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Abstract

Nanotechnology offers effective strategies for the development of controlled drug delivery systems, among which pH-
responsive nanocarriers have received considerable attention due to their ability to modulate drug release in tumor-associated
acidic environments while limiting systemic toxicity. In this study, a pH-responsive magnetic graphene oxide—based
nanocarrier was fabricated for the loading and controlled release of doxorubicin (DOX). Carboxylated graphene oxide (CGO)
was decorated with Fe;O, nanoparticles, coated with polyvinylpyrrolidone (PVP), and subsequently functionalized with
taurine (Tau) and glucosamine (Glu) to improve surface properties and drug—carrier interactions.

The structural, morphological, textural, and magnetic characteristics of the resulting Fe;0,@CGO-Tau/Glu nanosystem were
investigated using FTIR, XRD, FE-SEM, BET/BJH, and VSM analyses. The results confirmed successful surface
functionalization, preservation of the crystalline structure of Fe;O,, enhanced dispersion of magnetic nanoparticles, and a
transition toward a more uniform mesoporous structure with increased specific surface area and pore volume. The
nanocomposite exhibited superparamagnetic behavior, supporting its magnetic responsiveness.

The influence of pH on DOX adsorption was systematically examined, revealing a maximum loading efficiency at pH 8,
attributed to electrostatic interactions between the negatively charged nanocarrier surface and the cationic form of DOX.
Adsorption kinetics were best described by the pseudo-second-order model, suggesting that surface interactions dominate the
loading process. In vitro release studies demonstrated pronounced pH-dependent release behavior, with faster and higher
cumulative release under tumor-mimicking acidic conditions (pH 5.6) than under physiological pH (7.4). Nonlinear Kinetic
modeling showed that the Korsmeyer—Peppas and Peppas—Sahlin models provided the best fits to the release data, with
analysis indicating that Fickian diffusion is the predominant rate-controlling mechanism, with a minor contribution from
matrix relaxation or erosion.

The developed Fe;0,@CGO-Tau/Glu nanosystem demonstrates a favorable drug-loading capacity and pH-responsive release
characteristics, highlighting its potential as a platform for controlled DOX delivery. Further investigations under more
complex biological conditions are warranted to assess its biosafety, stability, and therapeutic performance.
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1. Introduction

Controlled release is an advanced technology in the
development of drug delivery systems, improving
therapeutic efficacy and reducing side effects by
increasing the precision of drug delivery to target tissues.
This technology has garnered considerable attention,
particularly for the treatment of complex diseases such
as cancer, diabetes, and cardiovascular disorders [1-3].
Targeted drug delivery systems can regulate the release
process in response to biological or physical stimuli,
aligning it with clinical requirements—a capability that
distinguishes them from conventional approaches [4].
One such stimulus is pH variation in malignant tissues,
caused by the abnormal metabolism of cancer cells,
known as the Warburg effect. Unlike healthy cells, which
primarily generate energy through cellular respiration
and oxidative phosphorylation, malignant cells rely
primarily on glycolysis, even under aerobic conditions.
This results in the production of lactic acid, which lowers
the pH around tumor cells, acidifying the tumor
microenvironment [5]. This pH reduction is a key
indicator for the development of pH-responsive
nanocarriers, which are activated in acidic environments
and release the drug selectively and in a controlled
manner, facilitating targeted therapies [6].

DOX is a widely used drug for treating various cancers,
particularly liver and breast cancers. One of the major
challenges associated with DOX therapy is the
development of drug resistance, which can lead to the
failure of nearly 90% of chemotherapy treatments in
metastatic cancers [7]. This resistance arises from
increased expression of cell surface efflux pumps, such
as the ATP-binding cassette family, or alterations in
DNA repair pathways and programmed cell death
mechanisms [8, 9]. In addition, DOX also affects healthy
cells, and its administration is associated with adverse
effects, including nausea, vomiting, bone marrow
suppression, and arrhythmias. Moreover, evidence
indicates that DOX can induce cardiac damage through
increased oxidative stress, ultimately leading to
cardiomyopathy [10, 11]. These limitations highlight the
urgent need for designing intelligent drug delivery
systems for DOX.

Graphene oxide (GO), with its unique physicochemical
properties and planar structure, is considered an ideal
nanocarrier for targeted drug delivery. The active
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functional groups and m-electrons on the surface of GO
nanosheets enable covalent bonding with antibodies and
cancer cell-targeting ligands [9, 10]. Surface
modification of GO with magnetic nanoparticles
enhances drug-loading efficiency (LE) and enables
magnetic-field-guided delivery of the drug to tumor
sites. However, the therapeutic efficacy of such
multifunctional systems ultimately depends on how the
drug interacts with the carrier and is released under
appropriate physiological conditions. In a previous
study, taurine (Tau)-functionalized graphene oxide (GO)
was used to load 5-fluorouracil, achieving an
encapsulation efficiency of 83.2% and a LE of 33.7%
[12]. Furthermore, a pH-dependent release behavior of
DOX from GO quantum dots—glucosamine (Glu)—boric
acid was reported, with cumulative release of
approximately 10% at pH 7.4 and 20% at pH 5.5 after 96
hours, confirming preferential drug release under acidic
(tumor-like) conditions [13].

Understanding the mechanisms governing drug—carrier
interactions and transport phenomena is crucial for
optimizing drug delivery systems. Adsorption modeling
provides quantitative insights into binding properties,
surface heterogeneity, and the affinity between drug
molecules and functional groups on the nanocarrier,
which are essential for maximizing LE and preserving
carrier stability. Simultaneously, release Kkinetic
modeling allows for distinguishing between diffusion-
controlled, swelling-driven, and relaxation-mediated
release mechanisms, clarifying how environmental
factors, such as pH, influence drug release [14].
Additionally, optimizing the pH as an adsorption
parameter is crucial for maximizing LE and ensuring
consistent release performance. These analyses facilitate
accurate predictions of in vivo behavior and support the
rational development of responsive drug delivery
systems with controlled and predictable therapeutic
outcomes.

Building on our previous work that demonstrated the
synthesis and favorable biocompatibility of (Tau)/ Glu-
functionalized carboxylate GO (CGO) nanocomposites
[15], the present study investigates DOX LE and
elucidates its pH-dependent release behavior. Tau,
containing sulfonic acid and amine groups, was
introduced to provide additional sites for hydrogen
bonding and electrostatic interactions with DOX, while
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potentially improving hydrophilicity and colloidal
behavior. Glu contributes hydroxyl and amine groups
that can facilitate drug loading through hydrogen
bonding. Moreover, Glu was included as a potential
targeting ligand [16], intended to exploit the increased
glucose uptake and overexpression of glucose
transporters commonly observed in cancer cells. These
modifications were designed to enhance drug loading
efficiency and may support selective cellular
internalization. The optimal pH for drug adsorption was
determined, and the adsorption and release data under
tumor-like and physiological pH conditions were
analyzed using nonlinear kinetic models.

2. Materials and methods
2.1. Preparation of CGO

GO (0.5 g) was dispersed in deionized water, followed
by the addition of 3.6 g of sodium hydroxide and 7 g of
chloroacetic acid. The mixture was stirred at room
temperature for 90 min to facilitate the carboxylation
reaction. Subsequently, the suspension pH was adjusted
to neutral with 10% HCI, and the resulting precipitate
was collected by centrifugation. The product was washed
several times with distilled water and ethanol to remove
residual reagents and by-products, and then dried at 50
°C for 24 h to obtain CGO [17].

2.2. Preparation of Polyvinyl
Magnetic CGO (Fe;0.,@CGO)

pyrrolidone-Coated

CGO (0.5 g) was dispersed in 125 mL of deionized water
and sonicated for 1 h at room temperature to achieve
uniform dispersion. Subsequently, 2.8 g ferric chloride
hexahydrate (FeCl;-6H,0), 1.03 g ferrous chloride
tetrahydrate (FeCl,-4H,0), and 0.33 g
polyvinylpyrrolidone (PVP) were added to the
suspension. The reaction was carried out under a
nitrogen atmosphere and at reflux (80 °C), during which
agueous ammonia was added dropwise to maintain a pH
of 10. Stirring was continued for 2 h to complete the co-
precipitation process. Finally, the Fe;0,@CGO
precipitate was separated by centrifugation, thoroughly
washed with distilled water and ethanol, and dried at
50°C to obtain the PVP-coated magnetic CGO
nanocomposite [18].
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2.3. Preparation of Magnetic CGO Modified with Tau
and Glu (Fe;0,@CGO—Tau/Glu)

To functionalize the surface of Fe;0,@CGO nanosheets
with Tau and Glu, 0.75 g of Fe;0,@CGO was dispersed in
200 mL of double-distilled water under stirring.
Subsequently, 0.75 g of 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC-HCI) and 1.1 g of N-
Hydroxysuccinimide (NHS) were added to activate the
carboxyl groups on the CGO surface. After 2 h of
activation, 5 mL of Tau solution (0.1 g mL ™) along with
0.3 g of Glu were introduced into the reaction mixture.
The suspension was then continuously stirred for 24 h to
allow covalent coupling. Finally, the resulting
precipitates were collected by centrifugation and dried at
50°C [12]. The chemical stages of the synthesis
procedure for the Fe;0./CGO—Tau are illustrated in
Scheme 1.

2.4. Determination of Zero Point of Charge (pHpzc)

To determine the pHpzc, 25 mL of 0.1 M NaCl solution
was prepared with initial pH values ranging from 3 to 9,
and 0.1 g of the adsorbent was added to each solution.
The suspensions were stirred for 24 hours to reach
equilibrium. The nanocomposite was then separated, and
the final pH values of the samples were measured using
a pH meter. The difference between the initial and final
pH values was used to calculate the pHp.c [19].

2.5. Effect of pH on Drug Adsorption

To investigate the effect of pH on the adsorption capacity
of the adsorbent and drug LE, drug solutions with an
initial concentration of 20 mg L™ were prepared over a
pH range of 3-9. In each experiment, 0.01 g of the
adsorbent was added to 20 mL of the drug solution, and
the resulting suspension was stirred for 120 min at 25 °C
and 300 rpm to ensure sufficient contact between the
drug and the adsorbent.

After completion of the adsorption process, the
nanocomposite was separated by centrifugation, and the
supernatant was filtered using a syringe filter. The
residual drug concentration in the filtrate was determined
using a UV-Vis spectrophotometer at the maximum
absorption wavelength (Amax = 480 nm).

This open-access article is distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).


https://creativecommons.org/licenses/by-nc/4.0/

421 Hosseini S.M. et al. / IJPS 2026; 22 (1): 418- 432

/CHZCOOH

GO CGO
PVP /lFesto
H H
NHS,EDC HOOCH,C_ /C 2600
HOOCH,C. | o o
HOOCH OH
COOH
HOOCH,C_
o

HOOCH,C COOH
Fe;0,@CGO

Fe;0,@CGO-Tau/Glu

Scheme 1. Schematic illustration of the synthesis of Fe;0,@CGO-Tau/Glu

All experiments were performed in triplicate, and the Here, C, (mg L™) and C; (mg L) represent the drug
results were reported as the mean * 5% standard concentrations at the beginning time and any time (t),
deviation. The adsorption capacity (q@) and drug loading  respectively; V (L) is the volume of the drug solution,
percentage were calculated using equations (1) and (2), and W (g) is the mass of the adsorbent. To identify the

respectively. dominant adsorption mechanism, the experimental data
o= CHV were fitted to the pseudo-first-order (PFO), pseudo-
@w=—""yw second-order (PSO), and intraparticle diffusion (IPD)
kinetic models using a nonlinear regression approach in
Drug loading (%) = (COC;CJ x 100 Mathematica (version 9.0).

0
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2.6. Adsorption kinetics studies

To understand the mechanism of the drug adsorption
process, three common kinetic models, including the
PFO model (Equation 3), PSO model (Equation 4), and
IPD model (Equation 5), were fitted to the experimental
adsorption data obtained at 5, 10, and 20 mg doses of the
adsorbent [20].

In(q, — qt) = Ing, — K;t
d
q/dt =K,(q. — Qt)z

qe = K t'* + ¢

Here, qe ca1 (Mg g!) denotes the adsorption capacity at
equilibrium, g, a1 (Mg g*) represents the amount of drug
absorbed at time t, k; (min?) and K, (g mg™ min?) are
the rate constants of the PFO and PSO models,
respectively. K; (mg g* min?*?) is the intraparticle
diffusion rate constant. C; (mg g?) is the intercept related
to boundary-layer thickness.

2.7. Invitro drug release study

For the drug release study, DOX was first loaded onto
the nanomaterial at room temperature under the optimal
pH conditions, and the release behavior was
subsequently investigated at 37 °C and pH 7.4 and 6.5.
Briefly, 0.20 g of Fe;0,@CGO-Tau/Glu was dispersed
in 50 mL of an aqueous DOX solution with a
concentration of 100 mg L™1. The pH was adjusted to the
optimal value (pH 8.0), and the mixture was stirred for
60 min at room temperature with a stirring speed of 300
rpm. The drug-loaded carrier was then separated using
an external magnet and washed to remove unadsorbed
DOX. The concentration of residual DOX in the
supernatant was measured at the maximum absorption
wavelength using a UV-Vis spectrophotometer.

To evaluate the in vitro drug release profile, DOX-loaded
Fes0,@CGO-Tau/Glu was transferred into a dialysis
bag (molecular weight cut-off: 14 kDa) containing 5 mL
of buffer solution. After sealing, the dialysis bag was
immersed in a beaker containing 50 mL of phosphate-
buffered saline (PBS; pH 7.4 or 6.5) and maintained at
37 °C. At predetermined time intervals, 3 mL aliquots
were withdrawn from the release medium and
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immediately replaced with an equal volume of fresh
buffer to maintain a constant volume. All release
experiments were performed in triplicate. The amount of
DOX released into the medium was quantified using
UV-Vis spectroscopy, and the cumulative release
percentage at time t was calculated using equation (6)
[21].

M

L (%) = e w100
Moo CO

In this equation, M,and Mrepresent the mass of drug
released from the nanocarrier at time t and the total
amount of drug loaded onto the nanocarrier, respectively.
C; and C, denote the drug concentration released at time
t and the initial drug concentration loaded onto the
nanocarrier, respectively. The experimental release data
were fitted using nonlinear kinetic models, including the
zero-order, Higuchi, Korsmeyer—Peppas, and Peppas—
Sahlin models, employing Mathematica software
(version 9.0).

2.8. Drug release kinetics studies

To clarify the release mechanism of DOX from the
Fe;0,@CGO-Tau/Glu nanosystem, the experimental
release data were fitted using nonlinear kinetic models,
including the zero-order model (Equation 7), Higuchi
model (Equation 8), Korsmeyer—Peppas model (Equation
9), and Peppas—Sahlin model (Equation 10) [22].

Mt = kot

M
t/Mw =ky X t'/?
M
t/Moo = Kgp x t"

Mt/M = Kltm + Kztzm

where M,  represents the amount of drug released at
time t, and M., denotes the total amount of drug released
at equilibrium. ko (h'Y), ky (hY?) and Kgp (h™) refer to
the rate constants of the zero-order, Higuchi, and
Korsmeyer—Peppas models, respectively. K; (h™) and
K, (h™™) represent the rate constants in the Peppas—
Sahlin model.
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2.9. Statistical Analysis

All experiments were performed at least in triplicate. For
adsorption and release studies, nonlinear regression was
used to estimate kinetic parameters. The goodness-of-fit
of the models was evaluated using the coefficient of
determination (R?) and the root mean square error
(RMSE). The model with the highest R2 and the lowest
RMSE was considered the most appropriate for
describing the experimental data.

3. Results and Discussion
3.1. Structural characterizations
3.1.1. FT-IR spectra

Figure 1 shows the Fourier Transform Infrared
Spectroscopy  (FTIR) spectra of GO, CGO,
Fe;0,@CGO, Tau, Glu, and Tau/Glu@Fe3;0,/CGO in
the range of 4000-400 cm™. In the GO spectrum, the
broad peak at 3442 cm™ corresponds to the stretching
vibration of O—H, and the peak at 1626 cm™ is attributed
to the stretching vibration of C=0, which is related to the
carboxyl groups. The CGO spectrum shows similar
bands at 3422 cm™, 1607 cm™, 1409 cm™, 1391 cm™,
and 1021 cm™, which are assigned to the stretching
vibrations of OH, C=0 (carboxylic acids attached to the
aromatic ring), C=C, C-OH, and C-O-C, respectively.

In the Fe;0,@CGO spectrum, the stretching
vibration of the Fe—O bond appears at 586 cm™ [23]. In
the Tau spectrum, the peak at 1619 cm™ corresponds to
the bending vibration of the N-H group of the amine (—
NH,). Additionally, strong and multiple peaks in the
range of 1000-1250 cm™ are attributed to the
asymmetric and symmetric stretching vibrations of the
sulfonyl group (-SO3zH). In the Glu spectrum, the band
at 1539 cm™ is attributed to the bending vibration of the
N—H group of the amine.

In the Tau/Glu@Fe;0,/CGO spectrum, the
absorption band at 1629 cm™ is assigned to the
stretching vibrations of amide carbonyl, which indicates
the formation of an amide bond between the amine
groups (from Tau and Glu) and the carboxylic acid
groups of Fe;0,@CGO [12]. FTIR analysis results
suggest that GO has been successfully functionalized
with Tau and Glu. Furthermore, the presence of iron
oxide nanoparticles in the Fe;O,@CGO structure is
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confirmed by the stretching vibration of the Fe—O bond.
The appearance of the amide carbonyl stretching in the
Fe;0,@CGO-Tau/Glu spectrum indicates the formation
of amide linkages between the amine groups of Tau and
Glu and the carboxylic acid groups of Fe;0,@CGO.

Fe,0,@CGO-Tau/Glu
N ol 1
3856
‘ 2857 1742 ! 1398 1032 /
1629
3431 B
\ |
N 2537 1886 /
309993, \?322 \ 737
3303 Tau 1615 1539 4433 595
@
= Lo
S |37a3 ] 2261 1956 |
= 34823708 2967 1618 T o I
E ~ ol 1214 524
Z Fe,0,@CGO
[~
= Il N 4 t2292 | 1
b= 2401 1868
S [z 29214 2856 1739 | 1398, 8% |
7 1631
3444 CGO
N i ¢
2924 2854 2346 2064 14{)18250 1021 \7‘74076
] [
3421 GO 1607
! ) J8ss 2305 2031 1021 {
3851 2925 1395 51
442 162
4000 3400 2800 2200 1600 1000 400

Wavenumber (¢m™)

Figure 1. FTIR spectra of GO, CGO, Fe;0,@CGO, Tau, Glu,
and Fe;0,@CGO-Tau/Glu.

3.1.2. XRD analysis

Figure 2 shows the wide-angle X-ray diffractograms
(XRD) analysis of CGO, Fe;0,@CGO, and
Fe;0,@CGO-Tau/Glu nanocomposites. In the CGO
spectrum, the broad and intense peak at 20 = 12.4°
corresponds to the (001) crystal plane. A weaker peak in
the range of 20 = 27° indicates the presence of some
unoxidized and pure graphite. In the XRD pattern of
Fe30,@CGO, sharp peaks at 20 =30°, 35°,43°, 57°, and
62° correspond to the (220), (311), (400), (440), and
(511) crystal planes, respectively, confirming the cubic
structure of Fe;O, [23]. The XRD pattern of the
Tau/Glu@Fe;0,/CGO nanocomposite also  shows
distinct sharp peaks at 20 = 30°, 35°, 43°, 57°, and 65°,
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indicating that the crystalline structure of FezO, is
preserved after surface functionalization.

The XRD analysis of Fe;O,@CGO implied the
presence of the crystalline Fe;0, phase. These findings
are consistent with those reported by Wang et al. [24].
Moreover, the unchanged diffraction pattern of
Fe;O0,@CGO after surface modification with Tau and
Glu suggests that the functionalization process did not
affect the crystalline structure of Fe;0,.

SRR VWY .8

Fe,0,@CGO-Tau/Glu

Intensity

Fe,0,@CGO

CGO

L L L i 1 i L L L

10 20 30 40 50 60 70
20

Figure 2. XRD patterns of CGO, Fe;0,@CGO, and
Fe;0,@CGO-Tau/Glu.

3.1.3. VSM analysis

Magnetization can be considered an indicator of a
material's magnetic properties. The Vibrating Sample
Magnetometer (VVSM) provides precise measurements of
sample magnetization under varying magnetic field
conditions. The changes in magnetic properties for the
Fe;0,@CGO-Tau/Glu and Fe;0,@CGO samples are
shown in Figure 3. According to the data, the saturation
magnetization (Ms) values for Fe;0,@CGO and
Fe;0,@CGO-Tau/Glu are 29.3 emu/g and 30.8 emu/g,
respectively.  Therefore, both  samples exhibit
superparamagnetic properties [25].
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Figure 3. Vibrating sample magnetometer (VSM)
magnetization curves of Fe;0,@CGO-Tau/Glu and
Fe;0,@CGO.

3.1.4. Brunauer-Emmett-Teller (BET) and Barrett—
Joyner—Halenda (BJH) Analysis

The nitrogen adsorption—desorption isotherms of GO
and Fe;0,@CGO-Tau/Glu are presented in Figure 4,
while the corresponding specific surface area, pore
volume, and average pore diameter are summarized in
Table 1. The specific surface area of GO was measured
as 539.3 m2 g7¢, with a pore volume of 0.017 cm? g7
Following surface modification with Tau/Glu and
formation of the Fe;0,@CGO-Tau/Glu hanocomposite,
the specific surface area increased to 56.069 m? g™t and
the pore volume to 0.136 cm3 g~L. In contrast, the average
pore diameter decreased from 19.31 nm for GO to 9.678
nm for Fe;0,@CGO-Tau/Glu.

The BET and BJH results suggest that
functionalization of Fe;O,@CGO with Tau/Glu leads to
an increase in specific surface area and pore volume,
accompanied by a reduction in average pore diameter.
The noticeable decrease in pore size suggests a shift from
larger, less uniform pores to smaller, more homogeneous
pores. Such structural evolution may increase the
effective contact area between the nanocarrier surface
and drug molecules, thereby favoring surface adsorption.

Table 1. Comparison of the porous characteristics of GO and
Fe;0,@CGO-Tau/Glu

. FesO4s@CGO-
Material GO Tat%Glu
BET surface area (m? g?) 3.539 56.069
Pore volume (cm? g1) 0.017 0.136
Mean pore diameter (nm) 19.31 9.678
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Figure 4. Adsorption-desorption isotherms of GO and
Fe;0,@CGO-Tau/Glu.
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3.1.5. FE-SEM analysis

The surface morphology and size of CGO,
Fe;0,@CGO, and Fe30,@CGO-Tau/Glu  were
examined using field-emission scanning electron
microscopy (FE-SEM) (Figure 5). The images (a—)
reveal the thin, layered, and wrinkled morphology of
CGO nanosheets, which is characteristic of graphene-
based materials.

In the Fe;0,@CGO images (d-f), Fes;0,
nanoparticles are observed to be distributed over the
graphene sheets, resulting in increased surface roughness
and heterogeneity. After surface modification with
Tau/Glu, a reduced tendency toward particle aggregation
is observed (images g—i), which may be attributed to the
presence of organic functional groups that alter surface
interactions.

Scan Mode Enersy
1+Baam SF AFSOLLTION 2 0ev

m from left to right. (a—c) CGO, (d-f) Fe;0,@CGO,
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3.2. Effect of pH on adsorption

The initial solution pH plays a key role in determining
the nanocarrier's surface charge and its interaction with
drug molecules. At the point of zero charge (pH pzc), the
adsorbent surface is electrically neutral; at pH values
above pH_pzc, the surface becomes negatively charged,
whereas at pH values below pH_pzc, it becomes
positively charged. As shown in Figure 6, the pHp;c of
Fe;0,@CGO-Tau/Glu was determined to be 4.45.
Accordingly, the nanocarrier surface is positively
charged at pH < 4.45 and negatively charged at pH >
4.45.

25
5 13}
|
e
="
z 00
=]
<
13 F
2.5

pHi

Figure 6. pHpzc curve of Fe;0,@CGO-Tau/Glu.

The effect of pH on DOX adsorption was investigated
over the pH range of 3-9 (Figure 7). Relatively low
adsorption capacities were observed under acidic
conditions, which may be attributed to electrostatic
repulsion between the positively charged adsorbent
surface and cationic DOX species. With increasing pH,
the adsorption capacity increased progressively and
reached a maximum at pH = 8. At this pH, the
nanocarrier surface is negatively charged while DOX
predominantly exists in a cationic form, leading to, while
DOX predominantly exists in a cationic form, resulting
in enhanced electrostatic attraction and, consequently,
maximum adsorption. Under these conditions, an
adsorption capacity of 37.07 mg g™t and a LE of 92.68%
were obtained.

40.0 100
f g
~ 360 f %2
I i
5
> 3
£ >
o 320 F 50 O
[a]

28.0 2 2 2 2 2 2 2 25

20 30 40 50 60 70 80 90
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Figure 7. Effect of pH on drug loading percentage and
adsorption capacity of Fe;0,@CGO-Tau/Glu.

3.3. Adsorption kinetics

A comprehensive kinetic evaluation was conducted to
characterize the adsorption behavior of DOX onto
Fe;0,@CGO-Tau/Glu. Based on the kinetic parameters
summarized in Table 2, the PSO model provided the best
fit to the experimental data. As shown in Figure 8, this
is reflected by high correlation coefficients (R? = 0.999)
and low RMSE values (0.0259-0.0825) for all adsorbent
dosages. An increase in adsorbent dosage from 5 to 20
mg led to an increase in the k value from 0.017 to 0.073
g mg™t min, indicating faster adsorption kinetics and
shorter equilibrium times. Conversely, the adsorption
capacity (qe,ca1, Mg g71) decreased from 73.053 to 19.661
mg g~ with increasing adsorbent dosage. The decrease
iN gecqr With increasing adsorbent dosage can be
attributed to the distribution of a fixed amount of DOX
molecules over a larger number of available adsorption
sites. As the adsorbent dosage increases, the drug
molecules are partitioned among more active sites,
resulting in a lower amount of drug adsorbed per unit
mass of adsorbent. Furthermore, at higher dosages,
possible particle aggregation of active sites may reduce
the effective surface area accessible for adsorption.
Although the g., ca values obtained from the PFO
model (71.08, 36.35, and 19.08 mg g™*) are relatively
close to the experimental values, their deviation from
ge,exp 1S larger than that of the PSO model, indicating
lower accuracy in describing the adsorption process.
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Table 2. Parameters of nonlinear kinetic models for the adsorption process of DOX onto Fe;O,@CGO-Tau/Glu at different

adsorbent amounts.

Dosage of adsorbent (mg)

Kinetic models Parameters
5 10 20
Ky (min~1) 0.418 0.436 0.458
-1
pseudo-first-order Ge,car (MgE™™) 71.084 36.347 19.079
R? 0.9997 0.9996 0.9997
RMSE 1.2872 0.6832 0.3025
K, (g mg—'min~1) 0.017 0.035 0.073
-1 73.053 37.432 19.661
Pseudo-second-order Gecal (MG ™)
R? 0.9999 0.9999 0.9999
RMSE 0.0455 0.0825 0.0259
K; (mg g~ 'min~1/2) 1.039 0.605 0.344
. . . C; -1 63.993 32,571 17.120
Intra-particle diffusion : (mgg™)
R? 0.9995 0.9996 0.9997
RMSE 1.5022 0.6771 0.3378
e,exp (Mg ™) 72.472 37.178 19.476

38.0,

g (mgg™)

62.0
0

t (min)

a0 60 80
t (min)

Pseudo-second-order,

— Intra-particle diffuson

Figure 8. Nonlinear plots of kinetic models for the adsorption process of DOX onto Fe;0,@CGO-Tau/Glu at different adsorbent

dosages.

The IPD model also exhibited high R2? values
(0.9995-0.9997); however, its higher RMSE values
(0.816-4.514) compared with the PSO model indicate
greater deviation from the experimental data. The
decrease in k; from 1.04 to 0.34 mg g~* min~%/2 with
increasing adsorbent dosage suggests slower diffusion at
higher dosages. Moreover, the positive intercept values
(C; =17.12-63.99 mg g™1) imply that surface adsorption
on the external layer plays a significant role in mass
transfer, and intraparticle diffusion is not the sole rate-
controlling mechanism [26].

The Kinetic analysis demonstrates that DOX
adsorption onto Fe;0,@CGO-Tau/Glu is best described
by the PSO model, whereas the PFO model provides a
less accurate description. The observed decrease in
adsorption capacity at higher adsorbent dosages may be
attributed to a reduced drug-to-active-site ratio, partial
blockage of adsorption sites due to particle aggregation,
and increased mass-transfer resistance arising from the
formation of dense adsorption layers. Therefore, the
adsorption mechanism is governed by a combination of
surface interactions and intraparticle diffusion.
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3.4. In vitro drug release profile

Figure 9 illustrates the release profiles of DOX from the
Fe;0,@CGO-Tau/Glu nanocarrier under tumor-
mimicking (pH 6.5) and physiological (pH 7.4)
conditions. The results demonstrate a faster release rate
and a higher cumulative release under acidic conditions
than in a neutral medium. Within the first 30 min,
approximately 11% of DOX was released at pH 6.5,
whereas only 6% was released at pH 7.4. After 6 h, the
cumulative release reached 47% in the acidic medium,
compared with 17% under physiological conditions. As
the release progressed, the difference between the two
pH environments became more pronounced; after 12 and
24 h, the cumulative release at pH 6.5 increased to 64%
and 74%, respectively, whereas it reached 24% and 31%
at pH 7.4. After 48 h, the total DOX release under acidic
conditions reached 86%, whereas it remained limited to
36% at physiological pH.

100
80 |
60 |

40 |

M, /M,, ( %)

2 |

0
0 4 8 12 16 20 24 28 32 36 40 44 48

Time (h)

Figure 9. DOX release profile from Fe;0,@CGO-Tau/Glu at
pH 6.5 and 7.4 over 48 hours.

The distinct release behavior of DOX from the
Fe;0,@CGO-Tau/Glu system can be attributed to the
combined effects of surface charge, surface functional
groups, and the drug's molecular form. Considering the
pHpzc value of 4.45, the nanocarrier surface is negatively
charged at both pH 6.5 and 7.4, while DOX
predominantly exists in its cationic form (approximately
40% at pH 6.5 and 65% at pH 7.4). Although
electrostatic attraction between the nanocarrier and DOX
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is present under both conditions, protonation of residual
carboxylate groups at acidic pH weakens these
interactions. In addition, competition between protons
and DOX molecules for hydrogen bonding with surface
hydroxyl and carbonyl groups further reduces drug—
carrier interactions, thereby accelerating drug release
under acidic conditions.

In contrast, at physiological pH, the lower proton
concentration favors stronger hydrogen bonding between
the non-ionized fraction of DOX and the hydroxyl and
carbonyl groups on the Fe;0,@CGO-Tau/Glu surface,
resulting in slower and more controlled drug release.
These findings show that the designed nanocarrier
enables pH-dependent and controlled release of DOX.
This behavior is consistent with previous reports; for
instance, Zamani et al. demonstrated that DOX release
from monochlorotriazinyl B-cyclodextrin derivatives is
significantly faster at acidic pH than at physiological pH
7.4 [27].

Similar pH-dependent release behavior has also been
reported in magnetic graphene-based delivery systems
structurally comparable to the present nanocarrier. For
example, the in vitro release behavior of DOX from
Triazine dendrimer-conjugated graphene quantum dots
(GQDs) immobilized on Fe;0.@C@NH. core-shell
(Fe;0,@C@TDGQDs) microspheres was evaluated in
PBS at different pH values and over various time
intervals at 37°C. The cumulative DOX release reached
approximately 65.09% under mildly acidic conditions
(pH 5.0), whereas only 28.48% was released at near-
neutral pH (7.4) after 72 h [28]. These findings highlight
that the pH-responsive release profile is predominantly
governed by the nanocarrier's physicochemical
characteristics and surface functionalities rather than the
intrinsic properties of DOX alone.

3.4.1 Drug release kinetics

The in vitro release profiles were analyzed by fitting the
experimental data to several nonlinear kinetic models,
namely the zero-order, Higuchi, Korsmeyer—Peppas,
and Peppas—Sahlin models. The resulting fitting curves
are illustrated in Figure 10, and the corresponding
kinetic parameters derived from the models are listed in
Table 3.
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Figure 10. Nonlinear kinetic models of DOX release from DOX@Fe3;0,@CGO-Tau/Glu at pH 6.5 and 7.4 at 37 °C.

Table 3. Parameters of nonlinear kinetic models for DOX release from DOX@Fe;0,@CGO-Tau/Glu at pH 6.5 and 7.4 at 37 °C.

N pH value

Kinetics model Parameters 56 72
ko (h™Y) 8.835 3.247

Zero-order R? 0.9751 0.9802
RMSE 5.1942 1.7000
ky (h™1/2) 18.247 6.674

Higuchi R2 0.9982 0.9936
RMSE 1.3761 0.9641
Kip (h™) 16.230 5.452
n 0.587 0.645

Korsmeyer-Peppas R2 0.9999 0.9985
RMSE 0.3537 0.4652
Ky (h™™) 14.859 5.395
K, (h™2") 1.522 -0.413

Peppas-Sahlin n 0.512 0.905
R? 0.9999 0.9998
RMSE 0.3001 0.1552

The nonlinear kinetic analysis demonstrated that the
Korsmeyer—Peppas and Peppas—Sahlin models provided
the best fit to the experimental DOX release data under
both tumor-mimicking (pH 6.5) and physiological (pH
7.4) conditions. For the Korsmeyer—Peppas model, the
correlation coefficients (R?) were 0.9999 at pH 6.5 and
0.9985 at pH 7.4, with corresponding RMSE values of
0.3537 and 0.4652, respectively, suggesting a reliable
description of the release behavior.

The release exponent (n) was calculated as 0.587
under acidic conditions and 0.465 at physiological pH,
while the release rate constant (k22) reached 16.230 h™
and 5.452 h™, respectively. The higher Kkp value at
acidic pH indicates accelerated DOX release under
tumor-mimicking conditions. The n values within the
range of 0.45-0.89 suggest that DOX release follows a

non-Fickian, or anomalous, mechanism, in which both
diffusion and polymer matrix swelling/erosion
contribute to drug release.

To quantitatively distinguish the relative contribution
of each process, the experimental data were further
analyzed using the Peppas—Sahlin model. Very high
correlation coefficients (R? = 0.9999) and extremely low
RMSE values (0.3001 at pH 6.5 and 0.1552 at pH 7.4)
confirm the excellent predictive capability of this model.

In the Peppas—Sahlin model, the term Kt™ represents
the contribution of Fickian diffusion, whereas K t2"
accounts  for polymer relaxation or matrix
swelling/erosion [29]. Under both pH conditions, the
diffusion-related rate constant (K;) was significantly
higher than the swelling/erosion-related constant (K_),
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implying that diffusion predominates as the main rate-
controlling mechanism. Therefore, the DOX release
from the Fe;0,@CGO-Tau/Glu nanosystem can be
characterized as anomalous transport, with a dominant
Fickian diffusion mechanism.

Overall, although both diffusion and swelling/erosion
contribute to the release process, diffusion plays the
predominant role. These findings are consistent with the
results reported by Bakhshi et al., who demonstrated that
DOX release from chitosan/hydroxyapatite-based
magnetic hydrogels is primarily controlled by Fickian
diffusion [30].

4. Conclusions

The findings of this study suggest that the
Fe;0,@CGO-Tau/Glu system has the potential to serve
as a pH-responsive nanocarrier, facilitating efficient
DOX loading and controlled release. Spectroscopic and
structural analyses indicated that functionalization with
Tau and Glu enhances the dispersion of Fe;0,
nanoparticles, increases the specific surface area, and
alters the pore structure towards smaller and more
uniform pores, thereby improving drug adsorption
efficiency.

Kinetic analyses revealed that the PSO model best
describes DOX adsorption, while the release behavior
follows the Korsmeyer—Peppas and Peppas—Sahlin
models, with Fickian diffusion identified as the dominant
rate-controlling mechanism. These characteristics,
coupled with the superparamagnetic behavior of the
structures, may hold potential for magnetically guided
targeting and controlled release. However, certain
limitations must be acknowledged. The nanosystem's
performance was not evaluated in more complex
biological environments, such as plasma, blood, or the
actual tumor microenvironment. Moreover, long-term
stability and possible interactions with serum proteins or
healthy cells were not explored. Therefore, further in
vitro and in vivo studies are essential to evaluate the
biosafety, circulation stability, and antitumor efficacy of
this nanosystem.
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