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ARTICLE INFO ABSTRACT

Keywords: Levodopa (LD), a precursor to dopamine, is commonly used to treat Parkinson’s disease. How-
Sodium alginate ever, its oral formulations suffer from low bioavailability, toxicity, and untargeted delivery. This
Levodopa

study aimed to develop a nature-based hydrogel for sustained LD release, addressing these lim-
itations. The hydrogel was synthesized using sodium alginate (SAl) and lignosulfonic acid (LSA)
as polymers, cross-linked with Ba%" ions, and coated with iron oxide nanoparticles (FesO4) and
graphene oxide nanoparticles (GO). The resulting ligno-alginate films were characterized by
Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Thermogravimetric
Analysis (TGA), and Field Emission Scanning Electron Microscopy (FESEM). In-vitro drug release
was evaluated using UV-visible spectroscopy. The formulations LD 2 (SAI-LSA-GO-LD) and LD 3
(SAI-LSA-Fe304-GO-LD) demonstrated superior sustained release properties, attributed to the
hydrophobic layer provided by GO, which controlled the swelling rate and slowed drug diffusion.
LD 2 showed the highest drug loading efficiency at 69 % and a sustained release of 24 % over 48
h, which was better than previously reported work of 64 % in 30 h. Incorporating Fe304 endowed
the delivery vehicle with magnetic properties for targeted drug delivery. This study presents a
novel and efficient approach for the sustained release of LD using a ligno-alginate hydrogel coated
with Fes04 and GO, offering promising potential for Parkinson’s treatment.

Graphene oxide
Drug release
Parkinson’s disease

1. Introduction

Parkinson’s disease (PD) is a neurological condition characterized by the degeneration of nerve cells in the central nervous system,
leading to significant motor and non-motor symptoms [1]. Levodopa (L-3,4-Dihydroxyphenylalanine), a precursor to dopamine, is a
standard treatment; however, its oral formulations exhibit low bioavailability, toxicity, and untargeted delivery [2,3]. This paper
explores a novel ligno-alginate hydrogel system enhanced with Fe3O4 and graphene oxide (GO) to address these challenges, focusing
on controlled and sustained release.

The current therapeutic approaches for PD highlight the necessity for specific drug delivery systems that can enhance bioavail-
ability while minimizing side effects. Controlled drug delivery systems facilitate a regulated and sustained release, improving patient
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compliance [4]. These systems can be further augmented by integrating stimuli-responsive conditions (pH, heat, magnetic force) to
achieve targeted drug release [5]. Recent studies have demonstrated innovative drug delivery systems for levodopa. Hao et al. in the
year designed gastro-floating sustained-release capsules for levodopa and benserazide hydrochloride, achieving cumulative drug re-
leases of 74 %, 85 %, and 95 % with different formulations [6]. Similarly, Nidhi et al. engineered a tricompartmental polymeric
microcarrier for three PD drugs, reporting nearly 100 % encapsulation efficiency and complete drug release within 24 h [7]. Stalin
Kondaveeti et al. developed magnetic-responsive hydrogels that utilized magnetic stimulation for prolonged levodopa release for
about 30 h [8]. These advancements emphasize the critical need for therapies that mitigate the issues of low bioavailability and rapid
degradation while ensuring sustained drug release for improved patient outcomes.

Considering the challenges, this study proposes a ligno-alginate hydrogel to improve sustained release profiles. The hydrogel in-
corporates Fe304 and GO, crosslinked with Ba?* ions. Alginate, a biocompatible polysaccharide sourced from brown seaweed, is
favored for its gel-forming ability and non-toxicity [9,10]. Alginate becomes water-soluble upon treatment with a basic solution,
forming gels through ionic interactions with divalent and trivalent cations [11,12]. Lignin, a biodegradable polymer, offers additional
benefits, such as antimicrobial properties and the ability to regulate the release of both hydrophobic and hydrophilic compounds [13,
14]. Lignosulfonic acid, derived from the pulping process, maintains amphiphilic characteristics that enhance drug diffusion through
hydrogel cross-linking [15,], [16]. The swelling capacity of lignin can be adjusted to optimize drug release rates, as evidenced by
studies demonstrating that hydrogen bonding between lignin and other polymers affects their viscoelastic behaviour [17]. Further-
more, stimuli-sensitive hydrogels can optimize drug targeting and efficacy by responding to changes in pH and temperature [18-21].

Aashli et al. fabricated a transdermal film using sodium alginate and lignosulphonic acid (LSA) as a polymer matrix, achieving
controlled drug release for montelukast sodium over 36 h [22]. Fe3O4 nanoparticles are renowned for their biocompatibility and
magnetic properties, which can enhance targeted drug delivery when functionalized with polymers and GO [23]. Bahaar et al.
demonstrated a sustained release system using magnetic nanoparticles coated with LSA and polyethylene glycol, achieving controlled
drug release profiles [24]. Moreover, GO’s large surface area and functional groups enable effective drug loading, enhancing the
controlled release properties of various drug delivery systems [25-27]. Rashedi et al. created a biocompatible hydrogel combining
chitosan, agarose, and GO, leading to improved drug loading and sustained release profiles for 5-fluorouracil [28].

The combination of sodium alginate, LSA, GO, and Fe30O4 presents a promising approach for sustained drug delivery. The novelty of
this work lies in the synergistic effects of these materials, which collectively improve drug encapsulation and release profiles.
Developing a hydrogel using an alginate-LSA film with Fe304 and GO could yield promising results for the sustained release of
levodopa, addressing critical challenges in Parkinson’s disease treatment.

2. Materials and methods
2.1. Materials

SAl (MW = 216.12 g/mol) and LSA (MW = 490.5 g/mol) were obtained from Sigma Aldrich, and ferric chloride [FeCl3.6H,0] (MW
= 270.295 gm/mol) and ferrous sulfate anhydrous [FeSO4] (MW = 151.91 g/mol) were obtained from Loba Chemicals. Barium
chloride (MW = 208.23 g/mol) was obtained from S.D. Fine Chem. Ltd. Ammonium solution (NH4OH) (MW = 17.031 g/mol) and
graphene oxide (MW = 2043.8 g/mol) were obtained from Thermofisher Scientific Ltd. Levodopa was obtained as a pharmaceutical
sample.

2.2. Synthesis of hydrogels

2.2.1. SAl and LSA blends

2 % SAl and LSA films were prepared at a ratio of 80:20 procedure adapted from a previously reported work [29]. The polymer was
dissolved in distilled water via a magnetic stirrer for 30 min to obtain a uniform distribution. The blended mixture was subsequently
poured onto a glass Petri plate and dried in a hot air oven at 45 °C for 16-24 h. The dried polymeric gel was cross-linked in 2 % barium
chloride for 15 min to strengthen the polymeric interactions, and the films were subsequently dried at room temperature. The films
were weighed and cut into 300 mg portions for surface coating(refer to the supplementary file for figures).

2.2.2. SAILSA-GO
Approximately 22 mg of GO was ultrasonicated at room temperature for 2 h r in 50 ml of distilled water to obtain a uniform
dispersion. Then, the crosslinked dried SAI-LSA polymeric films were immersed in the GO solution and ultrasonicated for 1 h.

2.2.3. SAL-LSA-Fe304-GO

Synthesis of Fe304 and GO Solution: Approximately 1 g of FeCl3.6H>0 and 0.4 g of FeSO4 were weighed and dissolved in 50 ml of
distilled water, and the solution was stirred on a magnetic stirrer for 15 min at 60 °C. Then, ammonia solution was added dropwise to
precipitate the Fe304 nanoparticles. The iron oxide nanoparticles were filtered out and dried. The Fe3O4 powder was dispersed in 25 ml
of distilled water and added dropwise into 50 ml of GO solution (400 pg/ml); the solution was sonicated for 2 h.

The polymeric films were sonicated for 1 h in the Fe304-GO solution. The resulting SAI-LSA film coated with Fe304-GO was
removed and dried at room temperature.
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2.3. Loading of LDs into hydrogels

The process for loading LDs into polymeric films is described below. First, the dried polymeric films were fully submerged in 50 mL
of freshly prepared LD solution (1 mg/ml).

The samples were then left to soak for 12 h at a temperature of 4 °C and protected from light during this time. This is necessary to
avoid any light-induced degradation of the drug (refer to the supplementary file for figures).

2.4. Characterization

The FTIR spectra of the different formulations at different stages were investigated for the presence of the drug encapsulated in the
polymer as well as the presence of unique functional groups in the nanoparticles. The FTIR instrument (Shimadzu, Model no. 206-
31000-58, IR Spirit-L) was calibrated via potassium bromide KBr pellets by running the background scan. The drug release profiles
of the polymers were evaluated at 280 nm via a UV-visible spectrophotometer (Shimadzu 2600).

Thermal characteristics such as the change in weight as a function of temperature up to 1500 °C (Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC)) were determined via a thermogravimetric analyzer (TA, USA-SDT Q600).

The crystallinity of the powdered materials was examined via XRD with a Rigaku Japan Ultima IV instrument. The signals are
generated because of microstructure and phase transitions. A diffraction angle of 5°-90° was used to determine the crystal structure
and intermolecular distances of the samples.

2.5. Invitro levodopa release studies

The release of LD was studied in vitro via a UV-vis spectrophotometer by immersing the film in 10 mL of buffer solution at pH 7.4.
The calibration curve for the spectrophotometric analysis is included in the supplementary material. At every 2-h interval, 2 mL of the
buffer solution was removed and analyzed via spectrophotometry at 280 nm [30].

M,
Release (%) =" x 100 Eq. (A.1)
Mi
where M; and M; are the concentrations of drug released at time t and the initial loaded drug content, respectively.

2.6. Release kinetics of levodopa from polymeric films

Multiple mechanical release patterns for polymer formulations have been proposed under in vitro circumstances via standard
mathematical kinetic models. The tested models comprised zero-order, first-order, Korsmeyer-Peppas, Higuchi, Kopcha, and Sahlins-
Peppas models.

Zero-order drug release is the process of releasing a drug from a carrier at a constant rate independent of the initial drug
concentration.

First-order drug release kinetics describe how the rate of drug release from a delivery system is proportional to the amount of drug
present in the device at any given point in time. The amount of drug released decreases over time as the concentration gradient de-
creases. The release exponent, n, is derived from the Korsmeyer—Peppas model. At n = 0.43, drug release is described as Fickian
diffusion, with no significant deformation or strain. Quasi-Fickian diffusion occurs when n < 0.43. When n is less than 0.85, drug
release occurs through anomalous diffusion, which might cause swelling or stress due to variations in temperature, activity, or
structural dimensions. If n exceeds 0.85, Case II transport occurs.

The Kopcha model was used to quantify the impact of diffusion and erosion on release patterns. The constants A = diffusion and B
= erosion was used to determine which factor had a greater mathematical impact on release. The literature suggests that when A/B =
1, diffusion and erosion are equal. When A/B is less than 1, erosion takes precedence over diffusion, whereas when A/B is greater than
1, diffusion is dominant.

The Higuchi model is a mathematical model for calculating drug release from colloidal nanoparticles. The model uses Fickian
diffusion to characterize drug release from an insoluble matrix as a square root of a time-dependent process.

In the Sahlin-Peppas model, when R/F equals one, the release mechanism includes both erosion and diffusion equally. When R/F is
greater than one, relaxation (erosion) takes precedence over diffusion [31,32]. The formulas of these models are included in the
supplementary file.

2.7. Biocompatibility of the ligno-alginate hydrogel

The Neuro-2A neuroblastoma cell line was procured from the National Centre for Cell Science, Pune, India. Neuro-2A cells were
grown in T25 culture flasks containing Dulbecco’s Modified Eagle Medium (DMEM) with 10 % Fetal Bovine Serum (FBS), along with 1
% of antibiotics, viz., penicillin 100 Units/ml and streptomycin 100 pg/ml. Cells were maintained in a humid atmosphere at 37 °C,
containing 5 % carbon dioxide. Cell cytotoxicity was determined by the MTT method. For the cell cytotoxicity assay, cells (approx-
imately 1 x 10* cells/well) were seeded into 96-well tissue culture plates, and 24 h after seeding, the medium was changed and cells
were treated with various concentrations of pure Levodopa, SAI-LSA-GO-Fe304 (without LD) and SAI-LSA-GO-Fe304 -LD ranging from
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0 to 100 pg (pg/ml) for 72 h. Cell viability was determined based on the principle that living cells will reduce the yellow-colored
tetrazolium salt to a purple formazan product. This formazan product was dissolved in Dimethyl Sulfoxide (DMSO)and the absor-
bance was measured at 570 nm.

3. Results and discussion
3.1. Characterisation of the hydrogels

3.1.1. Fourier transform infrared studies

LD 1 FTIR spectra are shown in Fig. 1 d show the following absorbance peak at 1033 cm ™!, which represents C-O group elongation,
and at 1419 cm ™!, which represents a symmetric stretching of COO, indicating the characteristic peaks of SAI-LSA [33] (Fig. 1 b). A
characteristic peak of levodopa (Fig. 1e), Phenyl group C=C vibrations are present at 1450 cm ™' and 2938 cm™}, representing car-
boxylic acid O-H stretching, which was originally found at 2978 cm ™! [34], showing a bathochromic shift due to the interaction of LDs
with the polymer blend containing SAI-LSA.

The LD 2 spectra shown in Fig. 1a presents a peak at 1033 cm ™}, which represents C-O group elongation, and at 1619 cm ™}, which
represents conjugated carbonyl stretching, indicating the presence of SAI-LSA. The peak at 1520 cm ™! represents C-OH bending, and
the peak at 1062 cm™! represents the vibration mode of C-O-H, indicating the presence of GO [35], and the LD characteristic peak
observed at 2938 cm ™! represents carboxylic acid O-H stretching.

LD 3 FTIR spectra are shown in Fig. 1c Peak at 1033 cm ™! represents C-O group elongation and the peak at 1619 cm™! represents
conjugated carbonyl stretching, indicating the presence of SAI-LSA. The peak at 1520 cm ™ * represents C-OH bending, indicating the
presence of GO, the LD characteristic peak observed at 2938 cm ™! represents carboxylic acid O-H stretching, and the peak at 616 cm ™!
is attributed to the Fe-O vibrational mode [36]. In the range of 16201650 cm ™, the intensity of the peaks is elongated due to CO-
groups from different components, indicating the presence and interaction of the polymer with the drug and nanoparticles.

3.1.2. X-ray diffraction

The XRD spectrum of SAI-LSA (Fig. 2b) revealed a peak at 13.5° due to the reflection of their plane from polyguluronate unit of SAl
and broad haloes with the absence of Bragg reflections, indicating that the polymer was amorphous [37]. In the patterns of the
drug-polymer composite LD 1 (Fig. 2e) and LD 2 (Fig. 2a), only a broad halo is detected without any distinctive peak of LD, confirming
that the drug is present as an amorphous solid dispersion within the composite material.

The pure LD (Fig. 2c) appeared at 18.49° and 22.33°, indicating the crystalline structure of the drug [38]. The formulation LD 3
(Fig. 2d) is crystalline despite the polymer structure of the Fe304 particles, which enhances the crystalline nature of the composite at
30.73° and 42.92° [39].

The addition of crystalline materials to a drug delivery system leads to a more controlled and sustained drug release due to their
slower dissolution rates. They enhance stability by protecting the drug against the environment and improve the mechanical strength
and integrity of the system. Crystalline materials also allow modulation of the drug release rate and impact drug-polymer interactions,
usually leading to slower release and sustained therapeutic effects [40].

Here the incorporation of crystalline materials like Fe304 and GO influence the nature of drug release which showed a sustained
profile when compared to the hydrogel without the crystalline materials.

The crystal morphology of a material influences the dissolution rate of the drug because crucial elements, such as the surface area,
size, and even the polymorphic form of the material, may affect the rate and extent of absorption.
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Fig. 1. FTIR spectra of (a) LD 2 (b) SAI-LSA (c) LD 3 (d) LD 1 (e) Levodopa.
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3.1.3. Thermogravimetric analysis

The composition of a polymer, its degree of hydration, its thermal stability, and the amount of moisture or residual solvent can all
be ascertained via TGA, as shown in Fig. 3. Heating from room temperature to 100 °C caused the first significant weight loss of
approximately 10-12 %, which was attributed to the evaporation of trapped and physiosorbed water from the sample.

At temperatures greater than 100 °C, the structure of LSA and SAl (Fig. 3d) and weight loss show stages of degradation. The primary
causes of the second weight loss of approximately 33-35 % in the range of 150-250 °C are attributed to carbon dioxide, carbon
monoxide, and the evaporation of other pyrolysis products in lignin and the breakage of -OH bonds in SAl [41,42].

The breakdown of levodopa is caused by dihydroxylation in this temperature range. Furthermore, the loss of mass between 200 °C
and 400 °C is attributed to the disintegration of hydroxyl groups, epoxy, and carboxyl oxygen-containing functional groups on the
surface of the GO (Fig. 3b), compromising its quality at higher temperatures [43]. Fe3O4 (Fig. 3c), the nanoparticles are thermally
stable throughout the process. These findings highlight the need to select appropriate surface coatings for the polymer to ensure its
thermal stability.

3.1.4. Surface morphology

The surface morphology and shape of the magnetic nanoparticles were studied via FESEM, as shown in Fig. 4 a-d. The study used an
EHT detector with a 10 kV accelerating voltage to investigate nanoparticle dispersion within the polymeric matrix. The FESEM
micrograph revealed nearly spherical-shaped Fes04 nanoparticles with frequent agglomeration caused by the interactions of magnetic
nanoparticles.

Aggregations are inescapable because of factors such as interparticle interactions and magnetic.

The SEM-EDX results are shown in Fig. 4 e and f, the atomic percentages of iron, oxygen, carbon, barium, and chlorine for SAI-LSA
coated with Fe-GO are 3.8 %, 19.1 %, 33.2 %, 39.8 %, and 1.8 %, respectively.
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Fig. 3. TGA thermograms of (a) LD 1 (b) LD 2 (c) LD 3 (d) SAI-LS.
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Fig. 4. FESEM images of LD 3 at different resolutions: (a) 1 pm(b) 500 nm (c) 4 pm (d) 2 pm (e) SEM-EDX layered image of LD 3 (f) SEM-EDX
analysis of LD 3.

3.2. Loading efficiency and release profiles of LD

The loading efficiency of LDs on polymer-nanoform formulations was obtained by dissolving a known quantity of the drug by
immersing the polymer film in the drug solution for 16 h. After 16 h, the film was removed, and the remaining solution was irradiated
at 280 nm to calculate the concentration of free LD in the supernatant (C;) by subtracting it from the initial LD concentration (Cy) and
dividing it by Co. The loading efficiency was expressed as a percentage via the following formula:

Co —C;
Co

Loading efficiency (%) = x 100 Eq. (A.2)

The loading efficiency of LD was 68.41 %, 69.67 %, and 57.18 % in LD 1, LD 2, and LD 3 films, respectively, at pH 7.4. The loading
efficiency of the films was better than that previously reported for 60 % loading efficiency [8]. In LD 1 and LD 2, the concentration of
SAl is 80 % of the polymer matrix, which provides high drug loading capacity, as there are more polymer chains to encapsulate the
drug. The inclusion of GO nanoparticles in the composition led to a slight increase in drug loading efficiency due to the larger surface
area and the presence of a variety of oxygen-containing functional groups, including hydroxyl, epoxy, and carboxyl groups. These
functional groups can interact with drug molecules through noncovalent interactions such as n—= stacking, hydrogen bonding, and
electrostatic interactions. This allows for efficient drug loading onto the GO surface. Compared with that of the polymer matrix, the
amount incorporated is small. In LD 3, incorporating Fe3O4 into drug delivery systems lowers drug loading through competitive
binding, in which Fe ions compete with drug molecules for binding sites on the carrier material. In addition, Fe ions may cause the
carrier material to aggregate, reducing the surface area accessible for drug adsorption. Chemical interactions between the Fe ions and
functional groups of sodium alginate or graphene oxide may reduce the drug loading efficiency.

The release profile of the LD from LD 1 after 48 h is depicted in Fig. 5 a. In the first 2 h, an initial burst of 16 % was observed, which
indicates the superiority of the novel polymer composite over previous methods in terms of the controlled release of the drug. The
release percentage increased by approximately 20 % every 2 h during the initial 6 h, indicating faster release of levodopa from the SAl-
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LSA film. A total of 78 % of the drug was released within 30 h. After 48 h, the release values decreased from 78 % to 50 %, indicating
the occurrence of drug degradation. LD 1 shows the best fit with the Sahlins-Peppas Model (R? = 0.99), suggesting that the drug release
mechanism is more complex, involving both diffusion and relaxation processes. Sahlins-Peppas is the most suitable model for LD 1 due
to the high R2 showing a clear dominance of polymer relaxation and erosion.

Sodium alginate swells faster in a pH 7.4 environment because of the ionization of the carboxyl group. resulting in the creation of
negatively charged carboxylate ions. This enhanced ionization increases the repulsive interactions between the negatively charged
groups throughout the alginate chain, resulting in greater swelling.

The release profile of levodopa from LD 2 for 48 h is depicted in Fig. 5b. In the first 2 h, the release profile of levodopa from LD 2 was
12 %, which was less than that of LD 1. Approximately 24 % of the drug was released within 48 h, indicating that the controlled release
of levodopa was much better than that of LD 1 and LD 3. The controlled release could be attributed to the amphiphilic nature of GO,
which influences the release of LD from the films. The presence of GO with SAI can affect drug release kinetics by acting as a barrier, as
it forms a hydrophobic layer, limiting drug diffusion.

The release profile of levodopa for LD 3 after 48 h is depicted in Fig. 5c. In the first 2 h, the release profile is 19 %. Approximately 28
% of the drug was released within 48 h, indicating that the controlled release of levodopa was much better than that of LD 1 but not as
efficient as that of LD 2. The incorporation of Fe3O4 can enhance drug biological activity by achieving magnetically assisted targeted
drugs. GO increases the drug loading capacity and enables sustained release of the drug. The magnetic nanoparticle-incorporated
formulation paved the way for targeted drug delivery, indicating the efficiency of the novel hydrogel for controlled release applica-
tions in a sustained manner.

For both LD 2 and LD 3, the drug release is primarily diffusion-controlled, with the Korsmeyer-Peppas model showing the best fit
with R2 = 0.97 for LD 2, and R? = 0.96 for LD 3. This indicates that the release is governed by a combination of diffusion and relaxation
mechanisms in both formulations.

A quantitative comparison of the existing biopolymeric system to encapsulate levodopa and the controlled release profile is
summarized in Table 1.

Compared with previous literature as depicted in Table 1, the drug delivery performance of this study is significantly improved. In
Hao et al. [6] and Nidhi et al. [7], though the drug release percentage was high, the duration for the release was relatively shorter up to
12 h and 24 h, respectively. Stalin Kondaveeti et al. [8] achieved a drug release time of 30 h with a lower drug load. In contrast, in
magnetic-GO hydrogels with eco-friendly polymers—SAl and LSA—in our work, we observed a substantial drug load of about 57.14
%-69 %, coupled with a sustained release of 24 %28 % for an extended period of 48 h. This extended period of the release with
significant drug loading underlines better efficacy and stability of our hydrogels for controlled drug delivery applications.
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Table 1
Comparison of existing formulations with the current study.
Study Formulation Details Drug load/% Drug release/duration
Hao et al. [6] Sodium dodecyl sulfate, polyethylene oxide, NaCl, and cellulose acetate NA/SDS: 74 %, PEO N-80: 85 %, NaCl:
95 %/12h
Nidhi et al. [7] PLA (Polylactic Acid), PLGA (Poly (lactic-co-glycolic acid)), PCL (Polycaprolactone), and 100 %/100 % release/24 h
PEG (Polyethylene Glycol).
Stalin Kondaveeti et al. ~ Magnetic-responsive hydrogels of xanthan gum and sodium alginate, cross-linked with 64 %/66 % release/30 h
[81 calcium chloride.
Present Study Magnetic-GO hydrogels prepared with eco-friendly polymers SAlg and LSA, for levodopa LD 2: 69 %/24 % release/48 h
delivery. LD 3: 57.14 %/28 % release/48 h

3.3. Drug release kinetics of LD

The zero-order rate constant (ko) is greater in LD 1 than in LD 2 and LD 3, indicating that there is fast drug release, which remains
constant over time.

The first-order kinetics show a high value of k of 1.12 in LD 1, indicating a faster release rate than in LD 2 and LD 3. In the Higuchi
model, the k value in LD 1 is relatively high, indicating that the drug is released from the matrix system at a relatively fast rate, whereas
LD 2 and LD 3 have relatively low k values, indicating a relatively slow release rate, as shown in Table 2.

In the Korsmeyer—Peppas model, as shown in Table 3 in LD 1, the n value was 0.94, indicating "super case II transport," which
differs greatly from Fickian diffusion. This behavior points to a release mechanism based on polymer relaxation rather than drug
diffusion. In LD 2, n = 0.53 indicates anomalous diffusion of the drug, whereas in LD 3, n is 0.16, which suggests a release mechanism
similar to Fickian diffusion, indicating that drug release is mostly regulated by diffusion through the polymer matrix. This trend is
typical in systems where drug release is predominantly controlled by molecular diffusion and adheres to classical diffusion principles.

In the Kopcha model of LD 1, B (erosion constant) is greater than A (diffusion constant), and the A/B ratio is less than 1, indicating
that the erosion mechanism is predominant for drug release, whereas in LD 2 and LD 3, A (diffusion constant) is greater than B (erosion
constant), and A/B is greater than 1, which shows that drug release is governed by diffusion.

In the Peppas model, the R/F ratio in LD 1 is greater than 1, indicating that the relaxational mechanism is the dominant phe-
nomenon governing the release of the drug, whereas in LD 2 and LD 3, the R/F ratio is less than 1, indicating that the diffusion
mechanism is predominant, as shown in Table 2.

Based on the above discussion, the polymer-nanocomposite with GO and Fe304 follows a diffusion model, which is suitable for the
drug release mechanism.

3.4. MTT assay-cell viability study

The MTT assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) was used to assess the cytotoxicity of ligno-alginate con-
taining levodopa on NeuroAz2 cells, an established in vitro model for Parkinson’s disease due to its neuronal characteristics. The study
compared the effects of polymer vehicle SAI-LSA-Fe-GO without drug and SAI-LSA-Fe-GO-LD delivery systems, with levodopa, against
NueroA2. The results indicated that cell viability, for all formulations, was dependent on the dose and time, varied in their cytotoxicity,
and effectiveness in the setting of neuroprotection and drug delivery. As expected, the Levodopa-induced cell death is clear as seen in
Fig. 6 (a) (Orange bar in the graph). In contrast, the ligno-alginate nanocomposite vehicle shown in Fig. 6 (a) (the purple bar) without
the drug demonstrated negligible effects on cell viability showing the biocompatibility nature of the ligno-alginate hydrogel. The
reduced cell viability for SA-LSA-Fe-GO-LD shown in Fig. 6 (a) (the green bar) treated cells is attributed to the slow release of levodopa
from the carrier. SA-LSA-Fe-GO and SA-LSA-Fe-GO-LD showed less toxicity and, therefore, were likely to exert a safer profile for such
materials in drug delivery applications.

4. Conclusion

The findings of this study highlight that magnetic-GO hydrogels, developed using eco-friendly polymers SAl and LSA, create an
excellent platform for drug delivery. The results indicate that LD 2 and LD 3 are promising candidates for formulating delayed and
sustained-release medications for treating Parkinson’s disease.

However, the study does encounter some limitations, such as the role of LSA as a binding agent in drug delivery, which restricts

Table 2
Release kinetics values for Zero, First, and Higuchi.
Model Zero-order First-order Higuchi
k R? k R? k R?
ID1 10.59 0.955 1.12 0.97 24.997 0.8649
LD 2 3.15 0.8847 0.54 0.83 8.1 0.95
LD 3 2.69 0.71 0.33 0.67 7.3 0.87
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Table 3

Release kinetics values for Kopcha, Sahlins-Peppas and Kormeyer-Peppas.
Model Kopcha Sahlins-Peppas Korsmeyer Peppas

A B R? Kq K. m R/F R? k N R2?
ID1 2.76 9.82 0.97 8.74 11.6 0.19 1.28 0.99 12.21 0.94 0.97
LD 2 7.03 0.30 0.97 7.21 0.1 0.512 0.01 0.97 7.31 0.53 0.97
LD 3 14.12 0.1 0.93 15.96 0.1 0.23 0.00 0.96 16.13 0.16 0.96
120

O T

Cell Viability (%)
& 8 8
x 1 1

N
o
1

0 6.25 12.5 25 50 100
Concentration (ug/ml)

LD 6.25ug LD 12.5ug LD 25ug LD 50ug LD 100ug

@

LD 3 6.25ug LD 312.5pg LD 3 25pg LD 3 50ug LD 3 100pg

Fig. 6. (a) MTT assay cell proliferation of hydrogels at 72 h. (b) morphological appearance at 72 h for LD (c¢) morphological appearance at 72 h for
SAI-LSA-Fe-GO (d) morphological appearance at 72 h for SAI-LSA-Fe-GO-LD.

comprehensive insights. Additionally, the absence of in vivo data hampers the validation of the formulation’s efficacy and safety.
This study proposes a novel method for customizing and creating biocompatible magnetic materials capable of effectively releasing

LD, potentially benefiting Parkinson’s disease treatment. Specifically, LD 2 exhibited the highest drug loading efficiency at 69 % with a

sustained release of 24 % over 48 h, while LD 3 demonstrated a drug loading efficiency of 57.14 % and a sustained release of 28 %.
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Moreover, the integration of LSA with SAl represents a novel formulation that significantly enhances biocompatibility, controlled
release characteristics, and mechanical strength. The addition of GO and Fe304 synergistically modifies the properties of the polymer
components, showcasing the potential for developing innovative drug delivery systems for LD. This approach may improve therapeutic
efficacy and reduce side effects, ultimately leading to better patient outcomes across various biomedical applications.

The formulation developed in this study aims to provide controlled drug release during medical procedures, ensuring sustained and
accurate therapeutic effects at the target site. By maintaining optimal drug levels, controlled release mechanisms can enhance
treatment efficacy and reduce the need for frequent dosing. The promising results from this formulation pave the way for further
development and validation through in vivo clinical trials.
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