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Synthetic preimplantation factor (SPIF) is a promising therapeutic agent for chronic inflammatory diseases like
Multiple Sclerosis (MS), but frequent systemic dosing limits patient adherence and therapy efficacy. This study
presents an injectable drug delivery system (DDS) using 2 % (w/v) aldehyde-modified hyaluronic acid (HAOX)
and chondroitin sulfate (CSOX) to deliver 100 ug of Fluorescein isothiocyanate-modified SPIF (FITC-SPIF). The
DDS utilizes electrostatic interactions between the negatively charged sulfate groups of CSOX and the positively
charged amino acids of FITC-SPIF for effective entrapment. Key properties were analyzed, including moderate
gelation time (193 s), swelling profile (18 %), injectability (27 G needle) and an established relevant release
profile (20 pg/daily + 3) via anomalous diffusion. Increasing CSOX concentration reduced initial burst release by
38 % (0.5 % CSOX) to 78 % (1 % CSOX), extending release time (T50 %) from 50 h (0.5 % CSOX) to 88 h (1 %
CSOX). Additionally, the release of FITC-SPIF enhanced TGF-f secretion in THP-1 macrophages, indicating
preserved biological activity. These findings highlight the tunable release and mechanical properties achieved by
adjusting the HAOX:CSOX ratio, strategically aligning the DDS for targeted MS symptom management. This
system potentially simplifies SPIF delivery and enhances therapeutic efficacy.

Introduction

MS is a long-term demyelinating disease of the central nervous sys-
tem (CNS) marked by the abnormal translocation of inflammatory cells
across the blood-brain barrier (BBB). This process is driven by cytokines
such as TGF-f, TNF-a, and IFN-y (Meyer-Arndt et al., 2023; Ma et al.,
2023), which trigger immune responses that lead to macrophage po-
larization and the recruitment of B-cells and T-cells, significantly
contributing to MS pathogenesis (Touil et al., 2023; Hausser-Kinzel &
Weber, 2019). While several disease-modifying therapies (DMTs) have
been approved, their effectiveness is often limited by inadequate BBB
penetration (Wu et al., 2023; Correale et al., 2021), particularly in pa-
tients with rapid disease progression.

Recent studies highlight the potential of SPIF, a 15-amino acid
peptide derived from pregnancy, in treating neuroinflammatory condi-
tions such as MS (Weiss et al., 2012; Hayrabedyan et al., 2019; Barnea
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et al., 2012). SPIF can cross the BBB (Spinelli et al., 2020), mitigate
neurodegeneration, and reduce inflammatory responses (Weiss et al.,
2012; Hayrabedyan et al., 2019; Spinelli et al., 2020). However, current
delivery strategy in clinical (O’Brien et al., 2018; Di Simone et al., 2017)
and preclinical trials (Hayrabedyan et al., 2019; Spinelli et al., 2020; Di
Simone et al., 2017) primarily rely on systemic administration, neces-
sitating frequent dosing to maintain therapeutic levels. This approach
can lead to systemic toxicity and poor patient adherence (Barone et al.,
2016; Lin et al., 2023; Visser et al., 2021), as the burden of multiple daily
doses increases the risk of missed doses and treatment failure (Visser
et al., 2021). The fragility and short biological half-life of peptides like
SPIF further complicate effective delivery (Cavaco et al., 2021; Wang
et al., 2022). Therefore, effective strategies are necessary for optimizing
CNS delivery and improving drug efficacy (Barone et al., 2016; Lin et al.,
2023; Visser et al., 2021).

This study develops an injectable DDS featuring immobilized
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polyelectrolyte complexes (PEC) formed from FITC-SPIF and CSOX
(Fig. 1a). The PEC simplifies drug entrapment via electrostatic in-
teractions, eliminating FITC-SPIF conjugation that may compromise
drug integrity or lead to the formation of prodrugs. The crosslinkable
system of HAOX and CSOX by 0,0’ —1,3-propanediylbishydroxylamine
(PDHA) has been confirmed as biocompatible in prior studies
(Toropitsyn et al., 2023; Buffa et al., 2015; Habibah et al., 2024; Bobula
et al., 2016; Sedova et al., 2022), ensures safety and limit potential side
effects. This system is engineered to provide sustained release of
FITC-SPIF while maintaining its bioactivity.

The primary objective of this study is to develop a controlled release
platform for FITC-SPIF that adapts to the biological parameters associ-
ated with MS. Previous research has often focused on inflammatory
modulation or neuroprotection without effectively integrating phar-
macodynamic aspects. This study aims to overcome limitations related
to drug stability and delivery challenges, thereby advancing treatment
options for MS through a DDS that potentially addresses the shortcom-
ings of earlier investigations.

Carbohydrate Polymer Technologies and Applications 9 (2025) 100689

Materials and method
Materials

The materials used in this study included HAOX (HAOX25, Mw 325
kDa, DS 7.1 %) from Contipro a.s. (Czechia), FITC-6-Aminohexanoic
acid-SPIF (FITC-Ahx-MVRIKPGSANKPSDD, PEP0235) from Iris Biotech
(Germany), and bovine CS (CS, 10-40 kDa, C4S/C6S ratio 4/6) from
Bioiberica (Spain). Additional reagents included 4-Acetamido-2,2,6,6-
tetramethyl-piperidine-1-oxyl (4-AcNH-TEMPO) and 0,0—1,3-pro-
panediylbishydroxylamine (PDHA, 98 %) from Sigma-Aldrich (Cze-
chia), ethanol and sodium bromide from Lach-ner (Czechia). THP-1 cells
(TIB-202™, ATCC), RPMI medium, fetal bovine serum (FBS-12A), d-
glucose, penicillin/streptomycin, sodium pyruvate, phorbol 12-myris-
tate-13-acetate (PMA), TNF-alpha, RNeasy Mini Kit, High-Capacity
cDNA Reverse Transcription Kit, and quantitative reverse transcription
polymerase chain reaction (qPCR) probes (GAPDH, TGF-pl1, IL-10,
CXCL8, PTGS2, IL1b, TNF alpha) were sourced from various suppliers,
including Biosera, Capricorn Scientific, Merck, Sigma-Aldrich, QIAGEN,
and ThermoFisher. Normal saline (0.9 % w/v NaCl, prepared in-house
using 9 g of non-iodized salt dissolved in 1 L of sterile deionized water).
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Fig. 1. a) DDS for SPIF based on HAOX:CSOX with the formation of the PEC is driven by the electrostatic attraction between the negatively charged sulfate groups of
the CSOX and the positively charged amino and guanidino residues of FITC-SPIF, b) the crosslinking reaction of the modified disaccharidic units of CSOX and HAOX

polymers with the PDHA.
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Synthesis of aldehyde-modified chondroitin sulfate

CSOX was synthesized using a modified protocol (Habibah et al.,
2024; Bobula et al., 2018). First, 1040 mg of CS (2 mmol, 1 equiv.) was
dissolved in 52 mL of deionized water (2 % w/v) along with 400 mg of
disodium phosphate (1 mmol) and 103 mg of NaBr (1 mmol, 0.5 equiv.).
After adding 4 mg of 4-AcNH-TEMPO (0.02 mmol, 0.01 equiv.), the
solution was cooled to 5 °C + 1. Next, 560 pL of NaClO (11 % active
chlorine, 1 mmol, 0.5 equiv.) was added, and the mixture was stirred for
30 mins at 5 °C + 1. The reaction was quenched with 10 equivalents of
ethanol and dialyzed using a 14 kDa MWCO cellulose membrane
(D9527, Sigma Aldrich). The dialysis product (10 mL + 2) was then
frozen at —80 °C & 1 for 24 h (TSX Universal Series ULT freezers,
Thermo Scientific). Frozen samples were transferred to the drum
manifold of a freeze-dryer (Labconco FreeZone 4.5 L Benchtop 710,402,
090, Thermo Scientific). Primary drying was conducted at an ambient
temperature of 25 °C =+ 1 for 48 h, with the condenser temperature set to
—105 °C + 3 and the pressure maintained at 10 pbar + 0.5. After
freeze-drying, 20 mg of the obtained fibers were dissolved in 20 mL of
D20 for 'H NMR analysis (Bruker Avance Neo 700 MHz). The degree of
functionalization (DF) was determined using 'H NMR spectroscopy,
revealing a DF of approximately 20 %, with 80 % of the repeating units
remaining sulfated to support PEC formation. Analysis by Size-Exclusion
Chromatography coupled with Multi-Angle Laser Light Scattering
(SEC-MALLS) confirmed the molecular mass of Mcsox as 12 kDa, indi-
cating successful synthesis.

Formulation of hydrogel

The hydrogel-based DDS were prepared through covalent cross-
linking of aldehyde groups from HAOX or CSOX with hydroxylamine
from PDHA. The polymers were dissolved in normal saline with FITC-
SPIF, and the pH was maintained at 5.0 + 0.2 or 6.8 + 0.2 using HCI.
The PDHA solution was then adjusted to pH 7.0 £ 0.2 with NaOH.
Crosslinking was performed using a two-component syringe system
(Fig. S1a), with detailed formulations provided in Table 1. Two prepa-
ration methods with varying pH levels and HAOX-to-CSOX ratios
(totaling 2 % polymer by weight) were employed: one involving only
HAOX and PDHA as a control (HAOX-based hydrogel), and another
incorporating HAOX and CSOX crosslinked by PDHA to facilitate
immobilized PEC formation. Adjusting the preparation pH aimed to
increase the charge density of FITC-SPIF’s amine residues, promoting
stronger interactions with CSOX sulfate groups to enhance drug
entrapment and enable a controlled release mechanism.

Preparation of HAOX-based hydrogel (HAOX_15 and HAOX 17)

HAOX was dissolved in normal saline at 60 °C + 1 for 3 h and stirred
overnight at 25 °C =+ 1. Simultaneously, 150 mg of PDHA was dissolved
in 10 mL of normal saline at 25 °C + 1, with the pH adjusted to 7.0 & 0.2
using NaOH. A two-component syringe system was utilized for cross-
linking, with one syringe containing the HAOX solution and the other
containing PDHA. The solutions were mixed in equal volumes to achieve

Table 1
Formulations for FITC-SPIF DDS, including HAOX-based DDS and HACOX
(HAOX and CSOX-based DDS) at two different preparation pH levels.

Formulations HAOX CSOX FITC-SPIF PDHA Preparation
(mg (mg (ugmL~1) (mg pH
mL™) mL™Y) mL™)
HAOX_15 20 0 100 0.32 5.0
HACOX_25 15 5 100 0.39 5.0
HACOX_35 10 10 100 0.465 5.0
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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a total polymer concentration of 20 mg mL " in the crosslinked hydrogel
for each formulation. The mixture was then transferred to a Teflon mold.
The required amount of PDHA (Cppga) for crosslinking was calculated
based on a 1:1 ratio of aldehyde to hydroxylamine groups, as described
in Eq. (1). In this equation, Cyaox represents the polymer concentration
(w/v) of HAOX, DSpaox denotes the substitution degree of HAOX, P is set
to 1 (indicating the ratio of aldehyde to hydroxylamine groups), P, in-
dicates the number of hydroxylamine groups in PDHA (2), Vyaox is the
volume of HAOX solution in the first syringe, Vppua is the total volume of
the PDHA solution in the second syringe, Mppya is the molecular weight
of PDHA (179 g mol_l), and Mpaox is the molecular weight of the HA
disaccharide unit (400 g mol ™ b).

Craox -Vuaox - Mppra -DSuaox )
Veora - P . Py .Mpaox

CPDHA =

Preparation of HAOX containing immobilized CSOX (HAOX 25,
HAOX_35, HAOX 27, and HAOX_37)

HAOX and CSOX were simultaneously dissolved in the same vessel of
normal saline containing FITC-SPIF. The pH was adjusted to 5.0 + 0.2 or
6.8 + 0.2, and the solution was heated to 60 °C + 1 for 3 h, followed by
overnight stirring at 25 °C £+ 1. The crosslinking process adhered to
standard procedures, with the required amount of PDHA calculated
using Eq. (2) to maintain a 1:1 ratio of crosslinkable aldehyde and hy-
droxylamine groups from HAOX and CSOX (Fig. 1b), considering their
respective molecular weights. The quantities in the second set of pa-
rentheses correspond to the CSOX equivalents, where Mcsox denotes the
molecular weight of the CS disaccharide unit (600 g mol™b).

C _ CHAOX ~VHAOX ‘MPDHA ~DSHAOX
oA Ve - P . Py Mpaox

n (Ccsox Vesox - Mppra ~DScsox>
Vepua - P . Py .Mcsox

(2)

Gelation time

The gelation time of the HAOX gel was studied using a Discovery
Hybrid Rheometer-3 (TA Instruments) with a plate-plate setup (40 mm
diameter plate, 400 pm gap). After the addition of the cross-linking
agent, the real-time elastic (G) and viscous (G") moduli were
measured. Viscoelastic properties were assessed through a 180 s oscil-
latory time sweep at 25 °C, using a 5 % constant strain and an angular
frequency of 6.283 rad s—! (1.0 Hz), with a 6 s sampling interval. Next,
the gel-forming solution (0.5 mL) was applied to the Peltier plate, fol-
lowed by the addition of a 0.5 mL PDHA solution. A 2000 s~! pre-shear
for 3 s homogenized the solutions and initiated gelation. The gelation
time, which marks the crossover points of the G' and G” curves from
viscous to elastic behavior, was determined. Measurements were con-
ducted in triplicate and averages with standard deviations were
calculated.

Swelling ratio

The swelling ratio (Q) of the drug delivery system (DDS) was
calculated using Eq. (3):
M x 100% 3)
m

T

Q=

In this study, m, represents the mass of the hydrogel after swelling,
while m, denotes the mass of the hydrogel in its initial relaxed state. A
volume of 1 mL from each crosslinked DDS was transferred to the insert
(25 mm diameter; 3 pm pore size) of a 12-well Transwell® system
(Corning, Inc., Acton, MA), which contained 2 mL of PBS 7.4 as the
swelling medium in the apical compartment. The entire system was
incubated in a Witeg Wisd Incubator (WITEG Labortechnik, Germany) at
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37 °C+ 1 and 96 % =+ 0.5 relative humidity. At predetermined intervals
(1, 3, 7, and 14 days), the hydrogel was weighed at 25 °C + 1 (ME103,
Mettler Toledo, Switzerland). After weighing, the medium was aspirated
from the apical compartment and replenished with 2 mL of fresh PBS 7.4
solution before returning the hydrogel to the Transwell® system.

FITC-SPIF release experiment and release fitting model

To investigate the in vitro release of FITC-SPIF from the DDS, the
Transwell® drug release method was utilized. A 1 mL sample of cross-
linked hydrogel was placed onto a semi-permeable polyester membrane
(25 mm diameter; 3 pm pore size) in the donor compartment of a 12-well
Transwell® system (Corning, Inc., Acton, MA). The apical compartment
contained 2 mL of PBS at pH 7.4 as the release medium. The system was
incubated in a Witeg Wisd Incubator (WITEG Labortechnik, Germany) at
37 °C £+ 1 and 96 % =+ 0.5 relative humidity. The release medium was
refreshed every 24 h, and the concentration of FITC-SPIF was quantified
using UV-Vis spectroscopy. Cumulative drug release (CDR) was calcu-
lated using Eq. (4). Detailed procedures for limits of detection and
quantification are provided in the Supplementary Information.

CDR = ™ x100% )
m, is the amount of drug released at a given time, and m,, is the total
mass of the drug loaded. The release mechanism of FITC-SPIF was
analyzed using the Korsmeyer-Peppas (Korsmeyer et al., 1983) model,
as described in Eq. (5).
ket = T (5)
Mmey,

Using the model, we determined the release exponent (n) and ki-
netics constant (k), reflecting the system’s structural and geometric
characteristics. The parameters (m,) and (m,,) were used as described in
Eq. (4).

Injectability

To evaluate the ease of injection (Alonso et al., 2021), 27 G needles
and a two-syringe system with a luer-lock adapter were used following
established protocol with modifications (Toropitsyn et al., 2023; Hab-
ibah et al., 2024). The first syringe contained a polymer solution with
FITC-SPIF, and the second contained PDHA. After mixing in a 50:50
ratio for 10 s, the mixture was tested with an Instron 3342 single-column
materials testing system. The injection force was measured using a 100
N compression plate at 50 mm/min. Bluehill software recorded data on
injection force, plunger displacement, dynamic glide force (DGF), and
(Fmax), with measurements repeated thrice and results presented as av-
erages with standard deviations for the values obtained at 60 s and 180 s
to show the injectability profile across a range of time points.

Elastic limit and strain limit

The viscoelastic properties of the hydrogels were evaluated to
determine their suitability for drug delivery applications, focusing on
factors such as mechanical stability (Stojkov et al., 2021). Measurements
were performed using a Discovery Hybrid Rheometer-3 at 25 °C with a
20 mm stainless-steel plate, following a modified protocol from Tor-
opitsyn et al. (2023). Oscillatory strain sweep tests determined the limit
(yL) of the linear viscoelastic region (LVE) and measured the storage
moduli (G) and the loss moduli (G"). The samples were subjected to
sinusoidal oscillatory strain at 1 Hz (6.28 rad s with amplitudes
ranging from 0.001 to 2.0 rad. yL was identified as the strain at which G’
becomes stress-dependent. G’ values were maintained within + 5 % of
the plateau value, and mean G' and G” values were computed from the
LVE region.
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Mesh size, M,and cross-linking density

The influence of HAOX:CSOX concentration on hydrogel structure
was analyzed by determining M, through Peppas’ theory (Peppas et al.,
2000) and calculating mesh size (£) using rubber elasticity theory as
formulated by Flory (Flory, 1953). This theory elucidates the relation-
ship between swelling and structure, where M, correlates with ¢,
defining the average distance between adjacent cross-links in a swollen
hydrogel. &€ was calculated using the Eq. (6):

1
_1 (2C M.\ 2
¢ = vy 3 ( M > (6)

T

The virtual bond length 1, defined as the distance between glycosidic
oxygens within a monosaccharide, spans 0.52 nm for HAOX (Martini
et al., 2016) and 0.48 nm for CSOX (Tanaka, 1978). The Flory charac-
teristic ratio C, is 27 for HAOX (Martini et al., 2016) and 15.705 for
CSOX (Tanaka, 1978), while M, represents the molecular weight of the
repeat disaccharide unit, which is 400 g mol ™! for HA and 600 g mol ™}
for CSOX. M, and ¢ values incorporate the structural contribution of
CSOX based on the volume fraction of the monomer present in the
formulation. Detailed ¢ calculation and v,j, are in the Supplementary
Information section (c).

FITC-SPIF effect on cytokines expression

The bioactivity of FITC-SPIF in DDS was assessed using an inflam-
mation model with THP-1 macrophages, with the following modifica-
tions (Chen et al., 2016). THP-1 cells were cultured in RPMI medium
with 10 % FBS, d-Glucose (4.5 g/L), l-Glutamine (2 mM), Pen-
icillin/streptomycin (100 U/mL), and Sodium Pyruvate (1 mM) under
37 °C £+ 0.5 and 5 % + 0.3 CO, (Heracell™ VIOS 160i CO; Incubator,
165 L). The cells were differentiated into macrophage-like cells
following exposure to 100 nM PMA for 72 h then rested for 24 h in
complete media without PMA. Post-differentiation, cells were pre-
treated with FITC-SPIF alone or FITC-SPIF released from the DDS for 48
h. Activated macrophages were stimulated with tumor necrosis factor
alpha (TNF-a) (100 ng ml™). Samples for gRT-PCR analysis were ob-
tained in triplicate at specified intervals: 0 h (following 48 h incubation
with FITC-SPIF, pre- TNF-a application), and 6 h (48 h incubation with
FITC-SPIF samples followed by 6 h with TNF-a). qRT-PCR analysis was
conducted on each cDNA sample for the assessment of gene expression,
focusing on the activation of IFN-y (Chen et al., 2016), and other
proinflammatory genes (CXCL8, PTGS2, TNF, IL-6, IL-1b), as well as
anti-inflammatory genes (IL-10, TGF-p). Threshold cycle (CT) values
were computed relative to the housekeeping gene GADPH.

Data and statistics analysis

All experiments were conducted in triplicates to ensure reliability.
Statistical analyses were performed using one-way analysis of variance
(ANOVA), with a significance threshold set at p < 0.05. To examine the
linear relationship between continuous variables, Pearson correlation
and linear regression analyses were employed. These tests assessed the
presence and strength of statistically significant correlations between
the variables.

Results and discussion
Gelation time, injectability, and viscoelasticity of the delivery system

The performance of injectable DDS is critically influenced by inter-
related properties such as gelation time, injectability, and mechanical
strength (Salehi et al., 2023; Bernhard & Tibbitt, 2021; Kesharwani
et al., 2021; Lei et al., 2022). These characteristics are critical for
effective administration and the integrity of hydrogels post-injection.
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Current study evaluated the gelation time of DDS using rheological
measurements (Fig. 2a), revealing a transition from liquid to solid state
upon mixing with the crosslinking agent PDHA. The gelation times
varied significantly with pH; formulations at pH 5 exhibited consistent
gelation times averaging 74 s, while those at pH 6.8 showed slower ki-
netics, ranging from 70 s to 193 s (p < 0.01). This variability underscores
the importance of pH in influencing gelation rates, which are crucial for
preventing leakage during injection and ensuring localized system
(Toropitsyn et al., 2023; Grover et al., 2012).

Faster gelation, particularly under acidic conditions, accelerates
oxime linkage formation by forming a more uniform distribution of
crosslinked sites within the hydrogel matrix (Grover et al., 2012; Collins
et al., 2016), thereby preventing premature drug release and polymer
leaching. However, it may also lead to needle clogging during injection.
HAOX-based DDS systems typically demonstrate gelation times around
one minute, aligning with previous studies (Toropitsyn et al., 2023;
Habibah et al., 2024). While acid-catalyzed oxime formation can expe-
dite gelation, physiological conditions often necessitate crosslinking at
neutral pH (Zhang et al., 2018), as evidenced by our findings of a
193-second gelation time at pH 6.8. Notably, a gelation period of 3-5
mins is considered optimal for injectable hydrogels to conform to tissue
cavities and ensure an effective interface (Tseng et al., 2015; Zhuo et al.,
2017; Niemczyk et al., 2018).

The injectability of HACOX 37 was evaluated using a two-syringe
system, which demonstrated that a gelation time of 3-5 mins facili-
tated smooth injection through a 27 G needle (Table 2). The small needle
size is advantageous, as it ensures minimal perforations in the implanted
device, thereby enhancing patient comfort. HACOX_37 was specifically
chosen for its favorable gelation time, which allowed it to maintain
sufficient fluidity during administration while achieving adequate vis-
cosity after injection. The formulation exhibited a maximum force
(Fmax) of 172 KPa at 60 s post-crosslinking, which increased to 185 KPa
at 180 s, indicating a moderate rise in viscosity. Importantly, The Dy-
namic Glide Force (DGF) required to move the pre-mixed hydrogel
through the syringe was consistently below 40 N, within acceptable
limits (Alonso et al., 2021).

Mechanical testing revealed that the viscoelastic properties of the
hydrogels could be optimized by adjusting CSOX concentration and
crosslinking density (Fig. 2b). The rheological analysis indicated that the
G’ within the LVE region reflects the strength of the DDS, with higher
values suggesting greater durability. For instance, HAOX 17 exhibited a
strength of approximately 1083.7 Pa, while increasing CSOX
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Table 2
Injectability of HACOX_ 37 (n = 3).
Formulation  needle size Duration from crosslinking DGF Fmax
(©) process (s) N) (Kpa)
HACOX_37 27 60 2.8 172
180 2.89 185

concentration significantly reduced this strength due to ineffective
crosslinking within the DDS. This reduction in strength correlates with
increased swelling capacity, highlighting the delicate balance between
crosslinking density and hydrogel performance. Overall, our findings
emphasize the critical interplay between gelation time, injectability, and
mechanical properties in the design of effective injectable DDS.

Swelling ratio

The swelling behavior of hydrogels in water or physiological fluids is
largely determined by osmotic pressure, which arises from the hydro-
philicity of the polymers, static charges, and counter ions (Berradi et al.,
2023; Feng & Wang, 2023). Swelling triggers volume phase transitions
that influence drug release profiles, and this can be tailored by modi-
fying the hydrogel’s size, shape, and cross-linking density (Buenger
et al., 2012). Evaluating the swelling ratio in cross-linked hydrogels is
crucial for assessing cross-linking efficiency and the ability to control
drug release kinetics. Low swelling capacity is particularly desirable for
drug delivery applications (Xue et al., 2020).

The dynamic swelling profile of HAOX 17, HACOX 27, and
HACOX_37 was measured by immersing samples in PBS and recording
weight changes. Both dynamic and equilibrium swelling ratios were
assessed using a constant polymer concentration of 2 %. Fig. 3 illustrates
the effect of CSOX concentration on hydrogel swelling. Initially,
HAOX_17 exhibited a reduction in weight during the first 24 h likely due
to higher HAOX concentration which supports effective crosslinking
formation and thus increases crosslink density and reduces network
expansion. Conversely, higher CSOX concentrations in HACOX_27 and
HACOX_37 resulted in increased swelling, attributed to the hydrophilic
hydroxyl (-OH) and sulfate (-SO3) groups in CSOX, which enhance
polymer hydration (Samantray et al., 2021; Tao et al., 2012). Increased
water uptake can delay drug release by retaining water within the
hydrogel structure, rather than promoting drug diffusion
(Novoskol’tseva et al., 2009).
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Fig. 2. a) Gelation duration of formulation prepared at pH 5 (HAOX_15, HACOX_25, and HACOX_35, n = 3), and pH 6.8 (HAOX_17, HACOX_27, and HACOX_37), b)
Strength of DDS depicted as the limit of G’ in LVE. (n = 3), * p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-significant.
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Fig. 3. Swelling profile of delivery system prepared at pH 6.8 (n = 3).

Studies consistently report low swelling ratios for HAOX_ 17,
HACOX_ 27, and HACOX 37, ranging from 1 % to 20 %, indicating
minimal structural expansion and supporting sustained, controlled drug
delivery (Toropitsyn et al., 2023; Buffa et al., 2015). Our experiments
employed Transwell® inserts to simulate an implanted reservoir,
restricting hydrogel exposure to surrounding fluids and causing uneven
swelling and deswelling kinetics (Lin et al., 2009; Mihajlovic et al.,
2022). Additionally, crosslinking junctions within the hydrogel, coupled
with confinement, act as retractive forces, limiting structural expansion
(Dulong et al., 2004; Shimojo et al., 2015). The equilibrium swelling
ratio was determined when the hydrogel achieved constant weight,
typically commenced after 7 days.

FITC-SPIF release

UV-Vis analysis demonstrated consistent release kinetics across pH
conditions, with higher CSOX concentrations decreasing the initial burst
release and promoting a slower, sustained release (Fig. 4a). In the first
24 h, the control DDS with only HAOX at pH 5 released approximately
43 g of FITC-SPIF (HAOX_15), followed by an average release of 20 pg.
The same system at pH 6.8 (HAOX_ 17) similarly showed an initial
release of 44 g, followed by approximately 18 pg.

Incorporating 0.5 % CSOX into the HAOX matrix (HACOX_25 and

a) 150

] @ HAOX_15
 HACOX_ 25
4 HACOX_35
W HAOX_17
] 49 HACOX_27
100+ @ HACOX_ 37

50

Cumulative Drug Release (CDR, %)

Interval (h)
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HACOX_27) significantly reduced burst release by 40 % for HACOX 25,
with a subsequent release of 18 pg, and by 38 % for HACOX_27, yielding
15 pg (p < 0.05). Increasing CSOX concentration to 1 % further
decreased burst release by 58 % for HACOX_ 35 (p < 0.01), with an
average subsequent release of 14 pg, and by 78 % for HACOX_ 37 (p <
0.001), with a release of 13 pg. The time to achieve 50 % release of FITC-
SPIF (T50 %) indicated release retardation (Fig. 4b), with T50 % values
of approximately 28.5 h + 2.1 for HAOX-based DDS, 52.5 h + 3.1 for
HACOX 25 and HACOX 27, 70.4 h + 6.2 for HACOX 35, and 88.0 h +
5.4 for HACOX 37. The significant reduction in burst release and
extended T50 in HACOX_37 establishes a benchmark for further opti-
mization. Furthermore, the formulations effectively released FITC-SPIF
at rates between 1 and 20 pg daily, consistent with the lower dosing
ranges observed in preclinical and clinical studies. In a murine model (Di
Simone et al., 2017), SPIF was administered at 1 pg g~ mouse per day,
totaling 20 ug for a 20 g mouse. Similarly, a Phase I clinical trial indi-
cated doses for an average adult weighing 70 kg ranged from approxi-
mately 7 pg kg ! to 70 g per dose (O’Brien et al., 2018). This suggests
that the formulation operates at clinically relevant doses while offering a
more controlled and sustained release compared to traditional single
dosing regimens.

The primary mechanism for sustained FITC-SPIF release involves
interactions between the strong anionic sulfate groups in CSOX and the
weak cationic groups in FITC-SPIF amino acid residues. Variations in
burst release may be attributed to the nature of PEC reactions,
comprising ion pairs and undissociated components (Mikulik et al.,
1993; Gummel et al., 2007; Shah & Leon, 2021). Ion pairs form a
complex that functions as a reservoir, delaying FITC-SPIF release
through binding to sulfate groups, while unbound FITC-SPIF is rapidly
released, contributing to higher burst release levels (Mikulik et al.,
1993). Burst release is often detrimental in extended DDS applications
due to potential local toxicity, increased dosing frequency, and eco-
nomic waste (Huang & Brazel, 2001). Studies indicate that PECs can
form in less than 5 milliseconds under specific mixing conditions (Schatz
et al., 2004), and longer gelation times in DDS formulations allow suf-
ficient time for PECs to achieve structural stability.

The crosslinking of PECs within the HAOX network and the presence
of adequate functional groups contribute to a stable environment for
loaded FITC-SPIF, thereby regulating its immediate release. Controlled
release is critical for minimizing burst effects and ensuring prolonged
therapeutic effectiveness. For HAOX_15 and HAOX_17, the observed

b) ns

ns

150+

LR 2 2]

1
1004 ‘

T50% (hours)

50+

HAOX_15 HACOX_25 HACOX_35 HAOX_17 HACOX_27 HACOX_37

pHS5 pH 6.8

Fig. 4. Release profile of FITC-SPIF across formulations, a) Cumulative Drug Release (CDR) and b) T50 % of formulation prepared at pH 5 (HAOX_15, HACOX_25,
and HACOX_35), and pH 6.8 (HAOX_17, HACOX_27, and HACOX_35), and pH 6.8 (HAOX_17, HACOX_27, and HACOX_37) with n = 3, *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001.
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release profile suggests that FITC-SPIF molecules are smaller than the
hydrogel mesh size, resulting in nearly 100 % drug release and the
highest burst release among all formulations. In contrast, higher con-
centrations of CSOX in the formulation increase interaction sites for
FITC-SPIF, facilitating more efficient entrapment and advantageous for
stable, prolonged drug release.

The influence of varying pH levels on complex formation considers
the presence of H'ions, which are abundant in lower pH environments
and affect the degree of neutralization of polyelectrolytes, influencing
the degree of dissociation, and effective charge densities (Knoerdel
et al., 2021; Qu et al., 2022). Fig. 4b shows that varying pH levels does
not significantly impact burst release within the same formulations. The
pH of all preparations remained below the pKa of the amine residue
(approximately 10.8) (Marciel et al., 2017), and the guanidino group
(approximately 13.8) (Fitch et al., 2015). Consequently, there was no
significant difference in charge densities between the formulations,
leading to comparable burst release outcomes.

The drug release behavior of hydrogels is influenced by various
factors, including release capacity, time, rate, and diffusion mechanism
(Ilgin et al., 2019; Modrzejewska et al., 2010). The Korsmeyer-Peppas
kinetic model is commonly used to describe drug transport from poly-
meric matrices, particularly when multiple release mechanisms are
involved or the mechanism is not fully understood (Korsmeyer et al.,
1983; Modrzejewska et al., 2010).

The high coefficients of determination (R?) ranging from 0.97 to 1.00
(Table 3) indicate a robust correlation within the experimental dataset.
Increasing CSOX concentration in the DDS formulation significantly
reduces transport constants (k), with HACOX_37 exhibiting the lowest
value. The parameter k reflects constant drug transport, directly
impacting release kinetics, where higher values denote faster release
and lower values indicate slower kinetics.

Regardless of the preparation pH, the diffusional exponent values (1)
in the range of 0.45 < n < 1 suggest anomalous (non-Fickian) transport,
indicating that FITC-SPIF release is governed not only by diffusion
(Rungrod et al., 2022; Agarwal et al., 2021) but also by other factors
such as solubility, crosslinking density, material composition, and in-
teractions between FITC-SPIF and the components of the polymeric DDS
(Garcia-Couce et al., 2021). The Pearson correlation between swelling
profile and T50 % suggests a negative relationship between released
FITC-SPIF and water uptake (Fig. S3 in supplementary information).
However, since the formulations exhibit low to no swelling (Xue et al.,
2020), this effect is considered non-fundamental.

Additionally, the solubility of FITC-SPIF in saline and PBS can be
ruled out as a determinant of release behavior. Analyzing material
composition (Table 1), increased CSOX concentration in the matrix re-
sults in decreased FITC-SPIF release, while formulations with only
HAOX (HAOX_15 and HAOX_17) show increased drug release. This
aligns with previous observations where interactions between FITC-SPIF
and sulfate groups delay drug release from matrices with higher COSX
content. Mathematical modeling of drug release simplifies the complex
process by focusing on dominant forces, though discrepancies between
theory and experimental data are expected due to multiple contributing
factors (Fu & Kao, 2010).

Variations in release profiles allow tailored treatment options based
on therapeutic goals. For chronic MS management, sustained and

Table 3
Korsmeyer-Peppa data fitting of FITC-SPIF DDS across different preparation pH.

Carbohydrate Polymer Technologies and Applications 9 (2025) 100689

controlled drug release maintains consistent levels, provides ongoing
symptom relief, and may enhance patient compliance by reducing
dosing frequency. Conversely, during acute exacerbations, immediate
symptom relief and rapid inflammation control are vital, making a DDS
enabling faster release to achieve higher initial concentrations
preferable.

Crosslinking density, molecular weight between crosslinks (M.), and mesh

size (§)

The mechanical and swelling properties of hydrogels, including drug
diffusivity, are governed by structural characteristics such as cross-
linking density, represented by the number of covalent bonds per unit
volume (Lin et al., 2022; Lavrentev et al., 2023; Ho et al., 2022). Mesh
size (&), the distance between cross-links, determines drug retention and
release, influenced by polymer and crosslinker concentrations (Ho et al.,
2022; Li & Mooney, 2016). Additionally, the average molecular weight
between cross-links (M,) affects hydrogel flexibility and extensibility,
increasing with the swelling ratio (Hoti et al., 2021).

Table 4 shows significant differences in crosslinking density among
formulations, with HAOX_17 exhibiting the highest density at 8.656 mol
mL~}, likely due to efficient crosslinking, which reduces network
expansion (p < 0.0001). Adding 0.5 % and 1 % CSOX (HACOX_27 and
HACOX_37) lowers crosslinking density by 19 % and 38 %, respectively.
This increase in CSOX concentration also reduces M, from 141,970 g
mol~! in HAOX_17 to 135,903 g mol~! in HACOX_27 and 126,350 g
mol~! in HACOX 37 (p < 0.0001). Similarly, & decreases as CSOX con-
centration increases (p < 0.05 for HAOX_ 17 vs HACOX_27; p < 0.0001
for HAOX_ 17 vs HACOX 37; p < 0.05 for HACOX_ 27 vs HACOX_37).
Pearson correlation analysis found a significant negative relationship
between the FITC-SPIF release profile and mesh sizes, which likely due
to the significant differences in CSOX concentration which also
contribute to ¢ values, but not effective crosslinking formation (p < 0.05)
(see supplementary information Fig. S5 section (d)).

The results show a negative correlation between CSOX concentration
and M, as well as crosslinking density. Similarly, DDS also exhibits the
same correlation while displaying & values when compared to HAOX 17,
which served as the control. Previous studies, where the comprehensive
calculation, have shown that this reduced M, is due to CSOX’s lower M,,
and density (Habibah et al., 2024). Additionally, CSOX tends to form
branching structures rather than contributing significantly to cross-
linking with HAOX, which enhances the hydrogel’s water affinity by
increasing the free volume (Tao et al., 2012; Takeno & Sato, 2016).
Despite these structural differences, HAOX remains the primary factor
influencing hydrogel mesh size, with shorter chain of CSOX showing
limited contribution to network formation in the DDS.

In vitro FITC-SPIF bioactivity assay

Aberrant immune responses are central to MS pathogenesis, with
Vascular Cell Adhesion Molecule-1 (VCAM-1) promoting leukocyte
migration across the blood-brain barrier (BBB) (Yang et al., 2019;
Takeshita & Ransohoff, 2012). Targeting VCAM-1 with FITC-SPIF is,
therefore, a promising therapeutic approach. Preliminary experiments
were conducted to assess the sustained activity of released FITC-SPIF by

Table 4
Crosslinking density, Mc, and & of FITC-SPIF DDS prepared a pH 6.8 (n = 3).

Formulations Crosslinking Density (mol M. (g mol ™) & (nm)
Formulations k n R? mL™ D)
HAOX 15 0.037 0.771 0.999 HAOX_17 (PURE 8.656 + 0.010 141,970 + 299 +
HACOX_25 0.020 0.819 0.999 HAOX) 254 11
HACOX_35 0.018 0.775 0.997 HACOX 27 7.003 £+ 0.008 135,903 + 247 £ 4
HAOX 17 0.049 0.690 1 162
HACOX_27 0.023 0.769 0.999 HACOX_37 5.338 + 0.001 126,350 +29 201 +
HACOX_37 0.008 0.900 0.997 10
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measuring its impact on VCAM-1 expression levels (Chen et al., 2016).

Non-activated THP-1 macrophages were pre-treated with 12.5 pg
mL ! of FITC-SPIF, either FITC-SPIF alone, or released from the DDS, for
48 h. Following this, macrophages were activated with TNF-o (100 ng
mL™Y). Samples for gPCR analysis were collected at O- and 6-h post-
treatment to assess GAPDH and VCAM-1 gene expression. No inhibi-
tory effect of released FITC-SPIF on VCAM-1 expression was observed
compared to the control likely due to the cell line used (THP-1 versus
RAW264.7). Results are detailed in the Figs. S6-S8 Supplementary In-
formation section (e).

The impact of FITC-SPIF on proinflammatory (CXCL8, PTGS2, TNF,
IL-6, IL-1p) and anti-inflammatory (IL-10, TGF-p) cytokine expression
was also assessed. While proinflammatory gene expression remained
unaffected, there was a trend towards increased TGF-f} expression,
indicating FITC-SPIF’s potential in promoting macrophage polarization
towards the M2 anti-inflammatory phenotype. This effect was consistent
whether FITC-SPIF was used alone or released from the DDS, validating
the efficacy of HAOX-CSOX hydrogels as carriers that preserve the
bioactivity of FITC-SPIF (Fig. 5). High data variability underscores the
necessity for a larger dataset. While in vivo studies have elucidated key
functions of SPIF—such as immune modulation, embryo protection, and
tissue repair—the precise molecular pathways remain unclear
(Hayrabedyan et al., 2019; Ambrozkiewicz et al., 2022; Mueller et al.,
2014). This knowledge gap complicates the accurate modelling of its
therapeutic efficacy in vitro.

Conclusion

This study investigates the versatility of an injectable hydrogel
formulated from HAOX and CSOX as a DDS. The DDS consists of 2 % (w/
v) HAOX and CSOX for the sustained release of 100 pg of FITC-SPIF. Key
findings reveal a gelation time of 190 s, which is moderate for injectable
systems, along with a low swelling profile of 18 %. The controlled
release mechanism demonstrated an initial burst release reduction from
38 % at 0.5 % CSOX to 78 % at 1 % CSOX. This efffect contributed to
extending of the release duration from 50 to 88 h with increased CSOX
concentration. Also, this DDS operates within a clinically relevant
dosing range by releasing FITC-SPIF at rates of 1-20 ug daily through
anomalous transport mechanisms. This profile is expected to enhance
control and consistency over treatment outcomes compared to tradi-
tional single-dosing regimens, potentially improving patient compliance
and therapeutic efficacy.

Furthermore, electrostatic interactions between sulfate groups of
CSOX and amine and guanidino residues of FITC-SPIF enhance drug
entrapment by promoting binding without requiring organic solvents or
chemical crosslinkers. The system can be administered through a 27
gauge needle, which is designed to minimize patient discomfort and
reduce risks associated with device perforation compared to larger
gauge needles. In vitro bioactivity tests confirm that the drug is
compatible with the excipients used, validating its suitability for ther-
apeutic potential. This validation, along with material selection and
preparation methods, indicates an effective delivery system for FITC-
SPIF. The collaborative effect among DDS components in sustaining
FITC-SPIF release constitutes a transformative contribution in drug de-
livery technology so far unreported.

While the developed system shows promise, limitations include the
absence of in vivo safety and efficacy assessments, which are crucial for
its suitability clinical application. Currently, the research is in its early
stages, focusing primarily on in vitro assessments to evaluate the feasi-
bility and effectiveness of the DDS in controlled environments. It is
recognized that results from in vitro studies may not directly translate to
in vivo outcomes; however, based on previously established biocom-
patibility profiles, the degradation products from HAOX, CSOX, and
PDHA are typically non-toxic and biocompatible, minimizing concerns
about cytotoxicity. Comprehensive evaluations in preclinical models are
necessary to confirm the therapeutic potential of this DDS for managing
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Fig. 5. TGF-p expression after treatment with SPIF.

symptoms of chronic inflammatory diseases, such as MS. Future research
may explore integrating this DDS into combination therapies with
established MS medications to enhance treatment effectiveness and
improve patient adherence. Overall, this hydrogel system presents a
promising approach for enhancing SPIF delivery, with potential benefits
in reducing dosing frequency and simplifying preparation methods.
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