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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 Ca*" 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-B 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



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.



ABSTRAKT

Soucasné terapie roztrouSené sklerdézy (RS) jsou limitovany problémy s
dodrZzovanim lécebnych rezimil zaloZenych na cCastém davkovani 1éciv, které
vyZaduji aktivni 0Cast pacientdl, coz vede ke sniZené terapeutické UCinnosti.
Terapie modifikujici onemocnéni (DMTs), podavand peroralné nebo injekcné,
nedokdze ucinné sladit klinicky ptinos s kvalitou Zivota pacientd, a to zejména v
disledku systémoveé toxicity a rychlé eliminace 1é€iv. Nedavné priazkumy
zdlraziiujyi rostouci poptavku po implantovatelnych systémech pro fizene
uvoliovani léciv (DDS), které minimalizuji frekvenci aplikace, snizuji zatéz
pacientil a zlepSuji dlouhodobou adherenci.

Tato disertatni prace teSi tyto nedostatky vyvojem injekéné
aplikovatelného hydrogelového systému na bazi aldehydem modifikovane
hyaluronové kyseliny (HAOX) a chondroitin sulfatu (CSOX), urceného pro
lokalizované a prodlouzené uvolnovani protizanétlivych léciv. Klicovou inovaci
je imobilizace polyelektrolytovych komplexii (PECs) v kovalentné zesitované
hydrogelové matrici. Na rozdil od konvenénich DDS =zaloZenych na
nanocasticich, které vyuzivaji volné difundujici nosi¢e nachylné k prvotnimu
prudkému uvolnéni (burst effect) a nestabilité, imobilizované¢ PECs vyuzZivaji
elektrostaticke interakce mezi terapeutiky (minocyklin, MN;
fluoresceinisothiokyanatem modifikovany synteticky preimplantac¢ni faktor,
FITC-SPIF) a aniontovymi sulfaitovymi skupinami CSOX. Tato strategie zvysuje
retenci 1€Civ, sniZuje vyrobni naroCnost a eliminuje potfebu nakladnych
enkapsulacnich procesu.

Pro MN, repurposed antibiotikum ze skupiny tetracyklinti, dosahly PECs s
Ca?" a zelatinou prodlouzeného uvoliovani po dobu 288 hodin s 88% redukci
prudkého uvoliovani ve srovnani s neimobilizovanymi formami. Podobné FITC-
SPIF, imunomodula¢ni peptid, vykazoval kinetiku uvoliiovani umérnou
koncentraci CSOX, coZz minimalizovalo pfedCasnou ztratu ucinné latky.
Enzymaticka odolnost hydrogelu, injek¢ni aplikovatelnost (<185 kPa vytlacovaci
sila, dynamicka kluzna sila <40 N) a mechanicka adaptabilita (elastickd slozka
dynamického modulu ve smyku G*: 125—1 083 Pa) zajist'uji strukturalni stabilitu
za fyziologickych podminek, ¢imz fesi hlavni omezeni pifedchozich DDS.

In vitro testy potvrdily biologickou aktivitu uvolfiovanych 1éCiv a
kompatibilitu  systétmu HAOX-CSOX: uvolnény MN potlacil sekreci
prozanétlivého IL-6 v lidskych monocytech o 56 %, zatimco FITC-SPIF



indukoval expresi TGF-f3 v makrofazich, coz indikuje protizanétlivou polarizaci.
Integraci imobilizovanych PECs do matrice HAOX-CSOX tato platforma
pfekonava tradiéni kompromisy mezi fizenym uvoliiovanim, Skalovatelnosti a
klinickou prakti¢nosti.

Prace pfinasi inovativni feSeni pro 1é€bu RS, které odpovida preferencim
pacientil pro minimaln€ invazivni a dlouhodobé plisobici terapie. Nakladové
efektivni design hydrogelu HAOX-CSOX spolu s jeho schopnosti dodavat riizné
terapeutické latky jej predurCuje jako alternativni nastroj pro 1é€bu chronickych
neurozanétlivych onemocnéni, propojujici materidlovy vyzkum s potfebami
pacientti.
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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) contributing to escalating motor,
sensory, and cognitive deficits. Current Disease-Modifying Therapies (DMTs),
slow disease progression but face limitations in administrations, including high
cost, patient burden, and non-compliance. Autoinjectors and oromucosal sprays
improves self-administration yet need daily replenishment, creating burdensome
regimens. Recent surveys report growing patient preference for implantable drug
delivery systems (DDS) that provide sustained DMTs release with minimal
patient intervention.

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).
This system addresses burst release and stability challenges in hydrogel DDS by
tuning release profile via PEC incorporation. It delivers two repurposed
therapeutics:

o Minocycline (MN), an affordable tetracycline antibiotic with
neuroprotective properties.

o Fluorescein isothiocyanate—modified Synthetic Preimplantation Factor
(FITC-SPIF): A peptide with potent immunomodulatory effects.

The HAOX hydrogel ensures structural integrity for injection and localization,
enhancing drug concentration while minimizing systemic toxicity. This approach
simplifies administration, reduces cost and dosing frequency, and eliminates
dependency on patient involvement. The research is structured in two phases to
investigate HAOX-CSOX’s structural properties and release mechanism for MN
and FITC-SPIF.

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 driven
by interdependent pathobiological axes. The inflammation dysregulates cytokines
(IL-6, TGF-B, TNF-a, IFN-y), disrupting the blood-brain barrier (BBB) and



promoting T and B cells migration and pro-inflammatory macrophage
polarization, leading to demyelination [1,2].

Food and Drug Administration (FDA) - approved DMTs (Table 1.1) vary in
administration routes and frequency.

o Daily: Teriflunomide (oral), Glatiramer acetate (injection).
o Infusions: Ocrelizumab (every 6 months), Natalizumab (every 4 weeks)

13].

DMTs reduce relapse frequency by 30-50%, but adherence is compromised by
needle anxiety, injection-site reactions, and cognitive/motor impairments.
Adherence reduced from 69.4% (weekly intramuscular) to 58.4% (thrice-weekly
subcutaneous) [4,5].

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

Route of Approved Mechanism of
DMTs . . e e . .
administration | indication action
Clinically
Isolated
Interferon beta Syndrome
la Injection (CIS); Immunomodulatory
Relapsing
Remitting MS
(RRMS)
Interferon beta .
b Injection CIS; RRMS Immunomodulatory
CIS; RRMS;
: . Aqtlve SPMS; Depletion of CD20+
Ocrelizumab Infusion Primary
: cells
Progressive MS
(PPMS)
[Full table in original document|

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

Systemic DMT administration distributes drugs to healthy and diseased tissues
(Fig. 1.2), requiring supratherapeutic doses that risk toxicity:

10



o Interferon Beta-1: 60% of patients experience nausea; 10-15% report
hepatotoxicity [9,10].

o Dimethyl fumarate: High-oral doses (240 mg twice daily) cause
lymphopenia in 15-20% of patients due to low CSF concentrations (1 pg
mL! vs. neuroprotective threshold of 30-50 pg mL™) [9,11].

o Ocrelizumab: Increase susceptibility to respiratory infections [12].

Systemic route of DMTs administration

Lipid-soluble Anatomy of BBB
ileIEHCE ‘ Glial brai It
ial brain cells
53 .,./r’f N\
Nt - N 7," g \\
oli®
. . Blood L

N ® vessel ||
v o ® L) S (
® ® Tight junction
[ X ] i
2 ]

® & ® Pitfalls of systemic route administration:

* Less DMTs reaching the brain
) due to BBB
* Healthy organs exposure to
& ¢ DMT
® ® * Supratherapeutic dose
necessity

Fig. 1.1: Risk of systemic administration route of the Disease Modifying Therapies.

Adverse effects incur hidden costs, including management of infusion-related
hypersensitivity (affecting 25% of patients) and socioeconomic burdens from lost
income/caregiving [13,14].

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

Annual DMT cost rose from $26,772 (2011) to $43,606 (2015), straining
healthcare systems and patients [15]. MS disproportionately affects women (3:1
female-to-male prevalence ratio, causing workforce attrition and a severe decline
in living standards [16]. Drug repurposing offers a cost-effective strategy by
leveraging existing drugs:

o Accelerates development, bypassing early-stage testing [17].
o Candidates like MN (neuroprotective) and SPIF (immunomodulation)
target MS pathophysiology.

1.2.4 Minocycline: from antibiotic to neuroprotectant

MN is repurposed for MS due to:

o Low cost ($0.50/day vs. $6,000/month for monoclonal antibodies)
[18,19].
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o Dual mechanisms: Microglial depletion and BBB stabilization via ZO-
1, Occludin maintenance [20,21].

o Limitations: Narrow therapeutic window. Neuroprotection requires high
doses (100-200 mg/day), causing hepatotoxicity [22] and mortality in
animal studies [23]. CSF concentrations (0.5 pg/mL) remain suboptimal
[24,25].

o Delivery challenges: pH-dependent solubility, cation chelation cations
(Ca**, Fe’") and instability in acidic environments (Fig. 1.2) [26,27].

Fig. 1.2: Minocycline structure: a) metal ion chelation sites, b) chelation structure of
MN with Calcium (Holmkvist et al., 2016, Z. Zhang et al., 2015).

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

SPIF (MVRIKPGSANKPSDD; Fig. 1.3) is a 15-amino acid peptide with
fast-track clinical potential [28]. It

o Suppresses pro-inflammatory cytokines (IL-6 and IFN-y) and
promotes TGF-3 expression, while harnessing the ability to cross the
BBB [29,30].

o Limitations: Rapid enzymatic degradation (<2 h half-life) and limited
brain uptake (5% of dose) [30].

@r - iw«%? o &

Fig. 1.3: Structure of synthetic preimplantation (SPIF).

1.2.6 Hydrogels: promises and pitfalls

Hydrogels offer biocompatibility, tuneable mechanics, and localized release
but face significant challenges. A persistent limitation is burst release,
exemplified by Poloxamer 407 system releasing 50% of MN within 24 h [31,32].
Similarly, HA/CS hydrogels degrade rapidly in inflammatory environments rich

12



in hyaluronidases and chondroitinase, causing premature drug leakage [33].
While strategies like PLGA nanoparticles encapsulating MN-Ca?" chelates
prolong release, they introduce scalability barriers due to inflammatory risks from
acidic degradation byproducts [34].

1.2.7 Polyelectrolyte complexes (PEC): scalability versus stability

PECs form self-assembled networks via electrostatic interactions,
simplifying manufacturing by omitting organic solvents [35]. However, MN’s
zwitterionic nature (isoelectric point: 6.4) limits complex stability, yielding <30%
entrapment efficiency [36]. Physiological fluctuations in pH and ionic strength
further disrupt electrostatic conformations, accelerating drug leakage [35].
Scalability is hindered by batch inconsistencies in natural polymers (e.g.,
chitosan, CS) and cytotoxicity risks from synthetic alternatives like
polyethylenimine [37,38].

1.2.8 Toward a paradigm shift: the HAOX-CSOX hydrogel platform

The HAOX-CSOX platform addresses these limitations through
regioselective oxidation, forming covalent oxime bonds with O,0'-1,3-
propanediylbishydroxylamine dihydrochloride (PDHA) to enhance hydrolytic
stability [39—41]. Its dual crosslinking system, combining covalent oxime bonds
and electrostatic PEC interactions, potentially minimizes burst release. The
hydrogel resists enzymatic degradation by hyaluronidases/chondroitinase,
enabling predictable release modelled via Korsmeyer-Peppas kinetics [42,43].
Biocompatibility studies confirm no cytotoxicity in fibroblasts [39—41,44].

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.

13



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/Ca*"/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.

Conventional DDS Proposed DDS with
immobilized PEC

——Drug release study

Step 2:
Mechanical properties & Injectability study and
syringe-DDS compatibility drug release experiment,

e © e © ¢eece Transwell
¢ e O C compartment

Human-derived
cell culture

Step 1:
Preparation of DDS loaded with immobilized PEC.

Step 3:
In vitro bioactivity study of released
DMTs.

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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3. EXPERIMENTAL SECTIONS
3.1 Materials and synthesis

Aldehyde-modified hyaluronic acid (HAOX; Molecular weight: 325 kDa;
degree of substitution: 7.1%) and aldehyde-modified chondroitin sulfate (CSOX)
are served as primary polymers. CSOX was synthesized via one-pot oxidation of
bovine CS (Bioiberica) using 4-AcNH-TEMPO/NaClO, purified by dyalisis (14
kDa MWCO) and lyophilized. The degree of functionalization (DF) was
quantified via '"H NMR (Bruker Avancr Neo 700 MHz) using equation 3.1, while
SEC-MALLS characterized molecularnmass. Minocycline hydrochloride
(Merck) and FITC-SPIF peptide (Iris Biotech) were the therapeutic agents.

[_cho

DF = X 300% (3.1)

—CH;

I_cho 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_cy, 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.

3.1.1 Hydrogel formulations

Hydrogels-based DDS were prepared using a system consisting of syringe pair
with luer connection (Fig. 3.1) for covalent crosslinking between HAOX/CSOX
and PDHA. Formulations (Tables 3.1 for Minocycline DDS, and Table 3.2-3.4
for FITC-SPIF DDS) included:

] MN systems: HAOX_ MN (HAOX + MN), HAOX CHELATE (HAOX
+ MN-Ca*"), HAOX PECS (unbound PEC: HAOX + MN-Ca?" -
gelatine-CS), HAOX PECOX (immobilized PEC: HAOX + MN-Ca?" -
gelatine-CSOX).

[} FITC-SPIF systems: HAOX 1X (DDS containing only 2% (w/v)
HAOX, X signifies preparation pH, whether the formulation prepared at
pH 5 or 6.8 rounded to 7). HACOX 2X (DDS containing 1% HAOX
and 0.5% CSOX, prepared at pH X). HACOX 3X (containing 1%
HAOX and 1% CSOX, prepared at pH X), HACOX 37 YYY
(containing 1% HAOX and 1% CSOX, prepared at pH 6.8, with YYY
pg 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 pg of FITC_SPIF).

15



PDHA concentrations were calculated stoichiometrically (Equations 3.2 — 3.3)
to maintain 1:1 aldehyde:hydroxylamine ratios. Precursor solutions were
dissolved in saline (60 °C for 3 h; then at 25 °C overnight), mixed at 80:20 (MN
systems) or 50:50 (FITC-SPIF systems) volume ratios via luer-lock syringes, and
moulded. Crosslinking leveraged oxime bond formation, enhancing hydrolytic
stability.

Luer lock/Syringe mixer

Fig. 3.1: 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.

HAOX
CW . VHAOX . MPDHA . DSHAOX

CPDHA —
v Vepaa -P . Py -Myaox

(3.2)

In this context, CHA9X represents the HAOX mass concentration (w/v) in the

first syringe, DSy 40x denotes the degree of substitution of HAOX, P refers to the
ratio of aldehyde to hydroxylamine groups, which is set to 1. B, indicates the
number of hydroxylamine groups in PDHA (2), Vy40x 1s the volume of HAOX
solution in the first syringe, Vppy4 1s the total volume of MN mixed with PDHA
solution, Mppy 4 is the molar mass of PDHA (179 g mol), and My 4oy is the
molar mass of the HA disaccharide unit (400 g mol™).

c HA0X M .DS cEsoxX y. ... .M .DS,
C,,';DHA=< w HAOX -MpDHA HAOX>+ < w csox - MppHaA csox) (3.3)

VPDHA P 'Pp 'MHAOX VPDHA P 'Pp 'MCSOX

The values in the second set of parentheses correspond to the CSOX analogues
of those in the first set, where Mgox represents the molar mass of CSOX
disaccharide unit (600 g mol™).
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Table 3.1 Series of studied formulations for MN-DDS.

HAOX CSOX CS CA GA PDHA MN
Formulations (mg mL?") | (mg mL?') |(mg mL") | (OM) (mg mL?") | (mg mL"') | (OgmL")
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
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Table 3.2 Formulations for designing a suitable delivery system for SPIF.

HAOX CSOX ggg ) PDHA
Formulations . ) . 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

Table 3.3 Development of HACOX 37: Influence of FITC-SPIF loading levels
on CDR, swelling behaviour, and Korsmeyer-Peppas modelling.

HAOX CSOX ggg PDHA
Formulations . ) ) 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.

HAOX CSOX ggg PDHA
Formulations . ) ) 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 Characterization techniques
3.2.1 Gelation time

The gelation time measured via rheometry (Discovery Hybrid Rheometer—3,
TA Instruments) using oscillatory time sweeps (25 °C, 5% strain, 1 Hz). Gelation
onset was defined by the cross over point of the G” and G”.
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Sample

compartment ““

Membrane

Fig. 3.2: lllustration 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.

3.2.2 Swelling ratio (Q)

Calculated gravimetrically (Equation 3.4) using Transwell® inserts (Fig. 3.2).
Hydrogels were immersed in saline (MN systems) or PBS (FITC-SPIF systems)
at 37 °C, with mass recorded at 1, 3, 7, 10, and 14 days.

my)

Q = ““% x 100% (3.4)

3.2.3 Drug release experiment

The release was evaluated in vitro using a Transwell® set up (Fig. 3.2). MN was
quantified using HPLC (Waters, UPLC system equipped with a PDA-QDA
detector), while FITC-SPIF was measured using UV-vis. Cumulative release
(CDR, equation 3.5) was modelled using the Korsmeyer-Peppas equation
(Equation 3.6) to classify diffusion mechanisms.

mg
CDR= — x100% (35)
M,
n my
kt" = m— (36)

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
indicative of anomalous (non-Fickian) transport, the n = 1 corresponds to case-II
transport, and n > 1 is associated with super case-I1.
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3.2.4 Injectability

The ease of injection was assessed using Instron 3342 Single Column Materials
Testing System (18-20 G needles, 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 (F,x) were
quantified using Bluehill software.

3.2.5 Bioactivity assays

o MN - bioactivity was assessed using the Whole Blood Monocytes
Activation Test (WB-MAT), using a modified protocol adapted from
previously established methods [45,46]. Heparinized whole blood from
healthy donors was stimulated with LPS (0.25 - 5 [U mL™") and treated
with MN released from the DDS. IL-6 suppression was quantified via
ELISA (Invitrogen kit) after 24 h incubation at 37 °C.

o FITC-SPIF  bioactivity was assessed by measuring the
immunomodulation of THP-1 macrophages, using a macrophage-based
inflammation model, with adjustment made as outlined in reference [47].
Macrophage differentiation was initiated by 72-h exposure to 100 nM
PMA. After differentiation, the cells were pretreated for 48 h with either
fresh solution of FITC-SPIF or FITC-SPIF released from the DDS, then
stimulated with TNF-a (100 ng mL!"). qRT-PCR was used to analysed
pro-inflammatory genes and anti-inflammatory genes at 0 h (baseline)
and 6 h post- TNF-a.

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”.

For comprehensive protocols (e.g., SEC-MALLS parameters, qPCR probe
sequences, detailed formulations, preparation steps, characterizations, refer to
the original document.
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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. 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 Ca*". Particularly for CSOX, it also serves as a crosslinkable
structure to form immobilized PEC. 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 compliance.

4.1.1 Synthesis of aldehyde-modified chondroitin sulfate (CSOX)

— L12'6
9629
19T'S

20,

OH

Nacoc ~ NaOsSQ¢
\THO o
OH NHAC"
CS 9.217 ppm \
I

6.296 ppm

Na0OC \ ‘¢ \ﬁl ‘ l‘ ‘
Tﬁ%c:/ A | il \

NHAc
CSOX |

‘N‘L J cs

\
6 i |
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Fig. 4.1: 'H NMR of aldehyde modified chondroitin sulfate.

'"H 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. 4.1). 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.

21



4.1.2 Gelation duration and injectability of HAOX-based DDS

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. 4.2). This rapid gelation is consistent with previous studies on HAOX-
based systems [48,49], where the high concentration of reactive aldehyde groups
in HAOX facilitates efficient crosslinking with PDHA, leading to quick network
formation. The 30-50 s gelation window observed for HAOX, HAOX-MN,
HAOX PECS, and HAOX PECOX corresponds to established clinical
benchmarks [50], supporting their suitability for injectable DDS.

ns

ns

Fkk

Fkkk

200 ns

150

100

Gelation Time (s)

50

Fig. 4.2: Comparative assessment of gelation profile for hydrogels based on CSOX,
HAOX, and PEC (unbound and immobilized). Result from triplicate trials (n =3) show
*ExE p < 0.0001 for CSOX-MN versus PURE HAOX).

Table 4.1 Injectability assessment of HAOX PECOX formulation using dynamic glide
force (DGF) and maximum force (F,,,, ) metrics (n=3).

Formulation 1(\1(;; dle size 2 (mm) Pax [KPQ] | Fipax IN]
18 1.27 358 £33 5.8+0.3
HAOX PECOX | 19 1.07 494 + 67 7.8+1.1
20 0.9 577+ 13 9.0+0.2
Symbol definition:
2 = Inner diameter of the needle.

Injectability analysis of HAOX PECOX demonstrated a robust linear
correlation between decreasing needle diameter and increasing DGF, adhering to
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Hagen-Poiseuille principles (Table 4.1). For 20 G needle, measured values of
Fnax=(9.0 £0.2) N and DGF = (8.0 = 1.0) N remained below the established 40
N patient comfort threshold [50].

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

The HAOX-MN formulation exhibited rapid burst release (50% MN within 24
h; Fig. 4.3 b), attributable to HAOX hydrophilicity and weak drug-polymer
interactions. In contrast, CSOX-MN formulation minimized burst release (2.5%
in 24 h; Fig. 4.3 b) through electrostatic interactions between MN’s amine groups
and CSOX’s sulfate moieties. 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. 4.3 b), achieving 65% cumulative release over 288 h (Fig. 4.3 a).

a') 1004

b)

50 1004

(ng)

® HAOX-MN
CSOX-MN

A HAOX-CHELATE
¥ HAOX_PECS

4 HAOX_PECOX

50+

Cumulative Drug Release (CDR, %)

Burst Release

0-
0 100 200 300 400 A Ny <&

ny ¥
Time (h) & & &0 &

Fig. 4.3: 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.

Table 4.2 Korsmeyer-Peppas release fitting across formulations.

Formulations k n R?
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
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Mechanistic analysis employed the Korsmeyer-Peppas model to quantify
release dynamic through the rate constant (k) and diffusion exponent (n)
[43,48,49]. HAOX-MN (k = 0.188) and HAOX-CHELATE (k = 0.135; Table
4.2) revealed Fickian diffusion (n < 0.5; Table 4.2), 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 [36,51]. Meanwhile,
HAOX PECS demonstrated anomalous transport (n = 0.520) through combined
diffusion and several other intrinsic process, including polymer relaxation and
PEC decomplexation [38,52] (Table 4.2).

4.1.4 The influence of swelling behaviour on sustained MN release in
hydrogel-based delivery system

100+

@ HAOX

i HAOX-MN

- CSOX-MN

W HAOX-CHELATE
<4 HAOX_PECS
@ HAOX_PECOX

]
=3
P

Swelling Ratio (Q, %)

o
Y TEEENENY

Time (day)

.50

Fig. 4.4:Quantitative swelling profile of DDS formulations (swelling ratio vs. time;
n=3).

Swelling analysis revealed distinct hydration mechanisms across formulations
(Fig. 4.4). HAOX-based hydrogels universally displayed low to non-swelling
characteristics, analogous to phenomena reported in crosslinked HA systems
[39,48,49,53]. HAOX PECOX exhibited a slightly higher rate of water uptake
despite higher crosslinking density (Fig. 4.5). 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. These findings underscore 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.
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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. Building on the application of immobilized
PEC within HAOX hydrogel for controlled MN release, this study investigates
the adaptability of the system for FITC-SPIF delivery. 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.

4.2.1 Gelation time of FITC-SPIF-loaded HAOX-CSOX hydrogels:
balancing pH-dependent crosslinking for clinical translation

*
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Fig. 4.5: 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).

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. 4.5). 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
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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 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 [54].

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

parameters
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Fig. 4.6: 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. 4.6). Control formulations
lacking CSOX (HAOX 15 and HAOX 17) exhibited high burst, releasing 43—44
pg of FITC-SPIF during the initial 24 h, followed by sustained daily release of
1820 pg. Further increasing CSOX to 1% enhanced burst suppression markedly:
HACOX 35 and HACOX 37 demonstrated 58% and 78% reductions (p <0.001),
respectively, followed by controlled daily release of 14 ug and 13 pg. These
findings provide evidence for the role of CSOX in enhancing electrostatic
interactions that promote FITC-SPIF retention within the hydrogel network.
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Mechanistic analysis using the Korsmeyer-Peppas model (Table 4.3) 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 (Table 4.4).

Table 4.3 Korsmeyer-Peppas kinetic modelling of FITC-SPIF release from
DDS prepared at varied pH levels (n=3).

Formulations k n R?
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

4.2.3 Swelling profile and crosslinking density of the drug delivery
system
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Fig. 4.7: Swelling ratio of formulation prepared at pH 6.8 (n=3).
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Increasing CSOX concentration reduces crosslinking density while enhancing
swelling capacity (Fig. 4.7). The minimal  to non-swelling
characteristics observed across formulations contrast significantly with traditional
HA-based hydrogels [55-57]. 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 obtained by
combining covalent stability with tuneable hydration, resolves the historical
compromise between hydrogel swelling and drug retention.
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4.2.4 Injectability of the drug delivery system

The 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. HACOX 37 achieves injectability within
clinically acceptable thresholds (sustained dispensing force = 2.8 N; peak
injection force = 2.9 N; Table 4.4), directly addressing MS patients’ preference
for minimally invasive therapies [58,59].

Table 4.4 Injectability parameters of HACOX 37, evaluated through dynamic
glide force (DGF) and maximum extrusion force (Fmax) (n=3).

Needle | Duration from p F
Formulation | size crosslinking M DGF (N) max

(G) process (s) [kPa] [N]
60 185+22 |2.8+0.5 |3.1+03
HACOX 37 |27 180 192+25 |2.89+04 [29+04

4.2.5 FITC-SPIF-induced macrophage polarization: an in vitro
bioactivity study
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Fig. 4.8: TGF-p expression after treatment with FITC-SPIF.

FITC-SPIF uniquely induced a significant increase in TGF- expression (p <
0.05) (Fig. 4.8), regardless of delivery method (free peptide vs. HACOX 37-
released). This selective TGF-P 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
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overcomes limitations of conventional DMTs [60]. 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 vifro models
in replicating SPIF’s multifaceted in vivo effects (embryo protection and neuro-
restoration) [29,30].

S. CONCLUSIONS

Managing MS remains challenging, as current DMTs rely heavily on patient
adherence despite their clinical benefits. 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. 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. 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.

The synthesis of CSOX 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.

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. Clinically viable for patient-friendly
administration, the system’s viscoelastic properties and low extrusion forces
facilitate smooth injection through a 20-gauge needle. The released MN
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demonstrated a significant 56% suppression of LPS-stimulated IL-6 production,
validating HAOX-PEC hydrogel as effective delivery platforms.

For peptide delivery, the system was adapted to accommodate FITC-SPIF. By
modulating CSOX concentration, drug entrapment efficiency was maximized,
and burst release was reduced from 38% to 78%. Crucially, released FITC-SPIF
retained its bioactivity, as evidenced by its ability to induce TGF-3 secretion in
macrophages. Furthermore, the HAOX-CSOX hydrogel distinguishes itself
through its simplicity and versatility. Unlike nanoparticle-based systems, this
platform relies on straightforward polymer interactions to form PEC. The absence
of organic solvents preserves drug integrity.

The insights gained from this study reveal the platform’s potential to meet
essential drug delivery objectives for chronic inflammatory conditions like MS.
The system 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. The
system enables localized delivery, confining drug activity to the target site and
thereby reducing systemic toxicity. The platform’s compatibility with diverse
therapeutics has been demonstrated through its adaptability to both small
molecules and peptides. Finally, the system prioritizes minimally invasive
administration, offering patient-friendly features such as smooth injectability and
rapid gelation.

This study demonstrates the translational potential of hydrogels for sustained
drug delivery in MS, yet clinical applicability hinges on overcoming critical
preclinical challenges. Future work must prioritize targeted efficacy metrics and
safety profiling to address risks of degradation byproduct accumulation.
Strategically integrating these systems with existing DMTs could further refine
therapeutic precision. Ultimately, bridging the gap between engineered solutions
and clinical viability will require interdisciplinary collaboration. This research
advances the field by introducing a paradigm-shifting approach through the
innovative HAOX-CSOX hydrogel platform. It addresses the critical limitations
of current systems, including patient adherence challenges and systemic toxicity.
The platform’s ability to deliver sustained, localized therapy while
accommodating diverse drug classes underscores its potential to redefine
standards in personalized medicine.
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