaneously induce lymphopenia observed in 
15–20% of patients [14,16].  

On the other hand, infusion route of ocrelizumab is considered as an alternative 
to balance between therapeutic efficacy and systemic risk. Efficacy of 
ocrelizumab entails the slows of disability progression up to 40%, with its 
mechanism of action rendering the depletion of CD20-positive B cells [14].  
However, this cell-suppressive cascade elevates the susceptibility for upper 
respiratory tract infection which is manageable with the co-administration of 
antihistamines and corticosteroids [17].  

Ultimately, the adverse effects attributed to conventional MS treatments 
represent a significant yet often overlooked expenditures. These expenditures not 
only encompass the cost of DMTs but also include the resources required to 
manage potential complications, such as axillary diagnostics and infusion-related 
hypersensitivity reactions, which affect approximately 25% of people receiving 
such treatments [18,19]. Beyond the direct health consequences, these toxicities 
give rise to a series of socioeconomic burdens, affecting patient access, adherence, 
and overall quality of life. 

1.2.3 Socioeconomic implication of conventional multiple sclerosis 
treatment and potential treatment strategy 

The significant economic strain of MS is substantially driven by the increasing 
expenditure of DMTs. The annual expense for DMTs increased dramatically 
between 2011 and 2015, from $26,772 to $43,606. This continued escalation 
imposes a heavy financial burden on healthcare system and magnifies the 
challenges for patients in accessing necessary treatments [20]. In addition to these 
expenditures, which are compounded by the need of regular clinical monitoring, 
the financial burden of living with MS extends beyond direct medical costs (Fig. 
1.3). Many patients must compensate for lost income and expenses related to 
caregiving. Ultimately, these financial strains contribute to socioeconomic 
disparities in access to efficacious treatment.  

Beyond its financial burden, MS exerts a considerable psychosocial 
consequence, ranking as the predominant source of acquired disability in young 
adult populations. With a 3:1 female-to-male prevalence ratio, MS 
disproportionately affects women during their productive years, resulting in 
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workforce attrition and a severe decline in living standards [21]. The motor and 
cognitive impairments associated with MS often lead to early retirement, causing 
a reduction in earning potential and increased social isolation, which can 
aggravate mental health issues. Moreover, the chronic and unpredictable 
characteristics of the disease places considerable emotional and financial pressure 
on families, underscoring the urgent need for comprehensive support systems and 
policies to address these complex challenges.  

 

Fig. 1.3: Socioeconomic burden of MS and drug repurposing as one of feasible 
strategies to overcome the impacts. 

One potential strategy to circumvent the socioeconomic burdens of MS is drug 
repurposing, which involves using existing medication for new therapeutic 
purposes. Given the urgent need for effective treatments, drug repurposing 
provides a compelling alternative to traditional drug development, which is often 
extensive, resource-intensive, and unpredictable, with a high failure rate and 
substantial financial risks. This approach leverages existing knowledges of 
approved and investigational drugs, their established physical, chemical, and 
pharmacological properties, to accelerate the development process. By bypassing 
early-stage testing, drug repurposing potentially reduces both the time and cost 
attributed to pharmaceutical research [22].    

Drug repurposing strategy has been particularly valuable in conditions like MS, 
where inflammation is a key pathological feature. As inflammation becomes the 
hallmark of MS, anti-inflammatory therapies developed for other diseases are also 
relevant to MS symptoms. Candidates like minocycline (MN) [23] and Synthetic 
Preimplantation Factor (SPIF) [24] exemplify the potential benefits of this 
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approach. These examples are capable of targeting both neuroprotection and 
immunomodulation, underscore the potential of this approach to circumvent the 
limitations of traditional drug development. Their repurpose as promising 
candidates underscores the rigorous process by which existing drugs are evaluated 
for their potential to address the multifaceted challenges of MS.  

1.2.4 Minocycline: from antibiotic to neuroprotectant 
MN, a second-generation semi-synthetic tetracycline, presents a compelling 

option for repurposing in MS treatment. This drug potentially accelerates its 
regulatory pathway for new applications due to its established safety profile and 
already approved for other indications  [23]. The generic availability of MN 
reduces its cost to $0.50/day, compared to $6,000/month for monoclonal 
antibodies, making it a cost-effective option for MS treatment [25]. Combined 
with its wide availability, this positions MN as an attractive candidate for 
healthcare systems seeking effective and economically viable therapies [25,26]. 
However, while MN’s antimicrobial activity is well-documented, its dual-action 
potential in MS depends on two mechanisms: microglial depletion and the 
stabilization of BBB [27,28].  

MN demonstrates promise for treating MS due to its ability to suppress 
neuroinflammation. These immune-modulating effects work by inhibiting 
microglial activation, leading to reduced pro-inflammatory cytokine production 
(IL-6, TNF-α) and promoting a Th1-to-Th2 immune shift via decreased IFN-γ 
production in CD4+ T cells [27,29–31]. MN also contributes to the cellular 
integrity and permeability BBB repair by maintaining proteins like ZO-1, 
Occludin, and β-catenin [27,28]. These dual mechanisms align with MS 
pathophysiology, offering a multitargeted approach distinct from conventional 
immunotherapies. 

A critical gap in MN’ repurposing lies in its narrow therapeutic window. 
Neuroprotection in preclinical models requires high doses (50 mg/kg/day in 
rodents; 200 mg/day orally in humans) and such concentration are associated with 
systemic toxicity, including hepatotoxicity [32] and mortality in animal studies 
[33]. Human trials in MS and stroke show clinical benefits at 100-200 mg/day, 
yet the concentration found in the CSF remain suboptimal (0.5 µg/mL) compared 
to neuroprotective thresholds (30–50 µg/mL) [34,35]. The disparity between 
dosing concentration and CNS bioavailability underscores a translational 
challenge: achieving efficacious CNS levels without systemic risk.  
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Fig. 1.4: Minocycline structure: a) metal ion chelation sites, b) chelation structure of 
MN with Calcium [36,37]. 

MN physicochemical characteristics present a complex challenge for its 
delivery. Its rigid tetracyclic structure, zwitterionic nature (isoelectric point = 6.4), 
and pH-dependent solubility hinder BBB penetration and tissue targeting [37]. 
Evenmore, MN’s instability in acidic environments and chelation with dietary 
cations (Ca²⁺, Fe³⁺) decrease oral bioavailability (Fig. 1.4) [38]. While intravenous 
and intraperitoneal routes improve plasma concentrations [34], they fail to resolve 
neuroinflammation-specific symptoms. Consequently, enhanced technology of 
DMT delivery, capable of elevating MN concentrations toward the diseased 
tissue, is indispensable.  

MN’s neuroprotective activity is significantly linked to its complex 
physicochemical profile. While its zwitterionic nature and lipophilicity enable 
BBB penetration, its rigid tetracyclic structure, pH-dependent solubility, and 
instability in acidic environments ultimately restrict CNS bioavailability. This 
inherent challenge combined with systemic toxicity at high dose, highlight the 
contradictions of MN’s pharmacology: its structural features confer both 
antibacterial efficacy and neuroprotective potential, yet simultaneously 
undermine its translational viability. Recent study in MN delivery seek to 
reconcile this duality by exploiting its unique chemistry. The molecule’s 
tetracyclic structure, ionizable groups (pKa 2.8–9.3), and chelation behaviour 
with metal ions offer opportunities for targeted formulations. For instance, despite 
the multivalent metal ions compromising MN absorption, the same ions, such as 
Al3+, Zn2+, Ca2+, and Mg2+, can reduce the epimerization by stabilizing and 
protecting MN configuration against the assailants [37,39,40].  These strategies 
aim to bypass systemic limitations, ensuring efficacious concentrations reach 
inflamed CNS tissue.   

MN’s repurposing strategy for MS is significantly associated with resolving 
its dose-dependent toxicity and delivery inefficiency. Previous studies emphasize 
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its mechanistic potential, yet clinical translation hindered by pharmacokinetic 
profiles. By prioritizing DDS innovations that leverage MN’s chemical 
properties, future research can bridge the gap between preclinical efficacy and 
clinical utility, addressing a critical unmet need in MS therapy. 

1.2.5 From gestation to neuroprotection: repurposing synthetic 
preimplantation factor for immunomodulation in multiple sclerosis 

In the complex landscape of MS treatment, Synthetic Preimplantation Factor 
(SPIF) offers a promising approach by targeting both the immune system and 
neural repair processes. This 15-amino acid peptide (sequence: 
MVRIKPGSANKPSDD) was initially identified as a key factor in establishing 
immune tolerance during early pregnancy, where it is secreted by viable embryos 
and placenta (Fig. 1.5). SPIF’S fast-track clinical approval reduces development 
risks, making it an attractive candidate for repurposing in MS therapy [41]. Its 
mechanism of action involves a delicate balancing act, suppressing pro-
inflammatory cytokines while simultaneously promoting the secretion of the anti-
inflammatory mediators [42]. This dual capacity to modulate immunity and 
support neural repair makes SPIF a candidate for repurposing in MS, a disease 
characterized by both inflammation and neurodegeneration. 

The immunomodulatory properties of SPIF are recognized by its ability to 
maintain immune tolerance during pregnancy. SPIF prevents foetal rejection by 
binding to naive CD14+ monocytes to suppress mixed lymphocyte proliferation 
and inhibits pro-inflammatory cytokine release [42,43]. Notably, SPIF 
downregulates key drivers of inflammatory cascades (IL-6 and IFN-γ) while 
promoting TGF-β expression which critical for regulatory T-cell differentiation 
[24]. Beyond cytokine modulation, SPIF demonstrates neurorestorative potential 
by directly targeting the neurodegeneration pathway. SPIF capable to promote 
neuronal migration, reduces microglial activation and apoptosis [24,42]. 
Furthermore, SPIF ability to cross the intact BBB and modulate the expression of 
protein kinases (PKA/PKC) further positions it as a dual-action therapeutic, 
capable of alleviating systemic inflammation while promoting CNS repair [41]. 

 

Fig. 1.5: Structure of synthetic preimplantation (SPIF). 
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The repurposing of SPIF from pregnancy-related immunology to 
neuroinflammatory diseases is supported by robust preclinical and clinical data. 
In experimental autoimmune encephalomyelitis (EAE) models, subcutaneous 
SPIF injection suppressed IL-23 expression, which is critical for sustaining 
pathogenic T cells. This suppression disrupted relapse frequency, resulting in 
reduced paralysis and demyelination [41]. Furthermore, clinical administration of 
low-dose subcutaneous SPIF rapidly reduced relapse severity within 24-48 h 
without rebound effects, contrasting with slower-acting therapies that require 
weeks to take effect [42]. This paradigm suggests a distinct therapeutic window 
for managing acute flares.  

Clinical trials underscores SPIF’s safety and versatility. A phase I trial in 
autoimmune hepatitis (NCT02239562) confirmed its tolerability at high 
subcutaneous doses, paving the way for Phase II studies [44]. Despite its potential, 
SPIF rapid enzymatic degradation and short half-life in vivo (<2 h) remains a 
critical challenge to sustaining its efficacy [42]. Preclinical studies have explored 
multiple delivery routes, including subcutaneous injections and osmotic pumps to 
overcome the structural instability. However, even though SPIF can cross the 
BBB, its brain uptake remains limited to approximately 5% of administered doses, 
underscoring a key challenge for CNS-targeted therapy.  

These limitations require delivery strategies which remains a gap yet to be 
addressed in neuroinflammatory contexts. Additionally, these multifaceted 
challenges have fuelled debates on optimizing drug delivery to reconcile patient 
autonomy, clinical efficacy, and safety. This is further complicated by recent 
findings highlighting patients' desire for implantable DDS, which would reduce 
the need for frequent and active participation in their own treatment [9–11,45]. 
However, the primary challenge lies in developing a controlled release system 
that can be seamlessly integrated into the tissue or implantable devices. The 
system should be capable to retain a high concentration of DMTs and releases 
them in a timely manner without substantial structural alterations. These 
unresolved gaps highlight the need for innovative delivery strategies, with 
potential solutions provided by advanced materials, though stability and 
scalability barriers persist.  

1.2.6 Hydrogels: promises and pitfalls 
Hydrogels offer a promising approach to drug delivery for MS, combining 

biocompatibility, tuneable mechanics, and localized therapeutic release [46,47]. 
The three-dimensional polymer networks capable retaining up to 99% water by 
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weight which replicating the aqueous environment of biological tissues. 
Furthermore, these high-water structures minimize immune rejection while 
suitable for entrapping water-soluble DMTs such as MN and SPIF [48]. This 
architectural mimicry is particularly advantageous for CNS application, where 
BBB and inflammatory milieu pose significant challenges to systemic drug 
delivery. 

The hydrogel tunability to various environment stems from their 
crosslinkable architecture, where physical or chemical bonds between polymers 
create a porous, water-retentive matrix. Additionally, the crosslinking density 
influences the matrices mechanical and structural adaptability including, mesh 
size, stiffness, which is adjustable to fit the demands of MS lesions [49]. For 
instance, softer hydrogel may be better integrated with nervous tissue. On the 
other hand, denser network offers a critical feature for chronic conditions like MS 
by providing better diffusion barrier for drug release. Despite these advantageous, 
significant challenge remains in translating hydrogel-based DDS into clinically 
viable solutions. Specifically, for repurposed DMTs such as MN and SPIF, where 
preclinical and clinical studies have primarily relied on systemic route of 
administration. These challenges underscore the interplay between practicality 
and functionality in hydrogel design.  

Thermosensitive hydrogels, such as poloxamer 407, offer potential for 
minimally invasive delivery through injectable properties. These systems undergo 
sol-gel transitions at physiological temperatures, enabling precise localization at 
target sites via injection to MS-affected CNS regions. Wang et al. (2023) 
demonstrated this potential in a wound healing model, where Poloxamer-based 
hydrogels loaded with MN-Ca²⁺ chelates achieved sustained release over 48 h 
[50]. However, a persistent limitation of such system is burst release, which is 
marked by a rapid initial discharge of loosely bound drugs from the matrix. While 
this burst may offer immediate relief for combating bacterial infections, it risks 
long-term efficacy and necessitating frequent re-administration. Similarly issue 
affects chitosan-xanthan gum hydrogels, where electrostatic interactions between 
cationic chitosan and anionic xanthan forms cohesive networks. Despite 
structurally robust, Ngwabebhoh et al. (2021) reported that 50% of MN was 
released within 24 h due to insufficient drug-polymer binding [51], mirroring the 
burst release seen in poloxamer systems. The shared limitation highlights a 
persistent critical issue as physical crosslinking simplifies preparation and 
enhances biocompatibility but often fails to retain small, hydrophilic drugs like 
MN.  
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On the other hands, different injectable system mitigates the burst by 
integrating secondary interaction between MN chelate and peptide to enhance 
structural stability of the carrier. Zhue et al (2022) demonstrated that integrating 
these nanocomposites into PDLLA-PEG-PDLLA hydrogel reduced the burst by 
5–10% and extended sustained delivery to 21 days [52]. Similarly, PLGA 
nanoparticles encapsulating the MN-Ca²+ chelate system achieved prolonged 
release but introduced scalability barriers due to inflammatory risks from acidic 
degradation byproducts [53]. This situation underscores a challenge in optimizing 
retention without compromising manufacturability or biocompatibility. 

The delicate balance between functionality and practicality is further 
illustrated by biopolymer-based hydrogels. Despite as an integral part of 
extracellular matrix, Hyaluronic acid (HA) and chondroitin sulfate (CS) are 
preferred for DDS application due to their biodegradability and bioactivity 
[46,48,54]. HA is capable to support cellular adhesion and modulates 
inflammatory responses, while CS’s sulfated structure enables electrostatic 
interactions with cytokines and growth factors, offering inherent 
immunomodulatory benefits. These inherent properties make HA and CS ideal 
candidates for DDS targeting neuroinflammation in MS. However, their rapid 
enzymatic degradation in the inflamed CNS environment severely limits their 
clinical utility [55]. Inflammatory environments, such as in MS, rich in 
hyaluronidase and chondroitinase degrade HA and CS hydrogels within days, 
causing premature drug leakage and inconsistent therapeutic delivery. This 
inherent structural instability requires a system that withstands pathological 
conditions while maintaining therapeutic efficacy. 

The promise of hydrogel in MS therapy thus depends on resolving the 
interrelated conflicts of drug retention and environmental stability (Fig. 1.6). 
Despite the foundational studies by Wang et al. (2021), Zhue et al. (2022), and 
Zhao et al. (2023) uncover pathways forward, they also expose unresolved 
challenges particularly regarding translability. This situation highlights the need 
for complementary strategies. Emerging platforms like polyelectrolyte complexes 
(PEC), which utilize electrostatic interactions to enhance drug-polymer binding, 
offer tuneable alternatives to address burst release and scalability challenges 
inherent in hydrogels [47]. 
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Fig. 1.6: Several factors influencing the kinetics of drug release from hydrogels. 
Faster drug release arises from smaller particles (higher surface area) and low-MW 

polymers. Conversely, sustained release is achieved with larger particles (limited 
surface exposure) and high-MW polymers (dense matrices). Matrices flexibility 
defined by crosslinking types (covalent, physical) and the density further refines 

control, enabling customized therapeutic delivery. 

1.2.7 Polyelectrolyte complexes (PEC): scalability versus stability 
Hydrogels present an alternative yet unfinished solution for MS therapy. 

Their structural and functional adaptability positions them as ideal candidates for 
localized delivery, but their clinical translation is hindered by drug-polymer 
interactions for retention and control release. Based on this situation, 
polyelectrolyte complexes (PECs) provide a complementary strategy to address 
the limitations of DDS for MS. PECs offer vast and robust alternatives to 
chemically crosslinked hydrogels as it uses electrostatic interactions between 
anionic and cationic polymers to form self-assembled networks (Fig. 1.7). This 
preparation method simplifies manufacturing process while increasing 
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biocompatibility by omitting the needs for organic solvents or crosslinkers [56]. 
This straightforward process position PECs as promising platform for clinical 
translation.  

 

Fig. 1.7: Polyelectrolyte complex offers straightforward drug entrapment process 
versus conventional nanoparticulate fabrication. Panel a) conventional nanoparticle 

fabrication involves multiple steps such as solvent selection, mixing, and 
polymerization. b) In contrast, polyelectrolyte-based self-assembly enables simple, 
solvent-free drug loading with tuneable nanoparticle properties, offering a scalable 

alternative to complex multi-step methods. 

A central challenge in PEC-based DDS lies in the zwitterionic nature of 
drugs like MN. At physiological pH, MN’s isoelectric point (6.4) oscillates 
between cationic and anionic states. This dynamic charge profile weakens 
electrostatic interactions with charged polymers, such as dextran sulfate, leading 
to inefficient drug entrapment. Zhang et al. (2015) demonstrated that MN-dextran 
sulfate coacervates achieve ≤ 30% entrapment efficiency due to MN’s fluctuating 
charge, which destabilizes the complex and accelerates drug diffusion [36]. Such 
inefficiency hinders sustained release, necessitating strategies to stabilize drug-
polymer interactions. For instance, incorporating divalent cations like Ca²⁺ can 
bridge MN and polyanions through chelation, enhancing structural stability. 
However, this approach introduces new complexities, as excess cations may 
disrupt physiological ion balance or induce cytotoxicity [37].   

The stability of PECs is significantly influenced by physiological conditions. 
Müller (2014) highlighted that the relative simplicity of PECs preparation, which 
depends solely on electrostatic interactions comes at the cost of structural 
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vulnerability under physiological conditions. Fluctuations in pH and ionic 
strength disrupt these electrostatic conformations [56]. This environmental 
sensitivity can accelerate drug leakage, particularly for small hydrophilic drugs 
like MN, which diffuse rapidly through the loosened polymer network. To 
mitigate this situation, hybrid systems combining PEC with hydrophobic domains 
or micellar structures have been explored. For example, MN-Ca²⁺ micelles 
leverage chelation to improve drug retention, extending release profiles beyond 
24 h [57]. Yet, these systems introduce cytotoxicity at concentrations > 15 mg 
mL-1, thereby constraining therapeutic applicability. This issue underscores the 
critical challenge of optimizing PECs stability without compromising 
biocompatibility.   

This interplay extends to intrinsic polymer characteristics (e.g., chain 
flexibility, charge density) and extrinsic environmental factors (Fig. 1.7). For 
instance, low molecular weight polymers tend to form dense-structured 
complexes that facilitate controlled drug release, whereas high molecular weight 
polymers create loosely packed networks that enhance diffusion. Physiological 
ionic strength further screens electrostatic bonds and modulates the instability 
[58]. Mitigation strategy has been investigated to stabilize the PECs structure 
leveraging crosslinking approach via photopolymerization or enzyme-mediated 
crosslinking. Nevertheless, these methods reintroduce the persistent challenges of 
synthetic complexity and potential toxicity the PEC-based systems were designed 
to circumvent. 

Scalability is another challenge in the development PEC-based control 
release systems. Natural polyelectrolytes, such as chitosan and CS, offer intrinsic 
biocompatibility, but introduces batch-to-batch inconsistencies stemming from 
their natural sourcing. This diversity may complicate large-scale reproducibility 
[59]. In contrast, synthetic polyelectrolytes, including poly (acrylic acid) and 
polyethylenimine, generate uniform properties and enable precise control over 
charge density. However, the synthesis process raises concerns due to residual 
monomers and cytotoxic degradation products.  For example, polyethylenimine-
based PECs, despite their efficacy in gene delivery applications, demonstrate 
dose-dependent cytotoxicity attributed to excessive cationic charge density, 
which induces membrane destabilization [60]. Devising a hybrid strategy that 
synergistically combine natural and synthetic polymers may provide 
compensatory properties for enhanced application. Layer-by-layer (LbL) 
assembly strategically integrates this approach by merging the biocompatibility 
of biopolymers with the physicochemical precision of synthetic counterparts to 
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form PEC with improved stability. Lv et al. (2014) reported that chitosan-alginate 
LbL coatings on titanium substrates achieved sustained MN release over 14 days 
[40]. Nevertheless, the translational potential of such systems is limited by the 
time-intensive, multistep deposition protocols inherent to LbL methodologies. 

Despite these challenges, PECs retain significant potential for improving MS 
therapy. Their modular design enables tailored interactions with charged 
therapeutics such as MN and SPIF. For instance, SPIF’s cationic residues form 
stable complexes with anionic polymers like heparin, shielding the peptide from 
enzymatic degradation while enabling controlled release. Similarly, MN’s 
amphiphilic structure facilitates dual interactions with hydrophobic and 
hydrophilic group, enhancing loading capacity. However, while hybrid systems 
and advanced formulations offer pathways to improve stability and retention, 
unresolved issues in scalability and manufacturing reproducibility hinder clinical 
translation. The incorporation of PEC into injectable hydrogels offers a promising 
strategy to synergize the strengths of both systems in localized retention and 
controlled release. This system aligns with the shift toward patient-centric DDS 
that prioritize minimal intervention and reduced systemic toxicity. Yet, no 
existing system has successfully reconciled structural stability, high drug loading, 
and patient-centric design. 

1.2.8 Toward a paradigm shift: the HAOX-CSOX hydrogel platform 
The identified pitfalls of conventional hydrogels and PECs for MS therapy 

underscore the need for improved platforms that accommodate structural stability, 
controlled release, and patient-centric design. The HAOX and CSOX hydrogels 
present as a solution, leveraging chemical modifications of HA and CS to address 
these challenges. Regioselective oxidation of HA and CS into their aldehyde-
functionalized forms (HAOX and CSOX) enhances the platform’s structural 
integrity and reactivity [61–63].  

These modifications introduce α,β-unsaturated aldehydes for enhancing 
crosslinking efficiency. Unlike saturated aldehydes, these functional groups allow 
rapid covalent bond formation with aminooxy crosslinkers such as O,O′-1,3-
propanediylbishydroxylamine dihydrochloride (PDHA) under physiological 
conditions [64]. The formed oxime bonds exhibit superior hydrolytic stability due 
to the electron-withdrawing hydroxyl group adjacent to the C=N bond. This 
structural feature reduces the susceptibility to hydrolysis, maintaining network 
integrity across physiological pH ranges. Moreover, the modification of CS into 
CSOX introduce dual functionality dependent on the degree of functionalization. 
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Similarly to HAOX, the aldehyde groups in CSOX allow the covalent bond 
formation with PDHA, while the remaining sulfate groups potentially interact 
with charged therapeutics like MN and SPIF. By forming a dual crosslinking 
system (covalent oxime bonds and electrostatic PEC interactions), HAOX-CSOX 
minimizes burst release while extending therapeutic retention. This dual strategy 
resolves the historical issues between stability and drug-loading capacity.  

 

Fig. 1.8: HAOX-CSOX versatility as a drug delivery platform. The system enables a 
patient-centric platform, offering tuneable mechanical properties (gelation time, 

elastic modulus), fine-needle injectability, and durable oxime-mediated crosslinking. 
Electrostatic interactions between CSOX sulfate groups and cationic drugs facilitate 

efficient physical entrapment. 

The HAOX-CSOX hydrogel’s mechanical tunability further enhances its 
clinical relevance. Adjusting the ratio of PDHA to aldehyde groups fine-tunes the 
hydrogel’s viscoelastic properties, enabling injectability through minimally 
invasive procedures (Fig. 1.8). This aligns with patient preferences for 
implantable devices that reduce procedural discomfort and recovery time [10,11]. 
Importantly, crosslinking density directly modulates the hydrogel’s mesh size, 
which defined as the interstitial spaces between polymer chains capable of 
dictating the diffusion kinetics. Higher crosslinking densities form smaller mesh 
size thus restricting the mobility of larger molecules (e.g., SPIF), while permitting 
sustained release of smaller payloads (e.g., MN). Mesh size can be estimated 
through equilibrium swelling or rubber elasticity theories. Equilibrium swelling 
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theory is particularly useful for hydrogel with a high polymer concentration, and 
it calculates the distance by analysing the swelling profile, rendering the 
relationship between swelling ratio and polymer volume fraction [65–68]. 
Meanwhile, rubber elasticity theory provides measurement techniques in relation 
to the mechanical properties of the hydrogel and its structural characteristics 
[69,70], allowing for prediction based on viscoelasticity measurement. Such 
control over mesh architecture ensures tailored release profiles, critical for 
aligning dosing intervals with patient compliance.  

System from unmodified HA and CS hydrogels degrade rapidly in 
inflammatory environments rich in hyaluronidase and chondroitinase, leading to 
premature drug leakage. In contrast, the crosslinking of HAOX and CSOX resist 
enzymatic breakdown, maintaining structural stability and predictable drug 
release. This release can be quantified using the Korsmeyer-Peppas model 
[67,68], which relates fractional drug release to time via the power-law equation. 
The diffusional exponent (𝑛 ) derived from the experimental data typically reflects 
the transport dynamic. Values between 0.5 and 1 indicate non-Fickian 
(anomalous) behaviour, where drug diffusion and hydrogel relaxation occur 
concurrently. On the other hand, rapid degradation often results in 𝑛 ≥ 1 (Case-II 
transport), indicative of significant structural alteration. The enzymatic resistance 
of HAOX-CSOX ensures time-independent mesh stability, avoiding the 
collapsing networks seen in traditional systems. Consequently, release parameters 
(e.g., rate constant 𝑘) remain consistent over time, enabling precise 
pharmacokinetic predictions, which is a cornerstone of patient-centric design. 

Safety evaluations underscore the platform’s translational potential. 
Biocompatibility studies confirm that HAOX and CSOX degradation products do 
not induce cytotoxicity or inflammatory responses at clinically relevant 
concentrations. For example, PDHA-crosslinked HAOX hydrogels maintain 
fibroblast viability even under prolonged exposure, while CSOX exhibits no 
adverse effects on cell cultures [61–64]. These findings position the HAOX-
CSOX system as a robust candidate for CNS applications, where localized 
delivery minimizes systemic toxicity and bypasses the BBB.   

The HAOX-CSOX hydrogel platform addresses longstanding limitations of 
conventional systems by harmonizing covalent crosslinking, enzymatic 
resistance, and mechanical tunability. This hydrogel supports an injectable system 
that combines biocompatibility with solutions to MS-specific challenges like 
frequent dosing and patient compliance. By integrating modular design of hydrogel 
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and PECs, the HAOX-CSOX platform potentially enables the shift toward 
patient-centric drug delivery systems, crucial on overcoming preclinical barriers 
to clinical adoption.  
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2. AIM OF THE THESES 
This study is aimed to develop an injectable HAOX-CSOX hydrogel 

platform for localized, sustained drug delivery in MS, addressing the adherence 
burden and pharmacokinetic limitations of current DMTs. We hypothesize that: 

1. Covalent immobilization of PECs within the hydrogel network via oxime 
ligation will minimize burst release and prolong therapeutic delivery by 
restricting drug diffusion, compared to conventional freely diffusing 
carriers. 

2. Tuning HAOX:CSOX ratios would enable precise control over hydrogel 
mechanical properties (e.g., gelation time, elastic modulus) and drug 
release kinetics, balancing injectability with structural stability. 

 

 

Fig. 2.1: Overview of the thesis objectives. Step 1) Materials selection and entrapment 
strategy for delivering repurposed DMTs. The purple sphere represents the 

conventional nanoparticle-based drug entrapment approach, while the orange sphere 
illustrates the proposed method, where the drug is encapsulated in a PEC immobilized 
withing the HAOX-CSOX hydrogel structure. Step 2) Characterization of DDS. Step 3) 

In vitro bioactivity testing to evaluate the compatibility of the DDS with the 
encapsulated DMTs. 
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Specifically, this thesis focusses on designing, fabricating, and analysing 
PEC-loaded HAOX-CSOX DDS for controlled release of anti-inflammatory 
drugs (Fig. 2.1). Two strategies are used: 

1. Designing a MN-loaded system leveraging electrostatic PEC formation 
(MN/Ca²⁺/gelatine/CSOX) and covalent HAOX-CSOX crosslinking to 
protect MN from degradation while ensuring sustained anti-inflammatory 
release. 

2. Engineering a FITC-SPIF delivery platform using HAOX-CSOX double 
networks to optimize peptide release profiles and validate retained 
bioactivity post-encapsulation. 

By prioritizing patient-centric design through minimally invasive 
administration, reduced dosing frequency, and localized delivery, this work seeks 
to advance a translatable alternative to systemic DMTs, bridging material 
innovation with clinical pragmatism.  
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3. EXPERIMENTAL SECTIONS 
3.1 Materials and methods for in situ formed hyaluronic acid 

hydrogel loaded with polyelectrolyte complex for 
minocycline control release 

3.1.1 Materials  

Materials selected for this study consist of aldehyde-modified hyaluronic acid 
(HAOX; Molecular weight: 325 kDa; degree of substitution: 7.1%) obtained from 
Contipro a.s. (Dolni Dobrouč, Czech Rep.). Minocycline hydrochloride (cat. No. 
M9511; CAS: 13614-98-7) was purchased from Merck (USA). Medical grade 
syringes and needles were acquired from Servoprax GmbH (Wesel, Germany). A 
human interleukin-6 (IL-6) enzyme-linked immunosorbent assay (ELISA) kit was 
supplied by Invitrogen Thermo Fisher Scientific (USA), and the Endotoxin 
standard (BRP, E0150000) was purchased from Merck (USA). Gelatine derived 
from pig skin (140 bloom; product number 4275.3) from Carl ROTH GmBH 
(Karlsruhe, Germany). Sodium chloride (NaCl; Cat No.:16610), and calcium 
chloride hexahydrate (CaCl2.6H2O; CAS: 7774-34-7) were supplied by Lach-ner 
(Czech Rep.). Sodium hypochlorite (NaClO, 11% Cl2, CAS: 7681-52-9) and di-
sodium hydrogen phosphate dodecahydrate (Na2HPO4.12H2O, CAS: 10039-32-
4) from Penta Chemicals (Czech Rep.). Bovine Chondroitin Sulfate (CS, 
molecular weight 10–40 KDa; Product code: F0511), composed of chondroitin 
sulfate A (C4S) and chondroitin sulfate C (C6S) in a 4:6 isomer ratio, was sourced 
from Bioiberica (Spain). 4-acetamido-2.2.6.6-tetramethyl-piperidine-1-oxyl (4-
AcNH-TEMPO; EC no.: 423-840-3) and O.O′-1.3-propanediylbishydroxylamine 
dihydrochloride (PDHA; source code: BCCG2695; purity 98%) were obtained 
from Merck (USA). Ethanol (96%) and sodium bromide (NaBr, purity 98%) were 
purchased from Lach-ner (Czech Rep.). Transwell® insert featuring permeable 
membrane (25 mm in diameter, 3 μm pore) and 12-wells plate were obtained from 
Corning, Inc., (Acton, MA, USA). Normal saline (0.9% w/v NaCl), hereafter 
referred to as "saline", was produced by dissolving 9 grams of non-iodized NaCl 
in 1 Liter of deionized water. 

3.1.2 Chemical modification of chondroitin sulfate via aldehyde 
functionalization 

The synthesis of CSOX was achieved through a one-pot synthesis process, 
based on a previously reported method by Bobula et al., with modification (Fig. 
3.1) [62]. Briefly, CS (1040 mg) was first dissolved in 54 mL of deionized water, 
accompanied by the addition of Na2HPO4.12H2O (400 mg) and NaBr (103 mg). 
These reagents provided a buffered environment that facilitates the subsequent 
oxidation reactions. The oxidation process began upon the addition of 4-AcNH-
TEMPO (4 mg, 0.02 mol) as a catalyst. Subsequently, the mixture was then cooled 
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to 5 °C to control the reaction kinetics and enhance selectivity.  Following this, 
NaClO (560 µL, 11% of active chlorine) was introduced, and the solution was 
stirred at 5 °C for another 30 minutes. Termination of the oxidation reaction was 
commenced by the addition of ethanol (5 mL) as the quenching agent. The product 
was purified by dialysis using a 14 KDa molecular weight cut-off membrane, with 
deionized water as the dialysis medium, and the process continued with 
lyophilization. Following dialysis, the purified aldehyde-modified CS was 
subjected to 48 h lyophilization to obtain a dry fibre. 

 

Fig. 3.1: One-pot reaction scheme for the preparation of aldehyde-modified 
chondroitin sulphate (CSOX). 

Quantitative evaluation of the degree of functionalization (DF) for CSOX was 
conducted using proton nuclear magnetic resonance (1H NMR) spectroscopy, 
conducted on a Bruker Avance Neo 700 MHz spectrometer. The samples were 
prepared as 1% (w/v) solutions in deuterated water (D2O). The obtained spectra 
were analysed using SpinWorks software.  

The	DF	was	estimated	from	the	molar	ratio	of	proton at the H6 position, 
which resonates at 9.21 ppm, or the protons at the H4 position at around 6.296 
ppm, which were compared to the three protons associated with the methyl group 
of N-acetylgalactosamine (GalNAc) at 2.02 ppm. The calculation was performed 
using the Equation (3.1).  
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DF = 	
I!"#$
I!"#!

	× 	300%																																																																																				(3.1) 

I!"#$ indicates the integrated signal at either 9.217 ppm or 6.296 ppm, 
attributed to -CHO of the modified N-acetylgalactosamine unit (GalNAc). 
Meanwhile, I!"#! corresponds to the integral of the signal at 2.02 ppm, for -CH3 
of GalNAc. The factor of 300 in the DF calculation accounts for both the proton 
ration correction and percentage conversion. The methyl group (-CH3) in GalNAc 
has three protons, while aldehyde (-CHO) signal represents a single proton. To 
normalise the integral ratio, the (-CH3) integral is divided by its three protons, 
introducing a x3 multiplier to balance the comparison. This adjusted ratio is then 
converted to a percentage by multiplying by 100, resulting in the combined factor 
of 300.  

The molecular mass of CSOX (𝑀%&'() was characterized using a dual-method 
system involving size-exclusion chromatography and multi-angle laser light 
scattering (SEC-MALLS), following the methodology established by Bobula et 
al. (2018) [62]. A 100 µL aliquot of a 2% (w/v) CSOX solution, prepared in saline, 
was introduced into the chromatographic system for analysis. The separation 
process employed two sequential columns: PL aquagel-OH 40 (7.5 × 300 mm, 8 
µm) and PL aquagel-OH 20 (7.5 × 300 mm, 5 µm). These columns were 
maintained at a stable temperature of 40 °C. The eluent for this analysis consisted 
of a 0.1 M sodium phosphate buffer, with the pH adjusted to 7.5, then 
supplemented with 0.05% sodium azide. The column flow rate was set to 0.8 mL 
min⁻¹, unless otherwise specified. A high-performance liquid chromatography 
apparatus (Waters, product series: 2489) tandem with UV/Vis detector (Waters 
model 2489) and a refractive index detector (Waters model 2414) was used for 
the chromatographic analysis. For molecular mass analysis, a miniDAWN 
TREOS light scattering instrument (Wyatt Technology) was integrated into the 
system to capture multi-angle light scattering measurements. All analytical 
measurement and subsequent 𝑀%&'( estimations were performed using ASTRA 
software (version 5.3.4, Wyatt Technology Corporation).   

3.1.3 Hydrogel formulations 
A uniform protocol was employed for all the hydrogel preparation, based on 

covalent crosslinking between PDHA with HAOX or CSOX. Then, a system 
consisting of syringe pair with luer connection was employed to facilitate the 
crosslinking process (Fig. 3.2). The detailed nomenclature and formulation of the 
DDS consists of specific concentrations of HAOX or CSOX combined with 
PDHA and MN in saline, presented in Table 3.1. 
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Nomenclature 

• HAOX_MN: DDS prepared using HAOX as the primary structural 
element entrapping MN. 

• CSOX_MN: DDS prepared using CSOX as the primary structural 
element entrapping MN. 

• HAOX_CHELATE: DDS prepared using HAOX as the primary 
structural element. "CHELATE" indicates the complex formed between 
MN and CA. 

• HAOX_PECS: DDS prepared using HAOX as the primary structural 
element. "PECS" refers to the PEC formed from MN, CA, GA, and CS. 

• HAOX_PECOX: DDS prepared using HAOX as the primary structural 
element. "PECOX" refers to the PEC formed from MN, CA, GA, and 
CSOX. 
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Table 3.1 Series of studied formulations for MN-DDS. 

Formulations 

HAOX  

(mg mL-1) 

CSOX  

(mg mL-1) 

CS 

(mg mL-1) 

CA  

(µM) 

GA  

(mg mL-1) 

PDHA  

(mg mL-1) 

MN  

(µg mL-1) 
HAOX 20 - - - - 0.32 - 
CSOX-MN - 100 - - - 1.865 200 
HAOX-MN 20 - - - - 0.32 200 
HAOX-CHELATE 20 - - 7.2 - 0.32 200 
HAOX_PECS 

(unbound PEC) 20 - 5 7.2 1 0.32 200 
HAOX_PECOX 

(immobilized PEC) 20 5 - 7.2 1 0.462 200 
HAOX 20 - - - - 0.32 - 
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3.1.4 Preparation of HAOX-based hydrogel and CSOX-based hydrogel 
The hydrogels based on HAOX or CSOX were prepared by first dissolving 

each polymer in saline at 60 °C for 3 h, then continuing with stirring at 25 °C 
overnight to ensure complete solubilization. Concurrently, a PDHA solution was 
prepared by dissolving 150 mg of PDHA in 10 mL of saline at 25 °C. The pH of 
the PDHA solution was set to 7.0 using NaOH.  

The crosslinking process employed a pair of syringe system, connected via a 
luer lock adapter (see Fig. 3.2). For HAOX_MN or CSOX_MN hydrogels, one 
syringe was filled with HAOX or CSOX solution, while the other held the mixture 
of MN and PDHA solution. In the case of HAOX_CHELATE, one syringe 
contained the solution of HAOX and CA, with the other syringe held MN and 
PDHA. The solutions were mixed in an adjustable 80:20 ratio to optimize 
injection ease and hydrogel properties. After mixing, the formulation was 
transferred into a Teflon mold. 

 
Fig. 3.2: Schematic of a pair-syringe system connected by a luer lock adapter or 

mixing port used in the crosslinking process of HAOX and HAOX-CSOX hydrogel. 

 
3.1.5 Preparation of HAOX hydrogel incorporating unbound PEC 

(HAOX_PECS) 
The HAOX_PECS formulation was developed in accordance with the method 

described in section 3.1.4, through the solubilization of HAOX, Calcium (CA), 
Gelatine (GA), and CS in saline. The two prepared solutions were mixed at an 
80:20 ratio utilizing a dual-syringe setup and dispensed into a Teflon mold, 
resulting in hydrogels containing MN at concentration of 200 µg mL⁻¹. The 
HAOX concentration was fixed at 20 mg mL⁻¹ to facilitate tuning of the 
hydrogel's physicochemical properties. The PDHA concentration for 
formulations used in section 3.1.4 and 3.1.5 was calculated by applying a 1:1 
stoichiometric ration between the aldehyde groups in HAOX and the 
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hydroxylamine groups in PDHA (Fig. 3.3). The mass concentration of PDHA 
(𝐶)*+,-) was computed using the following formula: 

𝐶)*+,- =	
𝐶),-'(. 𝑉,-'(	. 𝑀*+,-	. 𝐷𝑆,-'(

𝑉*+,-	. 𝑃	. 𝑃.	. 𝑀,-'(
																																																											(3.2) 

In this context, 𝐶),-'( represents the HAOX mass concentration (w/v) in the 
first syringe, 𝐷𝑆,-'( denotes the degree of substitution of HAOX, 𝑃 refers to the 
ratio of aldehyde to hydroxylamine groups, which is set to 1. 𝑃. indicates the 
number of hydroxylamine groups in PDHA (2), 𝑉,-'(  is the volume of HAOX 
solution in the first syringe, 𝑉*+,- is the total volume of MN mixed with PDHA 
solution, 𝑀*+,-	is the molar mass of PDHA (179 g mol-1), and 𝑀,-'( is the 
molar mass of the HA disaccharide unit (400 g mol-1).  

 

Fig. 3.3: Chemical reaction for DDS formation with 1:1 ratio of the cross-linkable 
groups of aldehydes from HAOX and hydroxylamine from PDHA. 

3.1.6 Preparation of HAOX containing immobilized PEC 
(HAOX_PECOX) 

The HAOX_PECOX was prepared by dissolving HAOX, CA, GA, and CSOX 
in saline for 3 h at 60 °C, with overnight stirring at 25 °C. The crosslinking 
procedure was consistent with the other formulations, except for a different 
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concentration of the crosslinker. The following equation (3.3) was used to 
calculate the PDHA concentration in HAOX_PECOX, taking into account 
aldehyde groups from both HAOX and CSOX to ensure a 1:1 molar ratio with 
hydroxylamine groups. 

𝐶"#$%& =	(
𝐶			"

%&() . 𝑉%&()	. 𝑀#$%&	. 𝐷𝑆%&()
𝑉#$%&	. 𝑃	. 𝑃*	. 𝑀%&()

/ +	(
𝐶"+,() . 𝑉+,()	. 𝑀#$%&	. 𝐷𝑆+,()

𝑉#$%&	. 𝑃	. 𝑃*	. 𝑀+,()
/											(3.3) 

The values in the second set of parentheses correspond to the CSOX analogues 
of those in the first set, where 𝑀%&'( represents the molar mass of CSOX 
disaccharide unit (600 g mol-1). 

3.1.7 Gelation time 

The gelation time of DDS was evaluated using a Discovery Hybrid Rheometer–
3 (TA Instruments) with 40 mm diameter plate-plate configuration and a 400 μm 
gap. Following the introduction of the crosslinker, both the elastic (G′) and 
viscous (G′′) moduli were continuously assessed. An oscillatory time sweep was 
performed for 180 s at 25 °C, with data collected every 6 s. The system maintained 
a constant strain of 5% and an angular frequency of 6.283 rad s⁻¹ (1.0 Hz). The 
polymer solution (0.8 mL) was placed on the Peltier plate. Then, 200 μL of 
PDHA-MN solution was introduced. Pre-shear was applied at 2000 s⁻¹ for 3 s to 
ensure solution homogeneity before gelation began. Gelation time was 
determined by identifying the crossing points between G′ and G′′, indicating the 
transition from viscous to elastic behaviour. The process was conducted three 
times, and average values along with standard deviations were computed. 

3.1.8 Swelling ratio 

The swelling ratio (Q) for the DDS was computed based on the equation 
provided below:  

Q	 = 	 (0-!	0.)
0.

	x	100%																																																																																	(3.4)              

The hydrogel swelling ratio was measured through a mass change evaluation, 
comparing the hydrogel mass in its relaxed state before swelling (𝑚3) with the 
mass after swelling (𝑚4). The DDS were transferred into Transwell® inserts (Fig. 
3.4), and 2 mL of saline was used as the swelling medium. The variation in the 
gravimetric change was measured following: 1, 3, 7, 10, and 14 days, with all 
experiments conducted at 37 °C. 
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Fig. 3.4: Illustration of Transwell® system. A porous membrane separates two 
chambers, with DMTs-loaded DDS introduced in the upper compartment and drug 

release is quantified in the lower compartment. 

3.1.9 Drug release experiment 

The release of MN from the DDS was evaluated in vitro using a Transwell® set 
up. The formulation (1 mL) was crosslinked and transferred to the donor 
compartment of a Transwell® insert, while the base was filled with saline (2 mL) 
as the release medium (Fig. 3.4). The system was maintained at 37 °C and 96% 
relative humidity (Witeg Wisd Incubator, WITEG Labortechnik) to simulate 
physiological environments.  

The release medium in the lower compartment was fully aspirated at designated 
interval and promptly replenished with fresh saline (2 mL). The concentration of 
MN in the release medium was quantified using HPLC with an Acquity UPLC 
Waters system equipped with a PDA-QDA detector. 

The quantity of MN released over time was expressed as the cumulative drug 
release (CDR), as shown in equation (3.5). 

CDR = 	
𝑚4

𝑚5
	x	100%																																																																																																		(3.5) 

Here 𝑚4 refers to the mass of drug released at a particular time, whereas 𝑚5 
correspond to the total mass of loaded drug. The Korsmeyer–Peppas model [68], 
described by Equation (3.6), was applied to elucidate the release mechanism of 
MN. 

𝑘𝑡6 =	
𝑚4

𝑚5
																																																																																																																			(3.6) 

The equation allowed for the estimation of both the diffusion factor (𝑛) and the 
kinetics constant (𝑘), which are influenced by the design and spatial configuration 
of the delivery matrix. An 𝑛 £ 0.5 signifies Fickian diffusion, while 0.5£ 𝑛 £ 1 is 
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indicative of anomalous (non-Fickian) transport, the 𝑛 = 1 corresponds to case-II 
transport, and 𝑛 ³ 1 is associated with super case-II.  

3.1.10 Mesh size, 𝐌𝐜, and crosslinking density 

The influence of PEC on the structural assembly of the hydrogel matrix was 
analysed by defining the molecular mass between two consecutive junctions (𝑀8) 
using two theoretical frameworks outlined by Matthew Rehman [65]. The first 
framework was calculated using rubber elasticity theory by Paul Flory [71], and 
the second was derived from equilibrium swelling principles by Nikolaos Peppas 
[66,67]. The theory of rubber elasticity assumes the capacity of the hydrogel 
network to reverts to its original conformation when subjected to a deformation. 
The theory was initially proposed by Treloar [71] and Flory [69] for vulcanized 
rubber and later adapted for polymers by Flory himself [67]. Nonetheless, the 
initial theoretical framework fails to account for hydrogel prepared in solvent-
based condition. Consequently, modifications to the theory for such hydrogels 
were proposed by Silliman and subsequently refined by Peppas and Merrill [67]. 
The 𝑀8 value based on rubber elasticity theory can be estimated by equation (3.7).  

In the rubber elasticity theory,  𝑀8 was calculated from the swelling data in 
equilibrium state using equation (3.7). 

t =	
𝜌.	𝑅𝑇
𝑀8

	T1 −	
2𝑀8

𝑀6
V	T𝛼 −	

1
𝛼9
V X
𝑣9,;
𝑣9,3

Z

<
=
																																																									(3.7) 

Here t denotes the stress applied to the hydrogel, 𝜌.	 represents the density of 
dry polymer, 𝑅 stands for the universal gas constant, 𝑇 refers to the experimental 
temperature, 𝛼 indicates the elongational ratio, and 𝑀6 corresponds to the average 
molecular weight of the monomers is 300,000 g mol-1 for HAOX. The 𝑀6 of 
HAOX-CSOX was calculated using the dispersity (Đ = 1.39) and weight-average 
molar mass (Mw = 291,000 g mol−1) obtained from SEC-MALLS analysis. Prior 
to analysis, a 20 mg mL-1 HAOX:CSOX (1:1) solution in saline was prepared and 
stirred overnight. Applying following equation:   

Đ	 = 	 >/
>0		

																																																																																																																(3.8)		                                                                                                            

The calculation yielded 𝑀6 for 209,352 g mol−1. Meanwhile, 𝑣9,; represents the 
polymer volume fraction at equilibrium swelling, 𝑣9,3 indicates the polymer 
volume fraction in the reference state (relaxed), which can be determined from 
equation (3.9) and (3.10), respectively, 
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𝑣9,; = ^1 +	
𝜌.
𝜌;
	.		`𝑄>,;	 − 1bc

!<

																																																																									(3.9) 

𝑣9,3 = ^1 +	
𝜌.
𝜌;
	.		`𝑄>,3 − 1bc

!<

																																																																								(3.10) 

where 𝜌. denotes the dry polymer density, with values of 1,299,000 g m-3 for 
HAOX [72] and 120,000 g m-3 for CSOX [73], 𝑄>,;	is equilibrium mass swelling 
ratio, 𝑄>,3	is equilibrium mass in relaxed state,  

𝑄>,; =	
𝑚;

𝑚?
																																																																																																																(3.11) 

𝑄>,; =	
𝑚3

𝑚?
																																																																																																																(3.12) 

where 𝑚;	is hydrogel mass in the equilibrium swollen state, 𝑚3 represents the 
mass of the hydrogel in its relaxed state, and 𝑚? is mass of xerogel.  

Effective crosslinking density (𝑣@) can be defined using equation (3.13). 

𝑣@ =
𝜌.
𝑀8
																																																																																																																						(3.13) 

On the other hand, the relationship between t and 𝐺 is elaborated by [74]:  

t = 	𝐺	 f𝛼 −	 <
A1
g																																																																																																		(3.14)  

Substitution of (3.14) to (3.7), resulting in equation (3.15), 

𝑀8 =	
𝜌.	𝑅𝑇 T

𝑣9,;
𝑣9,3

V
<
=

𝐺 +	
2𝜌.𝑅𝑇
𝑀6

	T
𝑣9,;
𝑣9,3

V
<
=
																																																																																				(3.15) 

where 𝐺 is shear modulus of the hydrogel in equilibrium swollen state, which 
can be calculated using equation (3.16). 

𝐺&
𝐺3
=	
𝑣@𝑅𝑇	`𝑣9,;b

<
=

𝑣@𝑅𝑇	`𝑣9,3b
<
=
=	
	`𝑣9,;b

<
=

`𝑣9,3b
<
=
																																																																												(3.16)	 
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Here 𝐺& is the shear modulus in equilibrium swollen state, 𝐺3 is the shear 
modulus in relaxed state.  

 

Fig. 3.5: Illustration of mesh size and molecular mass between crosslinks. 

On the other hand, the equilibrium swelling theory is derived from the original 
Flory-Rehner theory, which posits that two opposing forces act on a polymeric 
gel when it is immersed in a solvent. The primary driving force behind the 
swelling process is largely enthalpic in nature. As the network volume increases, 
the polymer chains become stretch, leading to a reduction entropy. The 
compatibility of a polymer with a solvent is typically quantified using an 
interaction parameter (𝜒). At equilibrium, these two opposing forces reach a state 
of balance. This concept is also relevant to the chemical potential of the solvent, 
both within the gel and in the surrounding environment. Peppas and Merrill 
adapted the original Flory-Rehner theory specifically for hydrogels crosslinked in 
aqueous environment. The calculation of 𝑀8	based on equilibrium swelling theory 
following Equation (3.17).  

1
𝑀8

=	
2
𝑀6

−	
𝑣	`𝑙𝑛`1 −	𝑣9,;b +	𝑣9,; + 	𝜒	. 𝑣9,;9 b

𝑉<𝑣9,3 	jT
𝑣9,;
𝑣9,3

V
<
=
−	T

𝑣9,;
2. 𝑣9,3

Vk

																																												(3.17)	 

Here, 𝑣 corresponds to the specific volume of the polymer, equal to 0.764 g 
mol-1 [75], and 𝜒 is the Flory-Huggins interaction index for HA in aqueous 
solutions (0.439) [75], 𝑉< is the molar volume of the solvent (18 cm3 mol-1) [75]. 

The mesh size of hydrogels is typically measured on a nanometre scale. 
Determining this size precisely is crucial for assessing whether the drug, which is 
similar in size, will remain trapped within the matrix or diffused out (Fig. 3.5). 
Hydrogel mesh sizes generally fall between 5 and 500 nm, a range that often 
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challenges detection by imaging methods. However, this parameter can be 
calculated using the following the equation (3.18). 

𝜉	 = 	 𝑙𝑣9,;
!2!	 f9%0>3

>4
g
2
1 																																																																																									(3.18)           

Here, 𝑙 corresponds to the virtual bond length, which is defined as the distance 
between consecutive glycosidic oxygens spanning a monosaccharide unit (0.52 
nm for HAOX [75], 0.48 nm for CSOX [76]); 𝐶6 refers to the Flory characteristic 
ratio (27 for HAOX [75], 15.705 for CSOX [76], while 𝑀3 denotes the molar 
mass of the repeat disaccharide unit (400 gmol−1 for HA, 600 gmol−1 for CSOX). 
For the 𝑀8 and ξ for immobilized PEC formulation, the influence of CSOX 
structure on these two parameters was determined according to the monomer’s 
volumetric fraction in the crosslinked structure.  

3.1.11 Injectability 

The ease of injection, commonly known as Injectability was measured using 
18, 19, and 20 Gauge (G) needles with a length of 40 mm. The gauge (G) defines 
the width of the hollow centre (lumen) through which fluids pass. Needle 
dimensions were selectively chosen based on standard practices among healthcare 
professionals to reflect common usage. The hydrogels were prepared using a dual-
syringe configuration interconnected through a luer lock adapter. The precursor 
solutions were separately loaded into a pair of syringes, with one containing 
polymer-based component and the other contained solution of MN and PDHA. 
The two components were combined at an 80:20 volume ration over 10 s before 
testing. Subsequent injectability assessments were conducted at ambient 
condition using the Instron 3342 Single Column Materials Testing System, 
equipped with a 100 N compression plate at a speed of 50 mm/min. Parameters 
such as injection pressure, plunger displacement, dynamic glide force (DGF), and 
maximum force (𝐹0BC	) were quantified using Bluehill software. Measurement 
was taken in triplicate, and outcomes were expressed as mean with corresponding 
standard deviation. 

3.1.12 Viscoelastic properties of the drug delivery system 

The rheological behaviour of the hydrogels was assesses using a Discovery 
Hybrid Rheometer–3 (TA Instruments). A 20 mm diameter crosshatched 
stainless-steel plate setup was employed throughout to minimize slippage during 
measurements. All tests were performed under isothermal conditions at 25 °C. To 
investigate the viscoelastic profile, oscillatory strain sweep experiment were 
carried out. These were designed to identify the upper boundary (𝛾L) of the linear 
viscoelastic region (LVE) and to quantify the storage (G′) and viscous (G′′) 
moduli within this linear range. Each sample was subjected to sinusoidal 
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oscillation at a constant angular frequency of 6.28 rad s⁻¹ (1 Hz,), with strain the 
amplitude gradually increased from 0.001 to 2.0 rad. The threshold 𝛾L was 
determined as the strain level at which the G′ exhibited dependence on strain, with 
permissible deviations for G′ around the plateau value not exceeding ± 5%. The 
final G′ and G′′ values were computed by averaging the responses within the LVE 
domain. 

3.1.13 Whole blood monocytes activation test (WB-MAT) 

The Whole Blood Monocytes Activation Test (WB-MAT) was conducted to 
investigate the bioactivity of MN released from the DDS, using a modified 
protocol adapted from previously established methods [77,78]. Prior to blood 
collection, informed consent was obtained from three healthy adult donors. Whole 
blood was drawn aseptically into sterile, heparinized tubes and designated as 
samples A, B, and C. To stimulate interleukin-6 (IL-6) production, a 
lipopolysaccharide (LPS) stock solution was prepared and serially diluted in 
saline to obtain final working concentrations of 5, 1, and 0.25 IU mL⁻¹. 
Subsequently, each LPS concentration (100 µL) was transferred into sterile 
microtubes and mixed with 1000 µL of saline. 

To evaluate the bioactivity of MN, the release medium collected from the DDS 
was first analysed by HPLC to quantify the concentration of MN. Then, dilution 
of this solution to 5 µg mL⁻¹ was performed using saline. Following dilution, a 
1000 µL aliquot of the diluted MN was transferred into sterile microtube, 
followed by the addition of either 10 µL of LPS at 2.5 IU mL⁻¹ or 10 IU mL⁻¹ to 
initiate immune stimulation. A100 µL aliquot of freshly drawn heparinized blood 
from each donor was added to the respective microtubes containing both the MN 
sample and LPS. The mixtures were gently vortexed and subjected to overnight 
incubation at 37 °C.  

Following incubation, the tubes were inverted gently and centrifuged at 13.000 
rpm for 10 minutes. The resulting supernatants were carefully transferred into 
fresh tubes for IL-6 quantification using a commercial ELISA kit, following the 
manufacturer's guidelines. Absorbance readings were recorded using an Ensight 
Multimode Reader, and data were analysed with Kaleido software (PerkinElmer, 
Waltham, USA). 
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3.2 Materials and method for in situ forming hydrogel from 
aldehyde-modified hyaluronic acid and aldehyde-modified 
chondroitin sulfate for synthetic preimplantation factor 
delivery 

3.2.1 Materials  

This study utilized aldehyde-modified hyaluronic acid (HAOX; Mw 325 kDa, 
with degree of substitution of 7.1%) supplied by Contipro a.s. (Dolni Dobrouč, 
Czech Rep.). Fluorescein isothiocyanate-6-Aminohexanoic acid-Synthetic 
Preimplantation Factor (FITC-Ahx-MVRIKPGSANKPSDD or FITC-SPIF, 
product code: PEP0235) was purchased from Iris Biotech (Germany). Medical 
grade syringes and needles were obtained from Servoprax GmbH (Wesel, 
Germany). Bovine Chondroitin Sulfate (CS, molecular weight 10–40 KDa; 
Product code: F0511), composed of chondroitin sulfate A (C4S) and chondroitin 
sulfate C (C6S) in a 4:6 isomer ratio was procured from Bioiberica (Spain).  

Chemical reagents for polymer modification and crosslinking included 4-
acetamido-2,2,6,6-tetramethyl-piperidine-1-oxyl (4-AcNH-TEMPO; EC no.: 
423-840-3) and O.O′-1.3-propanediylbishydroxylamine dihydrochloride (PDHA; 
source code: BCCG2695; purity 98%), both obtained from Merck (USA). Ethanol 
(98% purity), Sodium chloride (NaCl, Cat No.:16610), and sodium bromide 
(NaBr, 99.8%) were provided by Lach-ner (Czech Rep.). Additionally, sodium 
hypochlorite (NaClO, 11% Cl2; CAS: 7681-52-9) and disodium hydrogen 
phosphate dodecahydrate (Na2HPO4.12H2O; CAS: 10039-32-4) were supplied by 
Penta Chemicals (Czech Rep.). Deionized water and 9 g non-iodized sodium 
chloride were combined to prepare 1 Liter of normal saline (0.9% w/v NaCl, 
referred to as “saline”). 

In vitro gene expression studies used the THP-1 cell line (ATCC). RPMI-1640 
cells culture medium in medium enriched with foetal bovine serum (FBS-12A), 
D-glucose, penicillin/streptomycin, sodium pyruvate, with components sourced 
from Biosera (France), Capricorn Scientific (Germany), and Merck (USA). 
Phorbol 12-myristate-13-acetate (PMA; CAS: 16561-29-8) was obtained from 
Merck (USA). RNeasy Mini Kit (QIAGEN, Germany), High-Capacity Reverse 
Transcription Kit obtained from ThermoFisher (USA). qPCR analysis was 
performed using commercial probes targeting GAPDH, TGF-β1, IL-10, CXCL8, 
PTGS2, IL1b, and TNF alpha, sourced from Merck (USA). 

The preparation of CSOX employed the same method as in 3.1.2 
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3.2.2 Hydrogel formulations 
The formulation of DDS for controlled delivery of FITC-SPIF was achieved by 

covalent crosslinking of either HAOX or CSOX with PDHA. Detailed 
formulations for these hydrogels are provided in Table 3.2, with the subsequent 
formulations (Table 3.3 – 3.4) established for optimization.  

Nomenclature 

• HAOX_1X: DDS with Formulation 1, containing only 2% (w/v) HAOX, 
prepared at pH X (where pH values are 5 or 6.8 rounded to 7). 

• HACOX_2X: DDS with Formulation 2, containing 1% HAOX and 0.5% 
CSOX, prepared at pH X. 

• HACOX_3X: DDS with Formulation 3, containing 1% HAOX and 1% 
CSOX, prepared at pH X. 

• HACOX_37_YYY: DDS with Formulation 3, containing 1% HAOX and 
1% CSOX, prepared at pH 6.8, with YYY µg of FITC_SPIF. 

• HACOX_Z7_250: DDS prepared with 1% HAOX. "Z" represents the 
concentration of CSOX, formulated at pH 6.8, and containing 250 µg of 
FITC_SPIF. 

All the concentrations are in w/v percentage.  

Table 3.2 Formulations for designing a suitable delivery system for SPIF. 

Formulations 
HAOX  

(mg mL-1) 

CSOX  

(mg mL-1) 

FITC-
SPIF  

(µg mL-1) 

PDHA  

(mg mL-1) 
pH 

HAOX_15 20 0 100 0.32 5 
HACOX_25 15 5 100 0.39 5 
HACOX_35 10 10 100 0.465 5 
HAOX_17 20 0 100 0.32 6.8 
HACOX_27 15 5 100 0.39 6.8 
HACOX_37 10 10 100 0.465 6.8 
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Table 3.3 Development of HACOX_37: Influence of FITC-SPIF loading levels 
on CDR, swelling behaviour, and Korsmeyer-Peppas modelling. 

Formulations 
HAOX  

(mg mL-1) 

CSOX  

(mg mL-1) 

FITC-
SPIF  

(µg mL-1) 

PDHA  

(mg mL-1) 
pH 

HACOX_37 10  10 100 0.465 6.8 
HACOX_37_250 10 10 250 0.465 6.8 
HACOX_37_500 10 10 500 0.465 6.8 
 
Table 3.4 Development of HACOX_37: Influence of CSOX concentration on 
CDR, swelling behaviour, and Korsmeyer-Peppas modelling. 

Formulations 
HAOX  

(mg mL-1) 

CSOX  

(mg mL-1) 

FITC-
SPIF  

(µg mL-1) 

PDHA  

(mg mL-1) 
pH 

HACOX_37_250  10 10 250 0.465 6.8 
HACOX_47_250 10 20 250 1.49 6.8 
HACOX_57_250 10 30 250 2.11 6.8 
 

3.2.3 Preparation of HAOX-based hydrogel (HAOX_15, HAOX_17)  
The experimental procedure started by dissolving HAOX in saline containing 

FITC-SPIF at 60 °C for a duration of 3 h. This solution was then stirred overnight 
at 25 °C to ensure complete dissolution. In parallel, PDHA (150 mg) was 
dissolved in 10 mL saline at 25 °C, and the pH was adjusted to either 5 or 6.8 
using hydrochloric acid (HCl). Crosslinking process was facilitated by a two-
component syringe assembly connected by a luer lock adapter (Fig. 3.6). One 
syringe was filled with the polymer solution, while the second syringe contained 
the PDHA solution. Subsequently, equal volumes from both syringes (1:1 ratio) 
were thoroughly mixed and transferred into a Teflon mold.  

The PDHA concentration for section 3.2.2 was determined based on equation 
(3.2), ensuring a stoichiometric 1:1 ratio between the aldehyde groups on HAOX 
and hydroxylamine groups on PDHA (Fig. 3.3), thus enabling optimized covalent 
crosslinking. 
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Fig. 3.6: Schematic representation of a dual-syringe configuration connected by luer 

lock or mixing port for crosslinking process of HAOX-CSOX hydrogel. 

3.2.4 Hydrogel preparation for HAOX containing immobilized CSOX  

The formulation of DDS featuring a double network composed of HAOX and 
CSOX began with dissolving both polymers in a saline containing FITC-SPIF at 
60 °C for 3 h. The solution was continuously stirred at 25 °C overnight to ensure 
complete solubilization of the system. The crosslinking process used the same 
methods as the other formulations, but with a different concentration of 
crosslinking. The calculation of PDHA concentration accounted for the aldehyde 
groups present in both HAOX and CSOX, with a consistent 1:1 ratio for 
crosslinkable groups of both aldehydes and hydroxylamine. The PDHA 
concentration in Section 3.2.4 was calculated using Equation (3.3).  

3.2.5 Gelation time  

The gelation time characterization for FITC-SPIF DDS resembles method 
3.1.7, differing only in the ratio of the derivatives to the PDHA. A total of 500 μL 
of the HAOX-CSOX solution was transferred onto the Peltier plate to form four 
equal droplets; subsequently, 500 μL of PDHA solution was introduced.  

3.2.6 Swelling ratio 

The swelling ratio (Q) of the FITC-SPIF DDS was measured using the method 
outlined in section 3.1.8, with 2 mL PBS was selected as the release medium. 

3.2.7 Drug release experiment 
The drug release quantification for FITC-SPIF followed a methodology 

analogous to section 3.1.9, with notable differences of UV-vis spectroscopy was 
used instead of HPLC, and PBS was employed as the release medium. The CDR 
was calculated using both standard curve and the Limit of detection (LoD) and 
limit of quantification (LoQ). Both LoD and LoQ are crucial to assess the 
sensitivity and reliability of the method by defining its operational range. The 
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calculation of LoD and LoQ follow equation (3.19) and (3.20) based on the 
methods established by [79–81]. 

𝐿𝑜𝐷 = 3	 &5
D

                                                                                                                                (3.19) 

𝐿𝑜𝑄 = 10	 &5
D

                                                                                                                             (3.20) 

In this context, SB refers to the standard error of the instrument response, 
whereas b denotes the regression coefficient (slope) of the linier calibration curve.  

3.2.8 Mesh size, 𝐌𝐜, and cross-linking density 
The calculation of 𝑀8 and 𝜉 for FITC-SPIF DDS followed a methodology 

analogous to section 3.1.10.  

3.2.9 Injectability 
The measurement of injectability employed a methodology similar to that 

outlined in section 3.1.11, differing only in the ratio of the derivatives to the 
PDHA. A solution with equal parts gel-forming solution and PDHA was rested 
for 10 mins prior to testing with the syringe system. 

3.2.10 Viscoelastic properties of the drug delivery system 
The rheological analysis of SPIF DDS followed a similar method as described 

in section 3.1.12. 

3.2.11 FITC-SPIF-induced macrophage polarization: an in vitro 
bioactivity study 

The bioactivity of FITC-SPIF released from DDS was evaluated using a 
macrophage-based inflammation model, with adjustment made as outlined in 
reference [82]. THP-1 cells were cultured in RPMI medium supplemented with 
10% foetal bovine serum, D-Glucose, L-Glutamine, Penicillin/streptomycin, and 
Sodium Pyruvate, and incubated at 37°C and 5% CO2. Macrophage differentiation 
was initiated by 72-h exposure to 100 nM PMA, followed by a 24-hour resting 
period in complete media with the absence of PMA. After differentiation, the cells 
were pretreated for 48 h with either fresh solution of FITC-SPIF or FITC-SPIF 
released from the DDS. The macrophages were then stimulated with TNF-alpha 
at a concentration of 100 ng mL-1. Triplicate samples were collected for 
quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis 
at two time points: (1) baseline (0 h), immediately following the 48-h FITC-SPIF 
incubation period but prior to TNF-a exposure), and (2) 6 h post-TNF-a 
stimulation (54-h total experimental timeline). 

The gene expression analysis focused on IFN-γ activation as well as pro-
inflammatory genes (CXCL8, PTGS2, TNF, IL-6, and IL-1β) and anti-
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inflammatory regulators (IL-10 and TGF-β). Threshold cycle (CT) values were 
normalized to the endogenous control of housekeeping gene (GAPDH). 

3.3 Data processing and statistical approaches 
Data were analysed by one-way analysis of variance (ANOVA), considering p-

value < 0.05 as statistically significant. Asterisks denote significance levels as 
follow: * for p ≤ 0.05, ** for p ≤	0.01, *** for p ≤	0.001, **** p ≤	0.00001, ns 
for non-significant. Sample size is represented as “n”. 
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4. RESULT AND DISCUSSION 
4.1 In situ injectable hyaluronic acid hydrogel loaded with 

polyelectrolyte complex for minocycline control release 
The clinical application of MN in MS is restricted by its pharmacokinetic 

drawbacks and burdensome administration, making advanced delivery 
technologies essential to improve therapeutic outcomes. To mitigate these 
concerns, this study introduces an injectable hydrogel system incorporating PEC 
to localize and modulate MN’s release. PEC offer a versatile method to construct 
particulate systems without harsh fabrication techniques. However, the delivery 
of small molecules via PEC was constrained by rapid release, as their small size 
facilitates diffusion. To address this challenge, strategies were developed to 
enhance the retention of small molecules within the PEC matrix, thereby reducing 
their rapid diffusion and release. As a tetracycline derivative, MN can chelate Ca2+ 
ions while retaining its biological activity. Meanwhile, HAOX, CS, or CSOX are 
biocompatible polysaccharides native to the ECM tissue. HAOX serves as a base 
component for the whole DDS to be injectable and stationary, and CS or CSOX 
provides a high binding affinity for Ca2+. Particularly for CSOX, it also serves as 
a crosslinkable structure to form immobilized PEC. Then, PDHA acts as the 
crosslinker for HAOX and CSOX, and Ca2+ is leveraged as the bridge to link MN 
to CS or CSOX. Moreover, GA, as a positively charged biopolymer, can stabilize 
PEC formation by reacting with CS or CSOX. 

This DDS leverages a combination of crosslinkable biopolymers to reduce the 
burst release commonly associated with conventional formulations, thereby 
prolonging the therapeutic window and improving patient compliance. 
Furthermore, the proposed DDS not only enhances the stability of MN but also 
allows for a more biocompatible system to not elicit harmful immune responses 
or toxic effects in the body. The design of this DDS plays crucial role in ensuring 
sustained drug levels for managing disease progression and alleviating symptoms 
in MS. The simultaneous formation of PECs and the hydrogel matrix may provide 
a safe and cost-efficient preparation. Additionally, the DDS provides tuneable 
properties by varying the concentrations of the materials, offering a more effective 
and patient-friendly treatment option. 

Several formulations will be characterized to identify the optimum composition 
for the MN releasing system (Fig. 4.1). This approach evaluates the influence of 
several key parameters, including polymer concentration, crosslinking density, 
and injectability, on the DDS performance. Each formulation is analysed to 
identify its gelation time, swelling behaviour, drug release kinetics, drug release 
profile, and biocompatibility. These characterizations help to identify the 
formulation that not only provides the desired therapeutic efficacy but also 
ensures stability and safety for prospective clinical applications. This iterative 



56 

process will ultimately lead to the development of an optimum and reliable 
formulation tailored to specific therapeutic needs. 

 

 
Fig. 4.1: Formulation tested as the drug delivery system for MN control release. 
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4.1.1 Synthesis of aldehyde-modified chondroitin sulfate (CSOX) 

 

Fig. 4.2: 1H NMR of aldehyde modified chondroitin sulfate. 

One-pot synthesis provides a versatile method for polysaccharide modification 
by allowing simultaneous chemical reactions in a single vessel. The simplified 
synthesis approach has been proven to reduce extensive purification processes 
while minimizing the time and resources [62]. This method enables the production 
of polysaccharides with defined structures to address the issue posed by its 
inherent heterogeneity. Furthermore, the natural structure underwent regio- and 
chemo selective modifications to introduce diverse functional groups or structural 
transformations to enhance their properties for specific applications. 

This study used one-pot synthesis to transform CS into CSOX to form 
immobilized PEC. The selective oxidation process uses TEMPO, NaBr, and 
NaClO, and the reaction proceeds under mild alkaline conditions that are optimal 
for the selective oxidation of primary alcohols while leaving secondary alcohols 
unaffected. TEMPO serves as a source of stable nitroxyl radical that acts as a 
catalyst in oxidation. Meanwhile, NaBr acts as a co-catalyst that supports 
oxidation by regenerating nitrosonium ions from TEMPO during the reaction 
cycle. The nitrosonium ion exhibited regioselective reactivity toward the hydroxyl 
group located at the C-6 position of the D-galactosamine (GalNAc) residue, 
facilitating its oxidative elimination to yield a structurally unsaturated product. 
On the other hand, NaClO maintains the oxidative potential needed to drive the 
reaction forward by regenerating the nitrosonium ion and bromine species. The 
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generated CSOX structure (Fig. 3.1) can be crosslinked with the PDHA 
simultaneously with the HAOX crosslinking process. 

1H NMR confirmed the characterization of the CSOX structure by focusing on 
the proton signals corresponding to the C-4 and C-6 positions, as well as the 
saturated carboxyl group, which exhibited chemical shifts at 6.296 ppm and 9.217 
ppm, respectively (see Fig. 4.2). The spectra showed that the oxidation process 
with 0.5 molar equivalents of NaClO produced CSOX with a DF of approximately 
20%. Furthermore, SEC-MALLS determined the CSOX’s molecular mass to be 
around 12 kDa. 

The one-pot synthesis method offers an efficient strategy for modifying CS 
without requiring the isolation of intermediates and circumvents multiple 
protection and deprotection reactions. The approach is not only promoting green 
technology by minimizing chemical waste [83,84] but is also capable of 
preserving CS’s natural pyranose ring. Disruption in the ring may reduce the 
biocompatibility associated with cellular recognition, mechanical integrity, and 
solubility [85]. With yields more significant than 99% [86], this facile chemical 
reaction has proven to reduce the heterogeneity of polysaccharides, which 
increases complete structure-activity relationship studies. Thus, detailing its 
mechanism of action and optimizing further applications. The results underscore 
the precision and effectiveness of this method in successfully modifying CS, 
highlighting its potential for further biomedical and material sciences 
applications. 

4.1.2 Interdependent physicomechanical properties: gelation duration 
and structural resilience for injectable HAOX-based DDS 

The design of an in situ injectable hydrogel for drug delivery requires integrated 
approaches to fine-tune gelation duration, structural stability, and clinical 
practicality. This study systematically evaluated HAOX-based formulations, 
emphasizing the influence of polymer composition and crosslinking dynamics for 
functional performance.  

Gelation time, pivotal for ensuring injectability and structural integrity, varied 
significantly across formulations. HAOX and its engineered variants (HAOX-
MN, HAOX_PECS, and HAOX_PECOX) achieved rapid gelation within 33 – 50 
s (Fig. 4.3).  This rapid gelation is consistent with previous studies on HAOX-
based systems [87,88], where the high concentration of reactive aldehyde groups 
in HAOX facilitates efficient crosslinking with PDHA, leading to quick network 
formation. The comparable gelation times across these formulations (p > 0.05) 
suggest that the inclusion of MN and PEC does not significantly hinder the 
crosslinking kinetics. This finding aligns with the literature, which highlights the 
robustness of oxime click chemistry in achieving rapid and efficient gelation for 
injectable hydrogels [89,90]. In contrast, HAOX-CHELATE, incorporating 
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calcium-chelated MN, exhibited delayed gelation (≈ 95 s) due to competitive 
binding of Ca2+ ions at HAOX reactive sites, a phenomenon consistent with 
reports on cation-mediated crosslinking interference [91,92]. The slowest gelation 
occurred in CSOX-MN (≈ 160 s), where shorter CSOX chains require more time 
to establish effective intermolecular interactions [71,93]. This experimental 
evidence corroborates Flory-Huggins’s theory, which posits that lower molecular 
weight polymers exhibit higher diffusivity and reduced entanglement [71], 
leading to slower network formation and potentially compromising the hydrogel’s 
mechanical properties. The prolonged gelation of CSOX-MN may also contribute 
to inhomogeneous drug distribution within the matrix, increasing the risk of burst 
release and suboptimal dosing. Similar outcomes were reported in comparable 
systems where prolonged gelation compromised homogeneity [94]. 

 

Fig. 4.3: Comparative assessment of gelation profile for hydrogels based on CSOX, 
HAOX, and PEC (unbound and immobilized). Result from triplicate trials (n =3) show 

**** p < 0.0001 for CSOX-MN versus PURE HAOX). 

Conversely, while rapid gelation remains clinically desirable, excessively fast 
crosslinking potentially generates rigid networks with poor conformance to tissue 
or device geometries [95]. The 30-50 s gelation window observed for HAOX, 
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HAOX-MN, HAOX_PECS, and HAOX_PECOX corresponds to established 
clinical benchmarks [96], supporting their suitability for injectable DDS.  

Post gelation, the mechanical durability of hydrogel-based DDS is crucial to 
their clinical utility, as physiological stresses, ranging from shear forces during 
injection to dynamic tissue interactions, threaten structural integrity and 
therapeutic performance. Amplitude sweep tests confirmed gel-like behaviour 
across formulations, with G’ demonstrating solid like characteristics (Fig. 4.4). 
The LVE region (30 – 45% strain) revealed a shear-independent G’ plateau, 
indicating robust network elasticity. Notably, secondary interactions (e.g., sulfate-
mediated electrostatic bonds) did not destabilize the network (p > 0.05), 
contrasting significantly with prior HA systems where additive induced G’ 
fluctuations [87,88]. This divergence underscores the advantage of 
HAOX_PECOX’s covalent crosslinking strategy, which integrates CSOX-
derived electrostatic interactions without compromising matrix cohesion, a 
technology unachieved in earlier HA-based DDS.  

 

Fig. 4.4: Comparative analysis of hydrogel viscoelasticity (n=3) across HAOX-based 
formulations. Main plot: G’ averaged across the LVE region (mean ± SD). Inset: 
strain limit (γL), defined as the strain amplitude where G‘deviates >5% from the 

plateau value. Values represent mean γL (%) per formulation. Significant differences 
between HAOX_PECS and PURE HAOX indicated (**P ≤ 0.01). 

In this study, HAOX_PECOX demonstrated structural disintegration onset at 
45% strain (Fig. 4.4), evidenced by a declining G’ characteristic of shear-thinning 
behaviour. While injectable HA hydrogels generally exhibit similar strain-
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dependent disintegration patterns [87,88,97–99], yet the HAOX_PECOX 
formulation displayed gradual modulus reduction. This behaviour is distinct from 
the abrupt collapse typical of physically crosslinked system [51,100–102]. This 
controlled mechanical failure indicates potential tolerance to transient 
physiological stresses such as tissue compression without catastrophic failure, 
suggesting critical advantages for long-term implantation durability. The 1 Hz 
oscillatory testing protocol used for this study, however, may not fully capture 
frequency-dependent viscoelastic responses relevant to dynamic in vivo 
environments like pulsatile blood-flow or muscle contraction [99].  

LVE data enable predictive modelling of shear behaviour during injection, 
guiding formulation adjustments to balance injectability with post-injection 
stability. Injectability integrates hydrogel viscosity, needle geometry, and gelation 
time to mitigate clogging while optimizing patient comfort. Critical parameters 
include 𝐹EFG (maximum force to initiate extrusion), 𝑃EFG (maximum fluid stress 
experienced by the hydrogel inside the syringe/needle), and 𝐷𝐺𝐹 (steady force 
for sustained expulsion) [96], which reflect the interplay between rheology and 
device design.  

Table 4.1 Injectability assessment of HAOX_PECOX formulation using 
dynamic glide force (𝐷𝐺𝐹) and maximum force (𝐹EFG) metrics (n=3). 

Formulation Needle size 
(G) ⌀ (mm) 𝑷𝒎𝒂𝒙	[𝐤Pa] 𝑭𝒎𝒂𝒙 [N] 

HAOX_PECOX 
18 1.27 358 ± 33 5.8 ± 0.3 
19 1.07 494 ± 67 7.8 ± 1.1 
20 0.9 577 ± 13 9.0 ± 0.2 

Symbol definition: 
⌀       = Inner diameter of the needle. 
 

Injectability analysis of HAOX_PECOX demonstrated a robust linear 
correlation (R2 > 0.95, Fig. 4.5) between decreasing needle diameter and 
increasing 𝐷𝐺𝐹, adhering to Hagen-Poiseuille principles (Table 4.1). The Hagen-
Poiseuille’s theory provides a foundational understanding in injectability, 
revealing how pressure, viscosity, and needle geometry govern flow rate and 
support safe, effective formulation design [103]. For 20 G needle, measured 
values of 𝐹EFG= (9.0 ± 0.2) N and DGF = (8.0 ± 1.0) N remained below the 
established 40 N patient comfort threshold [96]. The formulation’s gradual 
viscosity elevation prevented abrupt pressure spikes during injection, effectively 
mitigating the tissue trauma/extrusion force trade-off inherent to larger needles. 
Mechanistically, the covalent HAOX-CSOX network maintained structural 
integrity under shear (evidenced by stable G’ plateau), contrasting sharply with 
conventional HA hydrogel where physical crosslinks enable rapid shear-thinning 
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and structural recovery [104]. This covalent architecture combined with 
immobilized PECs represents a significant improvement over physically 
crosslinked systems, simultaneously resolving the rigidity-injectability paradox 
while enabling sustained MN release. Unlike thermosensitive PLGA-PEG-PLGA 
hydrogels requiring specialized devices [50,100,105]), HAOX_PECOX 
demonstrated compatibility with standard syringes which is a critical advantage 
for resource-limited settings. 

 

Fig. 4.5: Correlation between DGF and syringe-needle geometry (40 mm needle 
length). The x-axis denotes needle gauge (G), with corresponding inner diameters 

provided in Table 4.1. 

4.1.3 Minocycline release profiles and the mechanism in injectable 
HAOX-based drug delivery system 

Systemic administration of MN for MS therapy fails to achieve sustained 
therapeutic concentrations in the CNS due to rapid clearance and limited BBB 
penetration [32,38]. This limitation underscores the necessity for injectable DDS 
that potentially balance rapid drug clearance via system localization and symptom 
management through control release. This study evaluates five distinct 
formulations (HAOX-MN, CSOX-MN, HAOX-CHELATE, HAOX_PECS, and 
HAOX_PECOX) for cumulative drug release (CDR), burst release (drug release 
within first 24 h of DDS exposure to the medium), T50% (time to 50% of release), 
and Korsmeyer-Peppa modelling, demonstrating how polymer-drug interactions 
dictate release rate, offering mechanistic insights to optimize DDS design for 
CNS-targeted therapy.  

The HAOX-MN formulation exhibited rapid burst release (50% MN within 24 
h; Fig. 4.6 b), attributable to HAOX hydrophilicity and weak drug-polymer 
interactions. Hydration-induced mesh enlargement facilitated unimpeded 
diffusion of this small, soluble molecule, yielding 85% cumulative release over 
288 h (Fig. 4.6a). This diffusion mechanism parallels observations in comparable 
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hydrophilic systems [106,107], though HAOX-MN’s specific release rate 
represents a distinct behaviour profile. While the short T50% (≈ 32 h; Fig. 4.7) 
demonstrates acute-phase utility for conditions like optic neuritis, the limited 
sustained release constrains chronic management applications. Although the 
formulation’s simplicity raises questions about long-term efficacy, its optimized 
burst kinetics remain clinically valuable for acute symptom intervention.  

 

Fig. 4.6: Sustained and burst-release patterns of minocycline from DDS: Subfigure (a) 
illustrates time-dependent CDR for HAOX-CSOX hydrogels; Subfigure (b) quantifies 

burst-release. Statistical analysis (n=3):  ** p < 0.01, *** p < 0.001, ns is non-
significant. 

CSOX-MN formulation minimized burst release (2.5% in 24 h; Fig. 4.6 b) 
through electrostatic interactions between MN’s amine groups and CSOX’s 
sulfate moieties. However, sulfate-induced water uptake caused structural 
instability leading to hydrogel collapse [108,109], limiting cumulative release to 
36% over 216 h (Fig. 4.6a). This water sequestration effect, known to retard drug 
diffusion in hydrogel matrices [110],  creates a critical design paradox: sulphated 
polymers enhance MN retention but risk mechanical integrity under physiological 
conditions. Although increased polymer molecular weight has been proposed to 
improve stability [111,112], the observed reduction in drug-loading capacity 
necessitates careful balance between retention and durability.  

Hybrid formulations were developed to reconcile HAOX-MN’s burst release 
with CSOX-MN’s sustained profile. HAOX-CHELATE incorporated calcium for 
MN chelation yet displayed burst and cumulative release (70.6% over 288 h; Fig. 
4.6) mirroring HAOX-MN. This behaviour stems from stoichiometric imbalance 
preventing complete PEC formation. Despite partial release delay (T50% ≈ 46 h; 
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Fig. 4.7), the formulation’s limitations align with fundamental challenges in 
chelation-based DDS [36,37,53,113,114], particularly regarding precise 
stoichiometric control identified in prior studies. 

 

Fig. 4.7: Comparative assessment of the time to 50% drug release (T50%) across DDS 
formulation (n =3, ** p < 0.01, *** p < 0.001, ns is non-significant). 

HAOX_PECS introduced unbound PECs via CS and gelatine (GA), intending 
to stabilize MN-CA chelates. However, the burst and cumulative release remained 
high (88.63% over 288 h; Fig. 4.6), suggesting that the ionic interactions between 
CS and the MN-CA complex were not strong enough to significantly hinder MN 
solubility. Instead, these interactions may have created a dynamic equilibrium, 
allowing the PEC to remain soluble in water and facilitating rapid MN release. 
This finding contrasts with previous studies, which have reported that PEC can 
effectively reduce burst release by enhancing drug-polymer interactions [36,37]. 
The discrepancy may be attributed to differences in the composition and 
concentration of the PEC used in this study, highlighting the need for further 
optimization of PEC formulations.  

The HAOX_PECOX formulation addressed these limitations by immobilizing 
PECs withing HAOX matrix by substituting CS with CSOX. This approach 
reduced burst release to 23.6% (p < 0.001 vs HAOX-MN; Fig. 4.6 b) and extended 
T50% to ≈127 h (Fig. 4.7), achieving 65% cumulative release over 288 h (Fig. 4.6 
a). Structural stabilization via CSOX substitution enhanced hydrogel integrity, 
while immobilized PECs created a dense network that hindered MN diffusion by 
reduced PEC solubility. This prolonged release profile aligns with the demands 
of chronic MS management, validating its translational potential.  
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Table 4.2 Korsmeyer-Peppas release fitting across formulations. 

Formulations 𝒌 𝒏 𝑹𝟐 
HAOX-MN 0.188 ± 0.07 0.299 ± 0.08 0.994 
CSOX-MN n.a n.a n.a 
HAOX-CHELATE 0.135 ± 0.04 0.311 ± 0.04 0.991 
HAOX_PECS 0.087 ± 0.01 0.461 ± 0.01 0.992 
HAOX_PECOX 0.054 ± 0.02 0.520 ± 0.07 0.991 

 
Mechanistic analysis employed the Korsmeyer-Peppas model to quantify 

release dynamic through the rate constant (𝑘) and diffusion exponent (𝑛) 
[68,87,88]. This model, restricted to £60% cumulative release due to inherent 
stability assumptions [68,115],  excluded CSOX-MN from characterization. 
Analysis of eligible formulations (Table 4.2) revealed Fickian diffusion (𝑛 < 0.5) 
in HAOX-MN (𝑘 = 0.188) and HAOX-CHELATE (𝑘 = 0.135), indicating MN 
transport dominated by concentration gradient rather than other mechanisms, such 
as matrix erosion. Analogous Fickian release kinetics associated with weak drug-
polymer interactions have been documented in similar systems [36,116].  

Meanwhile, HAOX_PECS exhibited transitional kinetics (𝑛 = 0.461), 
suggesting partial influence of polymer relaxation, while HAOX_PECOX 
demonstrated anomalous transport (𝑛 = 0.520) through combined diffusion and 
several other intrinsic process, including polymer relaxation and PEC 
decomplexation [60,117]. This mechanistic heterogeneity underscores the role of 
DDS architecture in modulating release. For instance, a simpler entrapment 
strategy produced a higher 𝑛. While the model’s applicability is restricted to ≤ 
60% release data, yet the high R2 values (0.991 – 0.994) validate its strong 
correlation between the observed and predicted release rates.  

 While HAOX_PECOX demonstrated promising prolonged release in vitro, its 
clinical translation requires addressing potential destabilization under 
physiological conditions. Environmental factors such as ionic strength can 
destabilize PECs [40,53,114,118],  a particular concern for HAOX_PECOX’s 
stability. This risk is evidenced by in vitro studies demonstrate that monovalent 
ions (e.g., Na+, Li+) accelerate drug release through weakened electrostatic 
interactions [119–121], while divalent ions (e.g., Ca2+, Mg2+) enhance PEC 
stability [36,122]. To directly improve HAOX_PECOX’s translational viability, 
future iterations should integrate counterion modulation strategies. Furthermore, 
while our current formulation shows favourable release kinetics, in vivo 
validations remain essential to confirm whether these laboratory-observed 
pharmacokinetics profiles translate to therapeutic efficacy. 
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4.1.4 Interplay between crosslinking density, swelling behaviour, and 
sustained MN release in hydrogel-based delivery system 

The structural and functional efficacy of hydrogel-based DDS is generated 
from the intricate balance between crosslinking density, swelling dynamics, and 
controlled release kinetics. This study demonstrates that while crosslinking 
density and mesh size traditionally dictate hydrogel behaviour, electrostatic 
interactions and polymer relaxation mechanism play equally critical roles in 
modulating drug release profiles. The systematic evaluation of HAOX-CSOX 
DDS reveals that covalent immobilization of PECs potentially reconciles the 
competing demands of structural stability and sustained release.  

 

Fig. 4.8:Hydrogel swelling assessment.  a) Quantitative swelling profile of DDS 
formulations (swelling ratio vs. time; n=3). b) Qualitative structural evaluation: 

HAOX-MN, HAOX_PECOX, and CSOX-MN structural morphology following 7 days 
in contact with the release medium. 
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Swelling analysis revealed distinct hydration mechanisms across formulations 
(Fig. 4.8a,b). HAOX-based hydrogels universally displayed low to non-swelling 
characteristics, analogous to phenomena reported in crosslinked HA systems 
[61,87,88,123]. During the initial contact with the release medium (24 h), all 
formulations except CSOX-MN experienced weight reduction attributed to the 
leaching of uncrosslinked components. Interestingly, HAOX_PECOX exhibited 
a slightly higher rate of water uptake despite higher crosslinking density (13.492 
± 0.013 mol m-3 versus ≈ 9.5 mol m-3 for others; p < 0.001, Table 4.3). This distinct 
behaviour arises from the hydrophilic sulfate groups introduced by covalently 
anchored CSOX, which enhance hydration without compromising structural 
coherence. This mechanism aligns with the established principles of sulphated 
polymer hydration [108].  

Experimental confinement within Transwell® inserts were employed to 
replicate the conditions of an implanted drug reservoir by minimizing 
multidirectional fluid contact and enforcing unidirectional diffusion across a 
single interface [124]. Combining this confinement and the retractive forces from 
crosslinking junctions helps maintain the structural integrity of the hydrogels by 
reducing water absorption and contributing to asymmetric swelling behaviour 
[124–127]. 

Table 4.3 Crosslinking density across different formulations (n=3). 

Formulations Crosslinking 
density (mol m-3) 

HAOX 9.516 ± 0.026 
HAOX-MN 9.438 ± 0.081 
HAOX-CHELATE 9.373 ± 0.053 
HAOX_PECS 9.248 ± 0.058 
HAOX_PECOX 13.492 ± 0.013 

 
In contrast, the crosslinked structure of CSOX-MN (10% w/v) exhibited 

enhanced sulfate-driven swelling (>50% weight gain; Fig. 4.8b), leading to 
hydrogel network destabilization after 7-days in contact with the release medium. 
This enhanced swelling behaviour, while visually manifested as volumetric 
expansion, compromised structural integrity through two mechanisms: (1) 
inadequate molecular preventing effective chain entanglement to resist swelling 
stress, and (2) water retention creating internal osmotic pressure that exceeded the 
network’s yield strength. The resulting structural deterioration (also detailed in 
Section 4.1.3) hindered sustained MN release by impeding fluid exchange while 
accelerating stress-induced degradation. This demonstrates the critical need to 
balance hydrophilicity with crosslinking efficiency to maintain functionality over 
intended application period.  
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The analysis of 𝑀8 and ξ (Table 4.4) using rubber elasticity and equilibrium 
swelling theories revealed marginal variation in ξ across formulation (275 – 342 
nm), insufficient to explain the 3.5-fold difference in MN release rate. 
HAOX_PECOX, despite its denser network (𝑀8 93,314 g mol⁻¹, ξ = 279 nm), 
achieved sustained release over 288 h (𝑘 = 0.027; Table 4.2), while HAOX-MN 
(𝑀8= 130,222 g mol⁻¹, ξ = 275 nm) exhibited rapid Fickian diffusion (𝑘 = 0.168; 
Table 4.2). This divergence highlights that in low-swelling systems, secondary 
interactions of PECs override mesh size as the primary release modulator. The 
immobilized PECs in HAOX_PECOX create electrostatic barriers between 
sulfate anions and protonated MN at physiological pH, effectively decelerating 
MN diffusion. Conversely, HAOX-MN’s lack of ionic modifiers results in 
unhindered MN mobility, despite comparable ξ values. These findings challenge 
conventional view that prioritizes mesh size as the key diffusion determinant 
[65,128–131] and underscores the proposed contribution of this work: the 
development of HAOX_PECOX, a formulation that leverages immobilized PECs 
to reconcile conflicting demands of structural stability and sustained release. 

Table 4.4  Mesh size estimations of the DDS formulation by rubber elasticity 
and equilibrium swelling theory (n=3). 

Formulations 
Rubber elasticity theory Equilibrium swelling 

theory 
𝑴𝒄 (g mol-1) ξ (nm) 𝑴𝒄 (g mol-1) ξ (nm) 

HAOX (129.2 ± 0.4) x 
103 317 ± 13 (150 ± 0.002) x 

103 342 ± 13 

HAOX-MN (130.2 ± 1.3) x 
103 275 ± 8 (150 ± 0.004) x 

103 295 ± 7 

HAOX-
CHELATE 

(131.1 ± 0.7) x 
103 284 ± 2 (150 ± 0.000) x 

103 304 ± 1 

HAOX_PECS (132.9 ± 0.9) x 
103 287 ± 4 (150 ± 0.002) x 

103 304 ± 5 

HAOX_PECOX (93.3 ± 0.01) x 
103 279 ± 2 (105 ± 0.079) x 

103 299 ± 2 

HAOX (129.2 ± 0.4) x 
103 317 ± 13 (150 ± 0.002) x 

103 342 ± 13 

 
Calculation of  𝑀8 and ξ revealed a trend wherein simpler formulation exhibited 

larger 𝑀8 and ξ values. The reduction in both parameters for HAOX_PECOX is 
attributed to the covalent anchoring of CSOX within the HAOX matrix, which 
introduces additional crosslinking sites and sulfate-mediated electrostatic 
interactions (Fig. 4.9). 
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Furthermore, the uniformity in 𝑀8 values for HAOX, HAOX-MN, HAOX-
CHELATE, and HAOX_PECS under equilibrium swelling theory (~150,000 g 
mol⁻¹) arises from fixed parameters (χ = 0.439, 𝑉<=18 cm3 mol−1) and constrained 
swelling ratios, which homogenize polymer volume fractions (𝑣9,;, 𝑣9,3) in 
calculations. In contrast, HAOX_PECOX’s covalent anchoring of CSOX 
introduces structural modifications, reduced 𝑀6 (209,000 vs. 300,000 g mol⁻¹), 
adjusted bond parameters, and additional crosslinking sites that disrupt this 
uniformity, validating its distinct value. While rubber elasticity theory shows 
slight 𝑀8 variations (129,000 – 132,000 g mol−1), equilibrium swelling’s reliance 
on fixed constants accentuates uniformity. This consistency is not coincidental 
but a consequence of model limitations.  

 

Fig. 4.9: Key structural differences in HAOX hydrogel formulations: a) HAOX-HAOX: 
Minimal crosslinking and larger mesh size enable fast, diffusion-driven drug release, 

b) HAOX-CSOX: Enhanced crosslinking density and sulfate-mediated interactions 
create a tighter network of HAOX-CSOX and CSOX-CSOX, slowing MN diffusion and 

reducing burst release. 

Further validation of the calculations for 𝑀8	and ξ derived from both theories 
is essential for the goodness fit of the models to the formulated DDS network. 
Equations (3.7) and (3.17) render all calculated values as approximations, as the 
equations do not consider network defects. Structural defects may be present 
within the crosslinked network, such as entanglements, closed loops, and loose 
ends. These malformations do not contribute to network elasticity, which further 
influences the mechanical properties and moduli. Overall, this situation can 
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significantly affect the validity of the equations and the calculated 𝑀8 
values. Currently, direct quantification of ξ under equilibrium conditions remains 
methodologically unfeasible; existing approaches instead derive estimations 
through indirect correlations with rheological parameters and swelling data. 

4.1.5 Whole blood monocytes activation test (WB-MAT) for minocycline 
bioactivity analysis  

This study evaluated the anti-inflammatory efficacy of MN released from the 
HAOX_PECOX hydrogel system using a whole blood monocyte activation assay. 
The objective was to validate whether HAOX_PECOX preserves MN’s 
bioactivity in suppressing interleukin-6 (IL-6), a pro-inflammatory cytokine 
exacerbated in neuroinflammation during MS [132–134]. Whole blood 
monocytes isolated from three healthy donors were treated with two experimental 
groups: (1) release medium from MN-loaded HAOX_PECOX (5 μg mL⁻¹ MN), 
and (2) MN-free HAOX_PECOX release medium (control). Monocytes were 
stimulated with lipopolysaccharide (LPS) at 1 IU mL⁻¹, a concentration optimized 
in preliminary dose-response experiments to induce significant IL-6 production 
(p < 0.05; Fig. 4.10a). Preliminary testing also confirmed MN’s direct anti-
inflammatory activity, significantly reducing LPS-induced IL-6 production (Fig. 
4.10b). 

Results demonstrated that LPS stimulation significantly increased IL-6 
secretion in a concentration dependent manner (Fig. 4.10 a). Critically, monocytes 
treated with MN-loaded HAOX_PECOX exhibited a 56% reduction in IL-6 levels 
compared to the MN-free control (p < 0.05), confirming MN’s retained anti-
inflammatory activity post-encapsulation (Fig. 4.10 c). 

This finding demonstrates that the HAOX_PECOX system maintains MN’s 
anti-inflammatory activity despite the physical and chemical stresses inherent to 
hydrogel preparation and injection. Furthermore, this delivery system addresses 
MN's pharmacokinetic limitations by maintaining its therapeutic activity up to a 
6-fold improvement over free drug formulations [78,135]. This aligns with 
clinical observations of MN's immunomodulatory effects but extends them 
through controlled delivery paradigms. 
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Fig. 4.10: Suppression of LPS-induced IL-6 secretion by MN released from HAOX_PECOX: a) LPS dose-response concentration to 
provoke substantial IL-6 release (mean ± SD; p <0.05; n = 3 donors). b) a preliminary single- replicate study of IL-6 expression 
following treatment with 1 IU mL⁻¹ LPS, standard MN solution (50 -1.562 µg mL-1) and saline. All samples, including the saline 
control, were treated with LPS. Saline demonstrates baseline IL-6 levels despite the presence of LPS, as saline lacks of bioactive 

components necessary to activate the inflammatory receptors (TLR4/NF-kB pathways). c) Monocytes were exposed to either free MN 
or MN-loaded HAOX_PECOX release media, followed by stimulation with LPS (1 IU mL⁻¹). Treatment with MN-loaded 

HAOX_PECOX significantly decreased IL-6 production compared to MN-free HAOX_PECOX (mean ± SD; p < 0.05; n = 3 donors).
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4.2 In situ forming hydrogel from aldehyde-modified 

hyaluronic acid and aldehyde-modified chondroitin sulfate 
for synthetic preimplantation factor delivery 

Recent advancements highlight SPIF’s therapeutic promise in addressing 
neuroinflammatory disease, particularly MS. Despite its potential to cross the 
BBB and modulate inflammation, its clinical application is hindered by 
challenges such as enzymatic degradation, short biological half-life, and the need 
for frequent systemic dosing, which can lead to poor patient adherence and 
suboptimal therapeutic outcomes. An improved controlled release strategy for 
SPIF is essential to address these limitations and enhance its therapeutic efficacy 
in managing chronic inflammatory diseases like MS. Current delivery methods, 
often reliant on systemic administration, fail to provide sustained drug levels, 
resulting in rapid clearance and potential toxicity. Meanwhile, MS patients 
increasingly Favor implantable drug reservoirs for controlled release to reduce 
dosing frequency and improving quality of life. However, developing such 
systems requires stable delivery and structural integrity. Thus, there is a critical 
need for a delivery system that localizes SPIF release, prolongs its therapeutic 
window, and simplifies administration to enhance patient outcomes. 

Building on the application of immobilized PEC within HAOX hydrogel for 
controlled MN release, as detailed in Chapter 4.1, this study investigates the 
adaptability of the system for FITC-SPIF delivery. While the versatility of this 
DDS is evident, optimizing its formulation for peptides like FITC-SPIF presents 
unique challenges due to their charge, hydrophilicity, and susceptibility to 
aggregation. To address these challenges, strategies were developed to enhance 
FITC-SPIF retention within the HAOX-CSOX matrix to minimize burst and the 
rapid diffusion (Fig. 4.11). HAOX serves as the primary component, ensuring 
injectability and mechanical stability, while the amine residues of FITC-SPIF 
(presented by lysine and arginine) interact electrostatically with the sulfate groups 
of CSOX to form PEC. PDHA, a biocompatible crosslinker, further stabilizes the 
system by crosslinking HAOX and CSOX, creating immobilized PECs for 
sustained release. 

To optimize the system, two key strategies were employed: 1) varying the 
preparation pH to enhance the charge density of FITC-SPIF, thereby 
strengthening its interaction with CSOX and achieving more controlled release, 
and 2) adjusting CSOX concentration to maximize sulfate group availability for 
improved FITC-SPIF entrapment. These strategies were systematically 
characterized by evaluating polymer concentration, crosslinking density, 
injectability, gelation time, swelling behaviour, drug release kinetics, and 
biocompatibility. The goal was to identify a formulation that balances therapeutic 
efficacy, stability, and safety. By harnessing the structural and chemical properties 



73 

of HAOX and CSOX, this approach effectively addresses the challenges of 
peptide delivery while enhancing the system's potential for clinical application in 
managing neuroinflammatory conditions such as MS. 

 

 

Fig. 4.11: Drug delivery strategy for FITC-SPIF:a) chemical structure of FITC-SPIF, 
b) DDS prepared from HAOX-CSOX leveraging electrostatic interaction between 

FITC-SPIF and CSOX, c) zoomed-in view showing electrostatic interactions between 
FITC-SPIF and the positively charged residues lysine (Lys) and arginine (Arg) as part 

of the polypeptide chain. The marked region in the left panel corresponds to the 
interaction site magnified in the right panel. 

 
4.2.1 Gelation time of FITC-SPIF-loaded HAOX-CSOX hydrogels: 

balancing pH-dependent crosslinking for clinical translation 
FITC-SPIF presents considerable challenges for clinical application due to its 

inherent instability. Unlike conventional systems where peptides often serve as 
structural components, in this study, FITC-SPIF functions as the therapeutic 
payload, requiring carriers that balance protective immobilization with bio 
responsive release. These requirements add complexity to the gelation design, as 
the system must achieve sufficient fluidity for injectability while ensuring rapid 
solidification to entrap the drug and prevent premature release. In this study, the 
gelation dynamics is further influenced by preparation pH and CSOX 
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concentration, which modulates FITC-SPIF’s charge density and its electrostatic 
interactions with CSOX.   

 

Fig. 4.12: Gelation time of injectable hydrogels containing FITC-SPIF, measured at 
two preparation pH values (5.0 and 6.8). Each group includes three formulations with 
increasing CSOX concentrations: no CSOX (HAOX_15 at pH 5, HAOX_17 at pH 6.8), 

0.5% CSOX (HACOX_25, HACOX_27), and 1% CSOX (HACOX_35, HACOX_37). 
Results represent mean ± SD (n = 3). Statistical significance: *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001, ns = non-significant. 

 
The gelation behaviour of HAOX-CSOX hydrogels was profoundly influenced 

by preparation pH and CSOX concentration, with distinct mechanisms governing 
network formation under acidic (pH 5) and near-physiological (pH 6.8) conditions 
(Fig. 4.12). At pH 5, hydrogels exhibited rapid and uniform gelation (74 ± 3 s, p > 
0.05 across CSOX concentrations), driven by acid-catalysed oxime bond 
formation between HAOX aldehydes and the crosslinker PDHA. In contrast, at 
pH 6.8, gelation times varied significantly, ranging from 70 s for HAOX-only 
formulations (HACOX_17) to 193 s for CSOX-rich systems (HACOX_37, p < 
0.01). The accelerated gelation at pH 5 where acidic conditions enhance 
nucleophilic attack by hydroxylamine groups on aldehyde moieties, enabling 
rapid covalent crosslinking. Similar pH-dependent behaviour has been observed 
in Schiff base-crosslinked hydrogels, where protonation of amino groups at low 
pH accelerates imine bond formation [89,136,137]. However, the translational 
limitation of acidic formulations concerning tissue incompatibility and 
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inflammation risk renders pH 6.8 formulations clinically imperative, despite their 
slower kinetics. 

Besides variety in pH preparation, the low molecular mass of CSOX (12 kDa) 
and its high sulfate group density introduce unique challenges and opportunities. 
The sulfated residues of CSOX enhance electrostatic interactions with FITC-
SPIF’s cationic amino acids (e.g., lysine and arginine), which can improve peptide 
loading and retention within the hydrogel. However, CSOX’s limited chain length 
reduces its capacity to participate in effective crosslinking, which can slow 
network formation. This duality explains why increasing CSOX concentration at 
pH 6.8 prolonged gelation: the polymer’s short chains slowed network formation 
despite its high charge density. However, the 193 s gelation time observed for 
HACOX_37 at pH 6.8 aligns with literature-reported ideals (3–5 minutes) for 
injectable systems concerning the balance between syringe-ability and 
injectability [138]. This duration accommodates multiple steps in PEC formation, 
including primary complex assembly, conformational changes via hydrogen 
bonding, and secondary complex aggregation driven by hydrophobic interactions 
[114], all of which are essential for optimal drug delivery performance. In 
contrast, the observed more rapid gelation duration at pH 5 aligns with previously 
reported values for HAOX-based DDS [87,88], indicating that the acidic pH 
environment effectively compensates for the low molecular mass of CSOX for 
the robust network formation.  

The transition from acidic to physiological pH in this study mirrors the shift 
from benchtop optimization to clinical application. While pH 5 formulations 
demonstrate superior controllability in vitro, their translational potential is limited 
by the incompatibility of acidic conditions with living tissues. Conversely, 
the 193-second gelation time of HACOX_37 provides a clinically essential 
extended injectability window, significantly reducing leakage risk and ensuring 
spatial confinement to target tissues or implant [138–140]. This extended gelation 
window differs fundamentally from rapid thermosensitive systems like poloxamer 
407, which gels within 10-20 s upon contact with body heat [50]. The system of 
HAOX-CSOX thus achieves a key clinical requirement: prolonged, tuneable 
injectability for precise implantation. This attribute is particularly valuable for 
neuroinflammatory applications, where localized delivery mitigates systemic 
exposure. 

4.2.2 Release study of FITC-SPIF, T50 %, and Korsmeyer-Peppas 
parameters 

The controlled release kinetics of FITC-SPIF from HAOX-CSOX hydrogels 
were systematically investigated to evaluate the formulation's potential for 
sustained peptide delivery. HA-based hydrogels have emerged as promising drug 
delivery platforms due to their inherent biocompatibility and tuneable mechanical 
properties [46,48,54]. However, their highly hydrated network structure presents 
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challenges for retaining small hydrophilic peptides such as FITC-SPIF. To 
address this limitation, PECs were formed between the cationic FITC-SPIF and 
anionic CSOX, which were subsequently immobilized within a 2% (w/v) HAOX-
CSOX hydrogel matrix. This approach leverages electrostatic interactions to 
modulate drug release while maintaining the injectability essential for clinical 
applications. 

 

Fig. 4.13: Drug release profile across different preparation pH and formulation, a) 
cumulative drug release, b) burst profile, c) T50%. Data are expressed as mean ± SD 
(n = 3). Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns 

= non-significant. 

UV-Vis analysis revealed that CSOX concentration serves as a critical 
determinant of burst release characteristics (Fig. 4.13). Control formulations 
lacking CSOX (HAOX_15 and HAOX_17) exhibited high burst, releasing 43–44 
μg of FITC-SPIF during the initial 24 h, followed by sustained daily release of 
18–20 μg. Incorporation of 0.5% CSOX significantly attenuated burst release: 
HACOX_25 showed a 40% reduction (p < 0.05), with subsequent sustained 
release of 18 μg per day, while HACOX_27 achieved comparable suppression 
(38% reduction) and maintained 15 μg per day. Further increasing CSOX to 1% 
enhanced burst suppression markedly: HACOX_35 and HACOX_37 
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demonstrated 58% and 78% reductions (p < 0.001), respectively, followed by 
controlled daily release of 14 μg and 13 μg. These findings provide evidence for 
the role of CSOX in enhancing electrostatic interactions that promote FITC-SPIF 
retention within the hydrogel network.  

The temporal control of drug release was further quantified through 
determination of T50% values (Fig. 4.13c), exhibiting a distinct concentration-
dependent relationship with CSOX content. Formulations without CSOX 
displayed a T50% of 29 h, while those containing 0.5% CSOX showed extended-
release durations of 53 h. The most pronounced extension occurred with 1% 
CSOX, achieving T50% values of 70 to 88 h. Critically, the daily drug output 
derived from these release profiles aligns with established therapeutic dosing 
requirements, matching murine study doses (1 µg g-1 for a 20 g mouse)  [141] and 
clinical administration ranges (7-70 µg per dose for 70 kg adults) [44]. This 
HAOX-CSOX system thus delivers clinically relevant dosing while providing 
enhanced controlled release relative to conventional single-dose regimens. 

Table 4.5  Korsmeyer-Peppas kinetic modelling of FITC-SPIF release from 
DDS prepared at varied pH levels (n=3). 

Formulations 𝒌 𝒏 𝑹𝟐 
HAOX_15 0.037 ± 0.01 0.783 ± 0.05 0.999  
HACOX_25 0.020 ± 0.02 0.833 ± 0.16 0.999  
HACOX_35 0.018 ± 0.01 0.761 ± 0.08 0.997  
HAOX_17 0.050 ± 0.01 0.692 ± 0.07 1.000  
HACOX_27 0.025 ± 0.01 0.764 ± 0.09 0.999  
HACOX_37 0.008 ± 0.01 0.917 ± 0.08 0.997  

 
Mechanistic analysis using the Korsmeyer-Peppas model (Table 4.5) yielded 

diffusional exponent values (𝑛) between 0.692 - 0.917. These values indicate 
anomalous transport behaviour, where drug release is not exclusively dependent 
on diffusion but is also modulated by additional variables such as solubility, 
crosslinking density, matrix composition, and intermolecular interactions 
between FITC-SPIF and the polymeric matrix within the DDS. The kinetic 
constant (𝑘) exhibited an inverse relationship with CSOX concentration, 
decreasing by up to 84% in high-CSOX formulations. This reduction correlates 
with enhanced electrostatic interactions between FITC-SPIF's cationic amino acid 
residues (lysine and arginine) and CSOX's anionic sulfate groups. These findings 
align with previous studies demonstrating that sulfate-rich polymers can 
effectively retard the release of cationic peptides through electrostatic binding 
[142–144].  In contrast, HAOX-only formulations demonstrated significantly 
higher 𝑘 values, attributable to the absence of strong electrostatic retention forces 
and the favorable aqueous solubility of FITC-SPIF. 
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The optimized HAOX-CSOX hydrogel system advances peptide therapeutics 
by addressing two critical challenges: a 78% reduction in burst release and 
extended therapeutic availability (T50%= 88 h). These improvements hold 
relevance for MS management, where reduced dosing frequency alleviates patient 
burden and healthcare costs [20]. Critically, the system maintains pH-insensitive 
release profile across pH 5–6.8, ensuring consistent performance under 
physiological conditions. This is achieved by preserving the protonation of FITC-
SPIF’s cationic residues (lysine pKa ≈ 10.8 [145]; arginine pKa ≈ 13.8 [146]), 
enabling stable electrostatic interactions with CSOX’s sulfate groups. These 
interactions form PECs acting as drug reservoirs, while the unbound peptide 
contributes to the burst release phase. This dynamic equilibrium is inversely 
related to CSOX concentration. Although prolonged gelation (193 s for 
HACOX_37) presents practical limitations, it ensures PEC stabilization 
(millisecond-scale formation [147]) and network integration, synergizing with 
HAOX crosslinking to minimize leakage. This harmonization of injectability with 
sustained release bridges controlled delivery and clinical needs, positioning it for 
preclinical validation and potential combination therapies. 

4.2.3 Swelling profile and crosslinking density of the drug delivery 
system 

In aqueous or physiological environments, the swelling of hydrogels is 
primarily governed by osmotic pressure. This force mainly arises from the 
interplay between polymer hydrophilicity, static charges, and counterions. The 
same force induces structural shifts capable of modulating drug elution kinetics, 
where volumetric transitions in the polymer matrix may alter diffusion pathways 
or interaction dynamics. This situation renders swelling as a critical parameter for 
optimizing hydrogel performance. Swelling can be tailored by modulating factors 
such as hydrogel dimension, confinement, and crosslinking density to achieve 
desired release kinetics. FITC-SPIF release experiments exhibited comparable 
release profiles at pH 5 and pH 6.8. Although pH 5 provides some insights into 
pH-dependent behaviour, its relevance is limited due to the lack of significant 
variations within the tested range. Therefore, swelling studies were conducted 
exclusively at pH 6.8, as this condition closely mimics the physiological 
environment in which the DDS is intended to operate. 

Central to these findings is the demonstration that increasing CSOX 
concentration reduces crosslinking density (Table 4.6) while enhancing swelling 
capacity (Fig. 4.14). This inverse relationship arises from CSOX’s hydrophilic 
hydroxyl (–OH) and sulfate (–SO₃) groups, which promote water uptake through 
hydrogen bonding, as well as its lower molecular weight, which disrupts HAOX 
chain packing. These results align with prior studies on sulfate-rich polymers like 
chondroitin sulfate [74,127], where hydration-driven swelling was shown to 
modulate drug diffusion pathways. However, unlike conventional HA hydrogels 
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that prioritize effective crosslinking for stability (often at the expense of drug 
retention), the HAOX-CSOX platform leverages CSOX’s unique 
physicochemical properties to reconcile swelling with sustained release, 
addressing a key limitation in existing systems. 

 

Fig. 4.14: Swelling ratio of formulation prepared at pH 6.8 (n=3). 

 

Table 4.6 Crosslinking density for formulations prepared at pH 6.8 (n=3). 

Formulation Crosslinking density 
(mol/m³) 

HAOX_17 8.193 ± 0.023 
HACOX_27 6.864 ± 0.014 
HACOX_37 5.297 ± 0.076 

 
The minimal to non-swelling characteristics observed across formulations 

contrast significantly with traditional HA-based hydrogels. Conventional systems 
typically exhibit higher swelling ratios (>1000%) due to inherent polymers 
hydrophilicity, leading to structural disintegration and unpredictable drug release 
profile as reported in prior studies [93,148,149]. This discrepancy underscores the 
structural benefit of HAOX-CSOX system’s: covalent crosslinking via PDHA 
stabilizes the network, while CSOX’s sulfate groups fine-tune hydration without 
compromising mechanical resilience. For instance, HACOX_37’s lower 
crosslinking density allows greater swelling, yet its sulfate-mediated electrostatic 
interactions with FITC-SPIF mitigate rapid drug release. This dual functionality 



80 

obtained by combining covalent stability with tuneable hydration, resolves the 
historical compromise between hydrogel swelling and drug retention. 

The role of Transwell® inserts in mimicking confined physiological 
environments further differentiates this study from earlier work. While 
conventional swelling assays under free conditions often overestimate expansion 
[87,93,148,149], the Transwell® setup revealed how physical confinement 
restricts fluid penetration, creating uneven swelling gradients and retractive forces 
that counteract osmotic pressure [124,127,150]. This confined environment, 
which is analogous to an implanted reservoir, reduced overall swelling ratios and 
delayed equilibrium. The semi-permeable membrane of Transwell® allows only a 
controlled amount of fluid to diffuse into the hydrogel, thus slowing the swelling 
process. Furthermore, the physical confinement leads to uneven swelling and 
deswelling kinetics. The hydrogel experiences faster fluid penetration near the 
insert membrane, resulting in localized swelling, while inner regions swell more 
slowly due to limited fluid access. During deswelling, outer regions lose water 
more rapidly, creating a gradient in water content that potentially affects the 
structural integrity and drug release behaviour. The combination of crosslinking 
junctions within the hydrogel and the confinement imposed by the Transwell® 
insert generates retractive forces that counteract swelling [150]. The covalent 
bonds formed during crosslinking create a network that resists expansion. At the 
same time, the physical confinement adds an external force that further limits 
swelling, resulting in a minimal swelling ratio that can be desirable for controlled 
drug delivery. 

The practical and translational implications of these findings are profound. 
HAOX_17’s low swelling and high crosslinking density make it ideal for 
scenarios demanding rigid, rapid release, while CSOX-enriched formulations like 
HACOX_37 cater to applications requiring moderate hydration without 
sacrificing controlled release. This versatility directly addresses patient 
preferences for implantable DDS that minimize dosing frequency, as emphasized 
in surveys where 72% of MS patients prioritized reduced treatment burdens 
[10,11]. Moreover, the system’s ability to maintain structural stability under 
physiological confinement mitigates risks of premature degradation, which 
recognised as a critical technological refinement over physically crosslinked 
systems, where rapid swelling often led to burst release and mechanical failure 
[50,100,105]. 

4.2.4 Drug delivery system development of HACOX_37: influence of 
FITC-SPIF loading levels on CDR, swelling behaviour, and 
Korsmeyer-Peppas parameters 

The significant reduction in burst release, prolonged T50%, and 
physiologically relevant preparation pH in HACOX_37 collectively set a 
foundation for optimizing the system and improving its potential for enhanced 
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control release applications. While the 100-µg of FITC-SPIF loading established 
proof-of-concept efficacy, its clinical relevance can be improved by enhancing 
the dosing range. Preclinical and clinical studies of SPIF highlight dose-
dependent therapeutic effects [24,44,141,151]. To bridge this gap, the hydrogel 
system should accommodate higher drug payloads without sacrificing controlled 
release. Increasing the drug concentration will allow us to investigate saturation 
effects while retaining its core functionality. This section examines the 
HACOX_37 formulation, with SPIF concentrations systematically increased to 
250 µg mL⁻¹ (HACOX_37_250) and 500 µg mL⁻¹ (HACOX_37_500), to assess 
their effects on the release profile (Table 3.3).  

 

 

Fig. 4.15: Influence of FITC-SPIF Loading Levels on a) CDR, b) burst release, c) 
T50%, and d) swelling ratio. Data are expressed as mean ± SD (n = 3). Significance 
levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-significant. 

Figure 4.15 indicates that optimal loading capacity and binding dynamics were 
achieved at a 1:1 HAOX:CSOX ratio for 100 µg (HACOX_37) and 250 µg FITC-
SPIF (HACOX_37_250). No significant differences in burst and cumulative 
release were observed between these formulations (p > 0.05). However, 
HACOX_37_250 showed a prolonged T50% from 96 h to 144 h (p < 0.001), 
indicating that higher FITC-SPIF loading extends release duration without 
altering the initial release rate. In contrast, HACOX_37_500 exhibited a 200% 
increase in burst release, reaching 146 µg (p < 0.0001 compared to HACOX_37). 
Clinically, the 250-µg formulation aligns with Phase I trial dosing (7–70 µg per 



82 

adult dose), offering a scalable solution for chronic MS management that reduces 
dosing frequency while avoiding toxicity risks [44].  

Table 4.7 Influence of FITC-SPIF Loading Levels on Korsmeyer-Peppas model 
fitting (n=3). 

Formulations 𝒌 𝒏 𝑹𝟐 
HACOX_37 0.008 ± 0.01 0.917 ± 0.08 0.997  
HACOX_37_250 0.021 ± 0.01 0.644 ± 0.05 0.990 
HACOX_37_500 0.081 ± 0.02 0.497 ± 0.07 0.986 

 
Table 4.7 presents the Korsmeyer-Peppas analysis of FITC-SPIF release 

kinetics from HACOX_37 hydrogels. The analysis revealed concentration-
dependent release rates (𝑘) as FITC-SPIF loading increased from 100 to 500 µg 
mL⁻¹, with 𝑘 rising linearly from 0.08 (HAOX_37) to 0.021 (HACOX_37_250) 
and 0.081 (HACOX_37_500). Notably, the release mechanism (𝑛) shifted from 
anomalous transport (non-Fickian) in HAOX_37 and HACOX_37_250 to Fickian 
diffusion in HACOX_37_500, indicating a transition from coupled diffusion-
polymer relaxation to pure diffusion at higher SPIF concentrations. Importantly, 
because the swelling profiles were comparable across all formulations (Fig. 4.15 
d), the observed differences in release kinetics are unlikely to be driven by 
variations in hydrogel swelling or mesh size. Instead, this shift highlights the role 
of drug-polymer interactions; at lower FITC-SPIF concentrations, electrostatic 
interactions between the anionic sulfate groups of CSOX and cationic amino acids 
of SPIF govern release, resulting in anomalous diffusion. As FITC-SPIF 
concentration increases (HACOX_37_500) and binding sites become saturated, 
excess FITC-SPIF molecules diffuse freely through the hydrogel matrix. These 
findings directly address the clinical imperative for dosing regimens that balance 
therapeutic efficacy with safety, as emphasized in preclinical studies where 
SPIF’s dose-dependent immunomodulatory effects required precise 
pharmacokinetic control to avoid cytotoxicity [44,151]. Consequently, 
HACOX_37_500 risks burst release-induced cytotoxicity and subtherapeutic 
drug levels post-burst. This highlights the system’s unfitness for clinical 
applications. The rapid initial release of high FITC-SPIF concentrations may 
overwhelm cellular tolerance thresholds, while the subsequent depletion of 
release compromises long-term therapeutic activity. These multitude limitations 
underscore the need for fundamental adjustment in high-load formulations as 
increased payload is achieved at the cost of release control, rendering such 
systems ineffective for chronic or acute-phase therapies requiring precise 
pharmacokinetic modulation. 
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4.2.5 Development of HACOX_37: influence of CSOX concentration on 
CDR, swelling behaviour, and Korsmeyer-Peppas parameters 

The 250-µg loading (HACOX_37_250) maintained a controlled release similar 
to the optimized 100 µg formulation but with an extended T50%, making it a 
promising candidate for optimization. Since the released dosages from 
HACOX_37_250 also align with preclinical and clinical dosing requirements 
(e.g., 1–20 µg per day in murine models and 7–70 µg kg-1 in human trials), 
optimizing the system for this loading provides a more targeted and clinically 
relevant approach. By increasing CSOX concentration relative to a fixed HAOX 
concentration (total polymer content >2%), this section seeks to enhance the 
hydrogel's ability to retain and control the release of 250 µg FITC-SPIF. A series 
of hydrogel formulations were prepared to optimize FITC-SPIF delivery. All 
formulations maintained a constant HAOX concentration of 1% (w/v). 
Experimental formulations consisted of 1% HAOX with increasing CSOX 
concentrations (Table 3.4): 1% CSOX with 1% HAOX (HACOX_37_250), 2% 
CSOX with 1% HAOX (HACOX_47_250), and 3% CSOX with 1% HAOX 
(HACOX_57_250). This design allowed a systematic evaluation of CSOX's 
impact on FITC-SPIF release. 

Figure 4.16 shows that adding 1% and 2% CSOX to the HACOX_37 
formulation resulted in similar burst release profiles and did not produce a linear 
trend in sustained release with increasing sulfate content. Although higher CSOX 
concentrations theoretically offer more sulfate groups for electrostatic interactions 
with FITC-SPIF’s amine residues, the comparable release behaviour of 
HACOX_37_250 (1% CSOX) and HACOX_47_250 (2% CSOX) suggests that 
binding site saturation occurs at lower CSOX levels. Once the accessible cationic 
sites on FITC-SPIF are fully occupied, further increases in CSOX do not enhance 
peptide retention. This explains the absence of progressive release retardation 
with higher sulfate content.  

Notably, the accelerated release after 48 h and reduced T50% in 
HACOX_57_250 (3% CSOX) potentially stems from compromised hydrogel 
matrix integrity. CSOX’s low molecular weight (12 kDa) and high sulfate density 
may disrupt HAOX’s crosslinking network at elevated concentrations. Excess 
CSOX could interfere with integral oxime bond formation between HAOX and 
CSOX or create steric hindrance, leading to a less cohesive hydrogel structure. 
This instability allows faster FITC-SPIF diffusion as the matrix degrades 
prematurely, evidenced by HACOX_57_250 releasing ≈70% of its payload within 
120 h compared to ≈50% in HACOX_37_250 and HACOX_47_250. 
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Fig. 4.16: Influence of CSOX concentrations on a) CDR, b) burst release, c) T50%, 
and d) swelling ratio. Data are expressed as mean ± SD (n = 3). Significance levels: 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-significant. 

Table 4.8 Influence of CSOX concentrations on Korsmeyer-Peppas model 
fitting (n=3). 

Formulations 𝒌 𝒏 𝑹𝟐 
HACOX_37_250 0.021 ± 0.01 0.644 ± 0.05 0.990 
HACOX_47_250 0.013 ± 0.01 0.739 ± 0.09 0.997 
HACOX_57_250 0.004 ± 0.01 1.079 ± 0.11 0.991 

 
The Korsmeyer-Peppas analysis of FITC-SPIF release kinetics (Table 4.8) 

reveals a concentration-dependent decrease in release rates as CSOX 
concentration increases from 1% to 3% (w/v), with 𝑘 values declining linearly 
from 0.021 (HACOX_37_250) to 0.013 (HACOX_47_250) and 0.004 
(HACOX_57_250). This trend is accompanied by a shift in release mechanisms, 
transitioning from anomalous transport (non-Fickian, 𝑛 ≈ 0.644–0.739) in 
HACOX_37_250 and HACOX_47_250 to supercase transport (𝑛 ≈ 1.079) in 
HACOX_57_250. The significant increase in swelling characteristics with higher 
CSOX concentrations (Fig. 30 d) plays a critical role in altering release 
mechanisms. At 1–2% CSOX, the hydrogel maintains a balance between swelling 
and structural integrity, enabling anomalous transport dominated by coupled 
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diffusion-polymer relaxation. However, at 3% CSOX, excessive swelling 
gradually disrupts the matrix. This extreme form of release is characterized by 
severe structural modifications, where the hydrogel swells beyond its insert and 
disintegrates, accelerating FITC-SPIF release. The dominance of CSOX at higher 
concentrations (3%) compromises the structural role of DDS by reducing 
crosslinking efficiency and matrix durability. This instability profile is reflected 
in the lowest 𝑘 value (0.004) and highest cumulative release in HACOX_57_250, 
as the matrix disintegrates faster under physiological conditions.  

The seemingly contradictory observation that HACOX_57_250 exhibits the 
lowest release rate constant while achieving the highest cumulative FITC-SPIF 
release can be explained by the interplay of the hydrogel's hydrophilicity, swelling 
behaviour, and structural integrity. The increased CSOX concentration creates a 
highly hydrophilic environment within the hydrogel matrix, resulting in 
significantly greater water uptake compared to HACOX_37_250 and 
HACOX_47_250. This excessive water absorption restricts drug diffusion, as 
minimal water exits to facilitate exchange, causing the hydrogel to primarily 
absorb water rather than release the drug [66,67,152]. The subsequent inability of 
water removal generates localized stress, which can accelerate structural 
disintegration. Consequently, as the matrices degrade, the high drug concentration 
is released, resulting in an overall increase in drug release. 

The findings in this study challenge conventional assumptions that higher 
polyelectrolyte concentrations invariably enhance drug retention, instead 
revealing a critical threshold beyond which structural compromises outweigh 
electrostatic benefits. This nonlinear relationship between CSOX concentration 
and release kinetics diverges from prior studies, where increasing polyelectrolyte 
content linearly improved drug retention [40,53,122,153]. The HAOX-CSOX 
system’s covalent crosslinking framework, which was absent in earlier physically 
crosslinked systems, introduces a significant constraint: excessive CSOX disrupts 
the PDHA-mediated network, compromising structural cohesion. It is essential to 
achieve a careful balance between controlled release, sustained therapeutic levels, 
and long-term stability for effective clinical translation in MS treatment. The 
HACOX_37 formulation, whether loaded with 100 µg or 250 µg FITC-SPIF, 
demonstrates a sufficient release profile for both preclinical and clinical 
applications. However, while HACOX_47_250 offers minor improvements in 
performance, its increased CSOX concentration adversely affects structural 
integrity over time. Furthermore, HACOX_57_250's significant matrix swelling 
and inconsistent drug delivery pose serious risks to both efficacy and safety.  
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4.2.6 Molecular weight between crosslinks (𝑴𝒄) and mesh size (ξ) and 
their roles in release kinetics of FITC-SPIF-loaded drug delivery 
system 

This study analyses the mesh size (ξ) of HAOX-CSOX hydrogels prepared at 
pH 6.8 with 100 µg FITC-SPIF (Formulation in Table 3.2), using rubber elasticity 
theory and equilibrium swelling theory. While previous research examined higher 
FITC-SPIF loads (250 µg) and varying CSOX concentrations (1-3% w/v), the 100 
µg formulations serve as a benchmark for controlled release and structural 
stability, ensuring continuity and comparability across experiments. By 
strategically revisiting these formulations, this study allows us to isolate the 
effects of varying HAOX-CSOX concentrations contributing to the rational 
design of effective DDS by elucidating the relationship between prior release 
profile observations to intrinsic structural properties. 

Table 4.9 Mesh size estimations of the DDS formulation by rubber elasticity and 
equilibrium swelling theory (n=3). 

Formulations 
Rubber elasticity theory Equilibrium swelling 

theory 
𝑴𝒄 (g mol-1) ξ (nm) 𝑴𝒄 (g mol-1) ξ (nm) 

HAOX_17 (142 ± 0.4) x 103 299 ± 11 
(150 ± 0.002) x 
103 307 ± 11 

HACOX_27 (136 ± 1.3) x 103 247 ± 4 
(139 ± 0.004) x 
103 250 ± 4 

HACOX_37 (126 ± 0.7) x 103 201 ± 10 
(127 ± 0.005) x 
103 202 ± 10 

 

The results in Table 4.9 reveal that Increasing CSOX concentration 
systematically reduces both 𝑀8 and ξ. HAOX_17 (0% CSOX) exhibits the highest 
𝑀8 (142,000 g mol⁻¹) and ξ (299 nm), while HACOX_37 (1% CSOX) shows the 
lowest values (𝑀8 = 126,000 g mol⁻¹, and ξ  = 201 nm). This inverse relationship 
aligns with established polymer physics principles where low molecular weight 
polymers like CSOX shorten crosslink distances, tightening the network 
[129,154]. Crucially, despite significant variations in ξ (up to 34%), the 
hydrogel’s restricted swelling profile minimizes the impact of ξ on diffusion 
pathways. This decoupling of structural changes from functional performances 
represents a key system characteristic: ξ variations do not proportionally 
influences swelling or drug release behaviour. 

This deviation from expectations underscores a critical distinction between the 
HAOX-CSOX system and prior hydrogel designs. Traditional studies, such as 
those by Rehmann (2017) and Vanoli (2020), emphasize ξ as a key regulator of 
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diffusion, where smaller mesh sizes restrict drug mobility [65,128]. Yet, in 
HAOX-CSOX system, HACOX_37’s smaller ξ (201 nm) exhibits higher swelling 
than HAOX_17 (299 nm). This counterintuitive behaviour arises from the 
hydrophilic nature of hydroxyl (–OH) and sulfate (–SO₃) by CSOX, which 
enhances water uptake despite the tighter network structure. The localized 
crosslinking behaviour of CSOX, characterized by shorter segments between 
crosslinks, creates a denser but less cohesive network, contributing to increased 
swelling. This discrepancy between ξ and swelling behaviour is consistent with 
previous studies [127,155,156], which report that highly hydrophilic polymers 
like CSOX can increase swelling even in tightly crosslinked networks. These 
observations underscore that ξ is not the primary factor governing hydrogel 
hydration or drug release. 

Analysis of FITC-SPIF release kinetics via the Korsmeyer-Peppas model 
(Chapter 4.2.2) suggests that ξ does not play a dominant role in regulating drug 
release. All formulations follow anomalous transport (non-Fickian, 𝑛 ≈ 0.692–
0.917), indicating that the release mechanism is influenced by a combination of 
factors, potentially PEC decomplexation, diffusion, and polymer relaxation. 
Despite significant variations in ξ, the consistency in the release mechanism 
across formulations suggests that ξ is not the primary driver of release kinetics. 
Instead, the release rate constant (𝑘) varies inversely with CSOX concentration, 
highlighting the dominant role of electrostatic interactions between FITC-SPIF 
and CSOX sulfate groups. For example, HACOX_37, with the highest CSOX 
concentration (1%), exhibits the lowest 𝑘 value (0.008) and the most controlled 
release profile, while HAOX_17, with no CSOX, shows the highest 𝑘 value 
(0.050) and the fastest release. This inverse relationship between CSOX 
concentration and 𝑘 values is consistent with previous studies [153,155,157], 
which demonstrate that sulfate-rich polymers can effectively retard the release of 
cationic moieties through electrostatic binding. These findings collectively 
demonstrate that electrostatic interactions, rather than ξ, modulate FITC-SPIF 
release. 

The limitations of theoretical models in predicting these behaviours further 
emphasize the system’s complexity. While rubber elasticity theory prioritizes 
mechanical stiffness (yielding lower 𝑀8 and ξ estimates) and equilibrium swelling 
theory accounts for solvent-polymer interactions (yielding higher values), neither 
fully captures the dynamic interplay of CSOX’s hydrophilicity and network 
defects. CSOX’s low molecular weight (12 kDa) promotes localized crosslinking, 
creating a dense but fragmented network that enhances water uptake while 
compromising cohesive elasticity, a structural malformation overlooked in 
idealized models. This aligns with critiques by Rehmann et al. (2017) and 
Richbourg (2020), who noted that traditional theories often neglect the 
heterogeneities inherent in natural polymer networks, leading to overestimations 
of ξ’s influence [65,66].   
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Clinically, the smaller ξ and lower 𝑀8 values in HAOX-CSOX are not just 
structural metrics; they represent a design approach derived from a network 
optimized for dual functionality. The electrostatic “traps” formed by CSOX’s 
sulfate groups retain FITC-SPIF at therapeutic levels. Simultaneously, covalent 
crosslinks offer the durability of implantable devices, aligning with patient 
preferences for autonomy and reduced treatment burden. By localizing delivery, 
the hydrogel potentially circumvents the hidden costs of systemic DMTs, such as 
hepatotoxicity monitoring for interferons or immunosuppression risks from anti-
CD20 therapies, while reducing drug waste, thereby lowering annual treatment 
costs that now exceed $43,606 per patient [20]. For MS pathophysiology, 
sustained SPIF delivery directly targets neuroinflammation and BBB repair, 
addressing the dual neurodegenerative-inflammatory axes of the disease [2]. In 
conclusion, the HAOX-CSOX hydrogel transcends traditional reliance on ξ and 
𝑀8 as predictors of drug release. Instead, it benefits from chemistry-driven 
control, covering electrostatic retention and covalent stability, to meet MS-
specific needs: adherence, safety, and efficacy.  

4.2.7 Viscoelastic properties and injectability of the drug delivery system 
The viscoelastic properties and injectability of the HAOX-CSOX hydrogel 

system represent a critical advancement in addressing the dual demands of 
mechanical stability and patient-centric administration for MS therapy. Increasing 
CSOX concentration systematically reduces the G' while enhancing strain limits 
(Fig. 4.17), as demonstrated by HAOX_17 (0% CSOX, G' = 1083.7 Pa, strain 
limit = 25%) versus HACOX_37 (1% CSOX, G' = 125.7 Pa, strain limit = 245%). 
This inverse relationship between mechanical rigidity and deformability arises 
from CSOX’s shorter chain length and lower molecular weight, which disrupt 
HAOX’s covalent network, reducing crosslinking density and fostering a more 
flexible structure. While this compromises absolute mechanical strength, it 
significantly improves injectability providing a trade-off essential for clinical 
translation, where rigid hydrogels risk patient discomfort or device failure during 
administration. 

These findings challenge conventional design principles for hydrogel-based 
DDS, which often prioritize high G' to ensure structural integrity at the expense 
of practical usability. The HAOX-CSOX platform reconciles these opposing 
demands by leveraging CSOX’s physicochemical properties. Crucially, 
HACOX_37 achieves injectability within clinically acceptable thresholds 
(sustained dispensing force = 2.8 N; peak injection force = 2.9 N; Table 4.10), 
directly addressing MS patients’ preference for minimally invasive therapies 
[10,11]. This contrast with conventional HA-based systems like those reported by 
Seong (2019) and Chandel (2024) [158,159], where dense crosslinked networks 
enhance mechanical stability but require high injection forces that limit clinical 
utility.  
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Fig. 4.17: Rheological characterization of HAOX-CSOX hydrogels prepared at pH 
6.8, assessing G' (LVE) and γL. Data derived from triplicate experiments (n=3), with 
significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-

significant. 

Table 4.10 Injectability parameters of HACOX_37, evaluated through dynamic 
glide force (DGF) and maximum extrusion force (Fmax) (n=3). 

Formulation 
Needle 
size 
(G) 

Duration from 
crosslinking 
process (s) 

𝑷𝒎𝒂𝒙 
[𝐤Pa] 

DGF (N) 
𝑭𝒎𝒂𝒙 
[𝐍] 

HACOX_37 27 60 185 ± 22 2.8 ± 0.5 3.1 ± 0.3 
180 192 ± 25 2.89 ± 0.4 2.9 ± 0.4 

Symbol definition: 
𝑷𝒎𝒂𝒙 = Maximum fluid stress experienced by the hydrogel inside the syringe/needle. 
𝑭𝒎𝒂𝒙 = Maximum mechanical load applied to the syringe plunger to initiate flow. 
 

The HAOX-CSOX system’s performance diverges further from prior systems 
through its time-dependent viscosity modulation. The gradual increase in 𝑃$%& 
from 185 kPa (60 s post-crosslinking) to 192 kPa (180 s) reflects controlled 
gelation kinetics, enabling clinicians to administer the hydrogel within a practical 
timeframe without risking premature solidification. This balance is absent in 
thermosensitive or physically crosslinked hydrogels [52,100,105], where 
excessive flexibility led to the diffusion of structural component. This temporal 
control, combined with low DGF values, ensures smooth injection through 
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narrow-gauge needles (27 G), mimicking the ease of subcutaneous therapies like 
glatiramer acetate while avoiding their frequent dosing requirements. 

Practically, the viscoelastic of HAOX-CSOX system align with MS’s 
pathophysiological and socioeconomic realities that potentially redefines DDS 
design. Its ability to harmonize mechanical compliance with injectability directly 
addresses the clinical imperative for patient-centric therapies which focus on 
prolonging therapeutic coverage while minimizing intervention. This 
development not only bridges the gap between preclinical innovation and clinical 
practicality but also establishes a framework for tailoring hydrogels to the 
dynamic demands of chronic neurodegenerative diseases. By prioritizing 
functional adaptability over rigid structural metrics, this work offers a potential of 
interdisciplinary approaches in advancing MS care. 

4.2.8 FITC-SPIF-induced macrophage polarization: an in vitro 
bioactivity study 

MS is a neurodegenerative disease associated with aberrant immune activity 
that leads to demyelination and cognitive impairment. This hyperactivity of the 
immune system is primarily driven by the overexpression of adhesion molecules, 
particularly VCAM-1. VCAM-1 interacts with VLA-4 expressed on 
macrophages, promoting their polarization toward a pro-inflammatory phenotype 
and facilitating their trafficking into inflamed tissues [160–162]. As a result, 
therapeutic strategies targeting VCAM-1 have emerged as potential interventions 
to disrupt this pathogenic cascade. 

Recent studies have indicated that FITC-SPIF may modulate immune 
responses, although its precise mechanisms are not yet fully understood [82]. This 
study aims to evaluate the bioactivity of FITC-SPIF by comparing the FITC-SPIF 
solution with the FITC-SPIF released from HACOX_37. The assessment of 
bioactivity will involve examining the in vitro capacity of FITC-SPIF to target 
THP-1 macrophages, specifically focusing on its selective induction of VCAM-1 
expression following established method by [82] with modifications. The study 
will further investigate the influence of released FITC-SPIF on the cytokine’s 
expression dynamics, specifically quantifying pro-inflammatory markers 
(CXCL8, PTGS2, TNF, IL-6, IL-1β) and anti-inflammatory regulators (IL-10, 
TGF-β) to assess immunomodulatory outcomes. 

This study utilized THP-1 monocytes, a human leukaemia-derived cell line, 
which were differentiated into macrophages using PMA. Non-activated 
macrophages were pretreated with FITC-SPIF at concentrations ranging from 
3.25 to 50 μg mL⁻¹, or with FITC-SPIF released from HACOX_37, for a duration 
of 48 hours. Control groups included untreated macrophages and those exposed 
to a blank DDS medium devoid of FITC-SPIF. 
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Fig. 4.18: Relative gene expression of VCAM1 from THP-1 macrophages a) before 
and b) after stimulation with TNF-alpha. 

To mimic inflammatory conditions, the macrophages activation was induced 
using TNF-α at a concentration of 100 ng mL⁻¹ for 6 hours. RNA was extracted 
at both 0- and 6-h post-TNF-α stimulation to assess the expression of pro-
inflammatory markers (CXCL8, PTGS2, TNF, IL-6, IL-1β) as well as anti-
inflammatory mediators (IL-10, TGF-β). The results were normalized to the 
housekeeping gene GAPDH to ensure accurate comparisons.  

While FITC-SPIF failed to suppress VCAM-1 or pro-inflammatory cytokines 
(CXCL8, TNF, IL-6, IL-1β) (Fig. 4.18 and 4.19), it uniquely induced a significant 
increase in TGF-β expression (p < 0.05) (Fig. 4.20), regardless of delivery method 
(free peptide vs. HACOX_37-released). This selective TGF-β upregulation 
(absent in blank hydrogel controls) suggests a selective macrophage polarization 
shift toward an M2 phenotype, potentially enabling tissue repair and 
immunoregulation. The HAOX-CSOX hydrogel successfully preserved FITC-
SPIF bioactivity, a critical outcome of its design where PDHA-mediated covalent 
crosslinking stabilizes against enzymatic degradation while localized delivery 
prevents systemic dilution. This strategy overcomes limitations of conventional 
DMTs [13]. However, our in vitro model revealed constraints: the absence of 
VCAM-1 inhibition and isolated suppression of PTGS2 (prostaglandin synthase) 
underscore the limitations of in vitro models in replicating SPIF’s multifaceted in 
vivo effects (embryo protection and neuro-restoration) [24,42]. 
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Fig. 4.19: Relative gene expression of a) CXCL8 before stimulation with TNF-alpha, 

b) CXCL8 after stimulation with TNF-alpha, c) IL-10. PTGS2, TNF, IL-1B before 
stimulation with TNF-alpha, d) IL-10. PTGS2, TNF, IL-1B after stimulation with TNF-

alpha from THP-1 macrophages. 

These findings contrast from prior in vivo studies where SPIF demonstrated 
broad anti-inflammatory effects, including reduced IL-6 and TNF-α in EAE 
models [41]. The discrepancy likely stems from intrinsic differences between 
human THP-1 macrophages and murine RAW264.7 cells, which exhibit distinct 
receptor expression profiles (e.g., VLA-4/VCAM-1 interactions) and cytokine 
responses. This cell line specificity challenges the translational validity of rodent-
derived data and highlights the need for humanized models in MS therapeutic 
development. 
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Fig. 4.20: TGF-b expression after treatment with FITC-SPIF. 
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5. CONCLUSIONS 
Managing MS remains challenging, as current DMTs rely heavily on patient 

adherence despite their clinical benefits. Even with improved delivery systems 
like autoinjectors and oromucosal sprays, frequent dosing and cognitive demands 
can burden patients, especially those with fatigue or impairments. Additionally, 
conventional DMTs often face limitations such as poor pharmacokinetics, 
fluctuating plasma levels, and increased systemic side effects. An implantable 
DDS could address these issues by enabling sustained, localized release with 
minimal patient involvement, providing features strongly preferred by people 
with MS, according to recent surveys. 

This work focuses on addressing the patient’s preferences through the design 
of an injectable hydrogel platform combining HAOX and CSOX. The 
injectability characteristics of this system allow it to be administered either to 
implantable devices or directly to the host tissue, enhancing its practical 
application. The HAOX-CSOX system leverages covalent crosslinking with 
PDHA to immobilize PECs, creating a structurally stable network capable of 
entrapping both small molecules (e.g., MN) and short peptides (e.g., FITC-SPIF). 
By integrating electrostatic interactions, covalent bonding, and tuneable 
mechanical properties, the platform achieves precise control over drug release 
kinetics while preserving structural integrity and bioactivity, providing a balance 
rarely achieved in conventional DDS. 

The synthesis of CSOX, a critical component of the PEC, was optimized 
through a one-pot reaction strategy under mild alkaline conditions. This approach 
enabled simultaneous oxidation and functionalization of CS, yielding a derivative 
with a molecular mass of 12 kDa and a 20% degree of functionalization. The 
preservation of CS’s pyranose ring during synthesis ensured biocompatibility and 
mechanical robustness, while the introduction of aldehyde groups facilitate the 
immobilization of CSOX onto HAOX matrices via PDHA.   

The immobilization of PECs within this network represented a key innovation. 
For MN delivery, PECs were formed through electrostatic interactions between 
MN’s positively charged amine groups, GA, CA, and the sulfate groups of CSOX. 
Subsequent covalent crosslinking with PDHA to HAOX stabilized the structure, 
reducing burst release by 88% compared to unbound PECs and extending the half-
release period (T50%) to 127 h. This prolonged release profile is attributed to the 
synergistic mechanism: the immobilized PEC acts as a primary reservoir 
responsible for tuning the release kinetic, while the HAOX matrix provides 
injectable and localised compartment. Importantly, the hydrogel’s low swelling 
ratio (<20%) prevented structural deformation, ensuring consistent drug release 
kinetics over time.  Clinically viable for patient-friendly administration, the 
system’s viscoelastic properties and low extrusion forces facilitate smooth 
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injection through a 20-gauge needle. The released MN demonstrated a significant 
56% suppression of LPS-stimulated IL-6 production, validating HAOX-PEC 
hydrogel as effective delivery platforms. This outcome underscores that 
encapsulated MN preserved bioactivity to modulate pro-inflammatory cytokine 
profiles. 

For peptide delivery, the system was adapted to accommodate FITC-SPIF, a 
short peptide prone to enzymatic degradation. By modulating CSOX 
concentration, drug entrapment efficiency was maximized, and burst release was 
reduced from 38% to 78%. Increasing the FITC-SPIF payload from 100 μg to 250 
μg further extended the T50% to 144 hours, demonstrating the platform’s 
scalability. Crucially, released FITC-SPIF retained its bioactivity, as evidenced 
by its ability to induce TGF-β secretion in macrophages, a critical anti-
inflammatory response in MS pathophysiology.   

Furthermore, the HAOX-CSOX hydrogel distinguishes itself from existing 
DDS through its simplicity, reproducibility, and versatility. Unlike nanoparticle- 
or liposome-based systems, which often require complex synthesis steps (e.g., 
emulsification, solvent evaporation) or chemical modifications (e.g., 
PEGylation), this platform relies on straightforward polymer interactions to form 
PEC. The absence of organic solvents or harsh crosslinkers preserves drug 
integrity, a vital consideration for hindering pro-drug release. 

The insights gained from this study reveal the HAOX-CSOX hydrogel 
platform’s potential to meet essential drug delivery objectives for chronic 
inflammatory conditions like MS. The conducted studies have successfully 
established a system that achieves prolonged, controlled drug release, ensuring 
sustained therapeutic levels while significantly reducing the need for frequent 
patient involvement. By leveraging a synergistic mechanism of immobilized and 
maintaining structural integrity, the platform minimizes dosing frequency, 
directly addressing adherence challenges. Furthermore, the system enables 
localized delivery, confining drug activity to the target site and thereby reducing 
systemic toxicity, which enhances therapeutic safety. The platform’s 
compatibility with diverse therapeutics has been demonstrated through its 
adaptability to both small molecules and peptides, highlighting its versatility in 
accommodating a wide range of drug classes without compromising efficacy. 
Finally, the system prioritizes minimally invasive administration, offering patient-
friendly features such as smooth injectability and rapid gelation, which enhance 
clinical practicality and patient comfort. Synthesizing these findings propels 
innovation in controlled-release therapeutics while establishing a framework for 
bridging preclinical research and clinical applications, offering a promising 
pathway to enhance therapeutic efficacy in chronic inflammatory disorders. 
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This study demonstrates the translational potential of hydrogels for sustained 
drug delivery in MS, yet clinical applicability hinges on overcoming critical 
preclinical challenges. While in vitro findings validate the system’s foundational 
feasibility, the dynamic in vivo milieu, marked by enzymatic activity, immune 
interactions, and mechanical stressors, demand rigorous evaluation of long-term 
biocompatibility and pharmacokinetics in biologically relevant models, such as 
EAE mice. Future work must prioritize targeted efficacy metrics (e.g., 
neuroinhibition, remyelination) and safety profiling to address risks of 
degradation byproduct accumulation or unintended immunogenicity. 
Strategically integrating these systems with existing DMTs (e.g., anti-CD20 
biologics) or stimuli-responsive drug release mechanisms could further refine 
therapeutic precision, aligning with the evolving paradigm of personalized MS 
care. Ultimately, bridging the gap between engineered solutions and clinical 
viability will require iterative, interdisciplinary collaboration to balance 
innovation with patient-centred safety and practicality. 

This research advances the field of drug delivery by introducing a paradigm-
shifting approach to managing chronic inflammatory diseases, such as MS, 
through the innovative HAOX-CSOX hydrogel platform. This work addresses the 
critical limitations of current systems, including patient adherence challenges, 
systemic toxicity, and inflexibility in therapeutic compatibility. As a result, it 
bridges the gap between advanced material science, pharmacology, and clinical 
practicality. The platform’s ability to deliver sustained, localized therapy while 
accommodating diverse drug classes underscores its potential to redefine 
standards in personalized medicine. Beyond its immediate application to MS, the 
principles of tuneable mechanics, minimally invasive administration, and 
bioactivity preservation established here offer a framework for addressing unmet 
needs in other chronic conditions, from neurodegenerative disorders to 
autoimmune diseases. Ultimately, this study not only contributes a cutting-edge 
solution but also reinforces the imperative of interdisciplinary innovation in 
translating laboratory findings into real-world therapeutic impact, paving the way 
for a future where patient-centric, precision-driven care becomes the critical 
component of chronic disease management. 
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