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ARTICLE INFO ABSTRACT

Keywords: As the most frequent malignant tumors of the central nervous system, gliomas exhibit poor prognosis due to

Chitosan aggressive progression and treatment resistance, highlighting the urgent need for new therapeutic strategies

gllgctrochemlcal targeting molecules such as LRP1B and ERBB4, whose dysregulation is closely associated with glioma progression
oma

and poor clinical outcomes. In this study, carboxymethyl chitosan (Fru) was functionally modified with
3-aminopropyltrimethoxysilane (APTMS) to establish a vector for the Fru-APTMS coordination polymer (CP1).
A Temozolomide (TMZ) analog, compound 1, was subsequently loaded to form a multifunctional nanodrug
delivery system, denoted as Fru-APTMS@CP1@1. Raman and Fourier transform infrared (FT-IR) spectroscopy
verified the structural characterization of the composites. Cyclic voltammetry (CV) in a [Fe(CN)]3~/*~ electrolyte
revealed a significantly enhanced peak current of 133 mA, corresponding to a large electrochemically active
surface area (EASA) (0.1866 cm?) and excellent electron transfer capability. Furthermore, differential pulse
voltammetry (DPV) demonstrated a favorable linear response (R* = 0.9894) and a low detection limit (0.02229
uM), indicating high electrochemical sensitivity. In biological evaluation, FRU-APTMS@CP1@1 significantly
inhibited glioma cell proliferation by synergistically regulating the expression of LRP1B and ERBB4, suggesting

a multitargeted anti-tumor mechanism.

1. Introduction

Gliomas are the most common malignant tumors of the central
nervous system, with glioblastoma multiforme (GBM) classified as a
grade IV tumor by the WHO due to its high aggressiveness, frequent
recurrence, and extremely poor prognosis [1-3]. Despite advances
in standard treatments, primarily surgical resection combined with
radiotherapy, the median survival time of GBM patients remains under
15 months, underscoring the urgent need for new therapeutic targets
and strategies [4,5]. Temozolomide (TMZ), an orally active alkylating
agent, is currently the first-line chemotherapeutic for GBM owing to its
high bioavailability and effective blood-brain barrier penetration [6,7].
However, its clinical efficacy is often compromised by the development
of resistance, notably due to increased expression of O6-methylguanine-
DNA methyltransferase (MGMT) [8]. As a result, the development of
TMZ derivatives with enhanced pharmacological activity and targeted
delivery capabilities has become a key area of research [9].

In this context, coordination polymers (CPs) have attracted
considerable interest in drug delivery applications due to their structural
diversity, tunable porosity, and functional versatility [10,11]. Their
porous frameworks enable efficient drug loading and controlled release
[12], while the incorporation of responsive elements allows stimulus-
triggered release under specific conditions such as pH, temperature, or
enzymatic activity [13,14]. The assembly of CPs is governed by factors
such as solvent, temperature, pH, concentration, ligand flexibility,

and metal ion geometry, all of which influence the final structure and
performance [15,16]. Rational ligand design and precise synthetic
control are therefore critical to obtaining CPs with desired drug-delivery
functionalities [17]. In particular, nitrogen-containing heterocyclic
carboxylic acids have recently emerged as promising ligands due to
their coordination versatility and biocompatibility.

Fructose, a natural monosaccharide abundant in fruits and honey,
exhibits excellent water solubility, biocompatibility, and reducing
capacity, making it attractive for drug delivery applications [18]. Its
multiplehydroxyl groups providereactivesites for chemical modification,
enabling its integration with drug carriers and functional moieties
[19,20]. However, its intrinsic limitations, such as high solubility, poor
structural stability, and low mechanical strength, restrict its independent
use in constructing robust delivery systems [21]. To overcome these
issues, functionalization with 3-aminopropyltrimethoxysilane (APTMS),
a typical silane coupling agent, has been employed. APTMS reacts with
hydroxyl groups on fructose to form stable organic-inorganic hybrids
[22], enhancing thermal and mechanical stability while introducing
amino functionalities that facilitate further modifications, such as
drug conjugation or metal coordination [23]. This strategy provides
a robust platform for developing fructose-based CP nanocarriers with
PH responsiveness, structural integrity, and targeted delivery potential.

Based on this, APTMS was employed to functionalize fructose
(Fru), generating Fru-APTMS as a carrier for CP1 (Scheme 1). This
platform was further assembled into a multifunctional composite, Fru-
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Scheme 1. Synthesis of Fru-APTMS.

APTMS@CP1, for loading a TMZ analogue, referred to as compound 1,
ultimately forming the nanoscale drug delivery system Fru-APTMS@
CP1@1. The structural characteristics and electrochemical properties of
this composite system were systematically investigated. Furthermore,
particular emphasis was placed on evaluating the regulatory effects of
the constructed nanocarrier on the expression of LRP1B and ERBB4 in
glioma cells, as well as exploring the potential underlying mechanisms.
This study was conducted to clarify the biological effects of this system
in inhibiting the proliferation of glioma cells, providing theoretical
insights and experimental support for the clinical translation and
application of such therapeutic agents.

2. Materials and Methods

2.1. Chemicals and measurements

All the solvents and reagents were commercially sourced and don't
need to be further purified. Scanning electron microscopy (SEM)
(Hitachi S-4700) with energy dispersive X-ray (EDX) spectroscopy
(HORIBA EMAX XACT) was exploited to characterize the elemental
composition and surface morphology of the composite materials. With
a Rigaku D/max-B diffractometer (DMX-2200), X-ray diffraction (XRD)
analysis was conducted to obtain crystallographic information. On a
RENISHAW in Via Raman microscope (UK) with a He/Ne laser source
of 514.4 nm, the Raman spectra were recorded.

2.2. Synthesis of compound 1

To prepare the target compound, 3-nitrobenzaldehyde (151 mg
and 1.0 mmol), methyl 3-aminocrotonate (115 mg or about 0.97 mL,
1.0 mmol), and 1,3-cyclohexanedione (112mg and 1.0 mmol) were
added to anhydrous ethanol (10 mL), and then 3 drops of glacial acetic
acid were added as a catalyst. For 8 h, the reaction mixture was refluxed
at 100°C. The desired heterocyclic compound was acquired by filtering,
cleaning with cold ethanol, and vacuum-drying the precipitate after the
reaction was finished and allowed to cool to RT.

2.3. Preparation and characterization for [La,(pbbp)(pbsd),] (CP1)

A mixture synthesized from 42.0mg and 0.1 mmol H,pbbp-2Cl,
41.2mgand 0.1 mmol H,pbsd and 0.1 mmol and 43.6 mg La(NO,),-6H,0
was mixed in DMF-H,0 (6 mL, 3:3 in v/v) with a drop of HBF,. The
acquired mixture was stirred in air for 30 min, subsequently placed in
a stainless-steel vessel lined with Teflon (23 mL) and heated at 120°C
for 2 d. The mixture was cooled at 10°C-h! to RT to produce light-
yellow bulk crystals that were gathered by filtration, cleaned in water,
and dried in air (about 53% yield on the basis of La). Anal. Calcd for
C,H,LaN,0.S;: N, 6.03; H, 3.15; C, 51.73%. Found: N 5.96, H 3.11, C
51.87%. IR (KBr pellets, cm~'): 735 (m), 827 (m), 1055 (m), 1182 (m),
1395 (s), 1448 (s), 1562 (m), 1615 (s), 1641 (s), 1698 (m), 2933 (w),
3051 (w).

The Oxford Xcalibur E diffractometer was applied to obtain the
X-ray data. The intensity data were investigated through CrysAlisPro
software, which was later converted to HKL files. The SHELXS software
formed the initial structural models with the direct method, and the
Olex2 1.2 program, based on the least-squares method, was employed
to modify them. Anisotropic parameters were employed to mix all
the non-H atoms. AFIX commands were exploited to fix each H atom
geometrically on its matching C atom. The crystallographic parameters,
together with refinement details of CP1 and compound 1, have been
displayed in Table S1.
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2.4. Synthesis of Fru-APTMS@CPI1@1

The reaction of APTMS (170 pL, 1.0 mmol) with fructose (180
mg, 1.0 mmol) in 10 mL of anhydrous methanol was followed by the
incorporation of 12 mg, 0.1 mmol DMAP and 20.6 mg, 0.1 mmol DCC,
which acted as a catalyst and coupling agent, separately. The mixture
was stirred at RT for 24 h. The by-product dicyclohexylurea (DCU)
was removed by filtration, and the solvent was evaporated to give Fru-
APTMS. Subsequently, Fru-APTMS (1 mmol) and CP1 (123 mg, 1.0
mmol) were reacted in a mixed ethanol/water solvent (1:1, 10 mL) at
80°C for 8 h to form the CP Fru-APTMS@CP1. The reaction mixture
was subsequently cooled, centrifuged, cleaned, and dried to give a solid
product. Finally, Fru-APTMS@CP1 (50 mg) was dispersed in PBS buffer
or an ethanol/water mixture (10 mL) containing compound 1 (10 mg)
and shaken at 37°C for 12-24 hrs. After centrifugation and washing to
remove unloaded drug, the final drug delivery system Fru-APTMS@
CP1@1 was obtained.

2.5. Drug loading and encapsulation efficiency

In this study, the nanoparticles were separated from the
dispersion via centrifugation at 22,000 rpm for 25 min. The collected
supernatant was appropriately diluted and analyzed using a UV-Visible
spectrophotometer (Shimadzu UV-2201, double-beam, Japan) at the
characteristic absorption wavelength of Rg3 (497 nm) to determine the
concentration of free (unencapsulated) drug. The entrapment efficiency
(EE%) and loading capacity (LC%) of Rg3 in the Fru-APTMS@CP1@1
nanocarrier were calculated using the following formulas Egs. (1,2):

m
E = —ded 5 100% m
total
m
LC = —loaded 5 100% )
mcumplex
where m, . is the amount of encapsulated Rg3, m,, is the total

amount of compound 1 used, is the total mass of the nanocarrier system.
These calculations enabled precise evaluation of the drug incorporation
performance of the nanoplatform.

2.6. Electrochemical measurements

In this study, the electrochemical performance of Fru-APTMS@
CP1@1 was systematically assessed via DPV along with CV. On a
CHI 6171D electrochemical workstation with a traditional three-
electrode system, all the measurements were implemented with a
modified nickel foam electrode (5 x 5 mm), a saturated silver/silver
chloride electrode (saturated with KCl), as well as a platinum wire
as the working electrode, reference electrode, and counter electrode,
separately. All the electrochemical experiments were carried out in 0.1
M PB solution.

2.7. CCK-8 assay

U251, the human glioma cell line, was acquired from the American
Type Culture Collection (ATCC). The cells were inoculated in DMEM
(HyClone) with 100 pg/mlL streptomycin, 100 U/mL penicillin, as
well as 10% foetal bovine serum (FBS) (Gibco). The cells were then
subjected to routine culture in an incubator with 5% CO, at 37°C. Cells
were inoculated into 96-well plates at 5x10° cells/well and cultivated
for 24 hrs. Fru-APTMS@CP1@1 was incorporated, and 10 pL of CCK-8
reagent (BeoTemi) was added to each well following cells adhered to
the surface at 24, 48, and 72 h of treatment, separately. Afterwards,
the cells were incubated for another 2 h, and OD values were then
determined using a microplate reader (Bio-Rad) at 450 nm. The
percentage of cell viability Eq. (3) was calculated as below :

percentage of cell viability (%)

_ (OD value of experimental group — OD value of blank group) 100 3

(OD value of control group — OD value of blank group)
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2.8. Real-time quantitative PCR (RT-qPCR)

Based on the instructions of the kit, TRIzol reagent (Invitrogen)
was exploited to extract the total cellular RNA following drug
treatment for 48 h. Then, 1 pug of RNA was reverse transcribed into
cDNA with M-MuLV Enzyme Mix (NEB) after identifying the purity
and concentration of RNA through NanoDrop 2000 (Invitrogen).
Amplification was conducted via SYBR Green Universal Master Mix
(Thermo Fisher Scientific). Utilizing GAPDH as an internal reference,
242t approach was applied to detect the relative expression of
target genes. GAPDH (F): GGAGCGAGATCCCTCCAAAAT. GAPDH
(R): GGCTGTTGTCATACTTCTCATGG. LRPIB (F): GGAGCGAGA
TCCCTCCAAAAT. LRP1B (R): GGCTGTTGTCATACTTCTCATGG. ERBB4
(F): ACCTGGGCTACCCTGAAGAA. ERBB4 (R): AGGTAGCCACGGTCG
TAGGT. BAX (F): CCCAGAGGCGGGGGACGAT. BAX (R): CGGAGGAAG
TCCAATGTCCAG.

3. Results and Discussion

3.1. Characterization of Fru-APTMS@CP1@1

SCXRD was employed for the characterization of molecular
structures of CP1 and compound 1, and the detailed crystallographic
data have been given in Table S1 and Figures S1 and S2 of the Supporting
Information. Based on this, a composite material, Fru-APTMS@CP1@1,
was successfully constructed by first functionalizing the Fru backbone
through an amidation reaction with APTMS, followed by the sequential
incorporation of the CP1 and its active component, compound 1.

Figure 1(a) displays the FT-IR spectra of the materials. The FRU-
APTMS spectrum exhibits characteristic stretching vibrations of -OH
and -NH, groups at 3428 cm™, a C=0 stretching peak near 1654 cm™,
and a Si-O-Si symmetric stretching band at 1156 cm™, indicating
the successful grafting of APTMS onto the Fru framework. Upon the
introduction of CP1 and compound 1, notable enhancement and shifts
were observed in the absorption bands within the 1500-500 cm™
region, corresponding to C=N stretching, aromatic ring vibrations, and
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metal-ligand coordination signals, confirming the effective loading of
the target species.

Figure 1(b) presents the Raman spectra of Fru-APTMS@CP1 and Fru-
APTMS@CP1@1. Both samples display prominent characteristic peaks
in the 500-1000 cm™ region, with significantly intensified signals in Fru-
APTMS@CP1@1. These enhancements suggest that the incorporation
of compound 1 altered the vibrational modes of the material, likely
due to its intramolecular si—t conjugation and coordination interactions
with metal centers. As shown in Figure 1(c), the SEM image confirms
the successful synthesis of Fru-APTMS@CP1@1, which exhibits a
well-defined layered structure with nanoscale features. The stacked
sheet-like morphology, characterized by clear contours and surface
roughness, provides high porosity and surface area, conducive to drug
loading, potential functionalization as well as diffusion, highlighting
its applicability in nanocarrier-based drug delivery and electrochemical
sensing.

3.2. Electrochemical characterization

CV tests were implemented in an electrolyte solution with 0.1
M KCl and 5 mM [Fe(CN),] * 7~ to assess the composite materials'
electrochemical activity in more detail. Figure 2(a) indicates that three
types of working electrodes were tested: bare nickel foam (NF), Fru-
APTMS@CP1-modified NF, and Fru-APTMS@CP1@1-modified NF,
with the scan rate set at 50 mV/s. The peak currents obtained were 65
mA, 86 mA, and 133 mA, respectively, with the Fru-APTMS@CP1@1
electrode exhibiting the highest current response. This indicates a larger
electrochemically active surface area (EASA) and superior electron
transfer capability. The improved performance can be ascribed to the
enhanced electrical conductivity of the composites, the ion diffusion
channels provided by its porous structure, and the contribution of
surface functional groups that facilitate electron/ion transport, thereby
significantly promoting redox reaction kinetics. Furthermore, Figure
2(b) displays that the Fru-APTMS@CP1@1 electrode's redox peak
currents gradually rose with the scan rate between 0.02 and 0.20 V/s,
suggesting a typical diffusion-controlled electrochemical process. This
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APTMS@CP1@1 concentration versus peak current.

mechanism is further supported by Figure 2(c), which displays a linear

correlation between the square root of the scan rate and the anodic and

cathodic peak currents, with fitting equations of L, = 462.11(v7?) +

2.2553 (R? = 0.9984) and Ipc —410.63(v/?) — 2.1367 (R? = 0.9980).
Following the Randles-Sevcik equation Eq. (4):

Ip =2.69x10°n**AD"*Cv'> (€)
Here, Ip represents the peak current (A), n indicates the number
of electrons transferred, A stands for the EASA (cm?), D denotes the
diffusion coefficient (cm?/s), C is the electroactive species concentration
(mol/cm?), and v represents the scan rate (V/s). By substituting the
experimental data into the equation, the EASA of the Fru-APTMS@
CP1@1 electrode was calculated to be 0.1866 cm?, which is significantly
higher than that of bare NF (0.117 ¢cm?) and Fru-APTMS@CP1 (0.1705
cm?), further validating its superior electrochemical performance.
Figure 3(a) displays that the CV responses of the Fru-APTMS@
CP1@1 electrode were recorded in phosphate buffer (PB, pH 5) at 0.05
V/s under various concentrations of compound 1 (50-200 pM). With the
gradual increase in CP1 concentration, a marked enhancement of the
peak anodic current was noted, indicating that the electrode maintains
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y=0.0588x+0.2353
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(a) Various additions (0 to 400 pM) of Fru-APTMS@CP1@1 (pH 5) were assayed, (b) calibration plot of Fru-

excellent electrochemical responsiveness and anti-fouling capability
even at higher analyte concentrations. This improved performance can
be attributed to the superior electron transfer ability and structural
stability of the Fru-APTMS@CP1@1 composite, which facilitates
efficient electron and ion transport. Figure 3(b) illustrates the linear
correlation between the Concentration of compound 1 and peak anodic
current, with the fitted regression equation I = 0.0588 x [Compound
1] + 0.2353 and a correlation coefficient of R? = 0.9975. This finding
demonstrates that the system exhibits a wide linear response range and
excellent electrocatalytic activity, making it highly suitable for sensitive
electrochemical detection applications.

3.3. Effect of scan rates and buffer pH

A series of CV determinations were implemented in phosphate
buffer (PB, pH 5) with 200 uM Fru-APTMS@CP1@1 at different scan
rates of 0.04-0.24 V/s to further examine the electrochemical behavior
of the Fru-APTMS@CP1@1, as illustrated in Figure 4(a). The anodic
peak current steadily elevated as the scan rate elevated, suggesting that
the scan rate had a major impact on the oxidation process. Scan rate
and peak current were found to be linearly related. There is a linear
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Figure 4. (a) CV curves of 100 uM Fru-APTMS@CP1@1 at various scan rates; (b) Calibration plot of peak current vs. square root of scan rate; (c) Tafel plot of potential

versus log(current); (d) Electrochemical responses of Fru-APTMS@CP1@1 (200 uM) under different pH conditions ranging from pH 3 to 11; (e) Calibration plot of peak

current as a function of pH.
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correlation between scan rate and peak current (Figure 4b), and the
corresponding fitted equation was Ip = 33.06 x v + 5.6591, with R? =
0.9983, suggesting that the electrochemical process is mainly surface
adsorption-controlled. Importantly, this electrochemical signal does
not directly represent the drug release process but rather quantifies
the concentration of compound 1 released into the medium. To further
elucidate the charge transfer kinetics, a Tafel plot was created from
plotting the logarithm of the current against the potential (Figure 4c),
yielding a fitted equation of y = 2.2268x — 1.3268 with R? = 0.9907.
Based on the Tafel equation Eq. (5):

A= n(1 - a)F / 2.3RT (5)

In which, A represents the slope of Tafel plot, n denotes the number
of electrons transferred (assumed to be 1), a stands for the charge
transfer coefficient, F and R represents the Faraday constant (96,485 C/
mol) and gas constant (8.314 J-mol™-K™), separately, and T indicates
the temperature (300 K). Based on this equation, the calculated a
value is approximately 0.57, suggesting a double electron transfer
process in Fru-APTMS@CP1@1 oxidation. In addition, to optimize the
electrochemical sensing conditions, the effect of pH (from 3 to 11) on
the electrochemical response of Fru-APTMS@CP1@1 electrodes was
examined, and the corresponding CV curves have been presented in
Figure 4(d). The oxidation peak currents remarkably rose as the pH
value was elevated from 3 to 5, while they decreased markedly at pH
values above 5. In Figure 4(e), the current response was maximum
at pH 5, which may be ascribed to the stronger surface activity and
optimal electron transfer rate of the electrode under this condition.
Consequently, pH 5 was chosen as the optimal operating condition for
follow-up electrochemical measurements.
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3.4. Kinetic release measurement

The in vitro release behavior of Fru-APTMS@CP1@1 nanoparticles
was evaluated using the dialysis bag diffusion method. As shown in
Figure 5, the cumulative drug release data were fitted to various kinetic
models, including the zero-order (Figure 5a), first-order (Figure 5b),
Higuchi (Figure 5c¢), and Korsmeyer-Peppas (Figure 5d) models, to
investigate the release mechanism. Among them, the Korsmeyer-Peppas
model exhibited the best fitting with the highest correlation coefficient
(R*=0.9675), indicating that the release followed a non-Fickian
diffusion mechanism involving both diffusion and matrix relaxation.
The Higuchi model also demonstrated strong linearity (R*=0.9503),
suggesting that diffusion played a predominant role. In contrast, the
zero-order (R?=0.8537) and first-order (R?=0.7078) models showed
relatively poor fitting.

Furthermore, the drug LC and EE of compound 1 in the nanocarrier
were determined to be 4.82% and 73.67%, respectively. The cumulative
drug release of compound 1 from the nanocomposite reached
approximately 49.85% over the tested period. These results collectively
demonstrate that the nanoplatform exhibits favorable loading capacity
and sustained release characteristics, offering potential advantages
for targeted and controlled therapeutic delivery in Crohn’s disease
treatment.

3.5. Selectivity studies

Fru-APTMS@CP1@1 exhibits excellent electrochemical response,
concentration-dependent behavior, and high selectivity, highlighting
its potential as a smart drug delivery material. Measurements of
DPV in phosphate buffer (PB, pH 5.0) exhibited an excellent linear
relationship in the concentration of compound 1 between 12 and 60 pM
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Figure 5. Drug release kinetics plots: (a) Zero order plot, (b) First order plot, (c) Higuchi plot, and (d) Korsmeyer Peppas plot.



Dong et al.

2.8
(a)
2.6
2.4
—_
< 2.2
£
S
- 2.0
o
18
3 !
1.6 4
1.4 4
1.2 4
Ll T L] 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
E (V)
(c)
3.2 a ascorbic acid
b catechol
3.0 ¢ hydroquinone
——d dopamine
2.8
e glucose
22.6- f uric acid
1S ——— g lactose
=241 h fructose
: —
©22. i Maltose

0:6
E (V)

0.4 0.8 1.0 1.2

Figure 6.

Arabian Journal of Chemistry 2025 18 (12) 5572025

g
o
1

y=0.0128x+1.4180
R?=0.9894

Current (mA)

=
o

1ID 2ID 3llJ 4I0 5I0
Concentration of CP1 (uM)

60

=
(4
1

-
(=]
1

Current (mA)

e
w
1

e
=}

c d e f g
Interfering species

(a) DPV response of the Fru-APTMS@CP1@1-modified electrode; (b) Calibration plot of CP1 concentration vs. peak current; (c) DPV curves of frequent interfering analytes
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(Figures 6a, b), with 1=0.0128x + 1.4180 and R* = 0.9894. According to
the signal-to-noise ratio (S/N = 3), the detected limit of detection (LOD)
were calculated to be 0.02229 uM and 0.0944 pM, and the sensitivities
were 9.4 and 38.74 pA-umol L, respectively, indicating the material’s
high responsiveness toward trace levels of drug molecules. In addition,
Fru-APTMS@CP1@1 displayed excellent recognition selectivity for
compound 1 (Figures 6¢, d). Even in the presence of common biological
small molecule interferents, for instance, ascorbic acid, catechol,
hydroquinone, dopamine, glucose, uric acid, lactose, and fructose, the
modified electrode maintained a strong and specific response toward
compound 1. As shown in panels a-f, the modified electrode retained a
strong and specific response toward compound 1 even in the presence
of common biological small molecule interferents, including ascorbic
acid (a), catechol (b), hydroquinone (c), dopamine (d), glucose (e), and
uric acid (f), as well as lactose and fructose. The signal intensity for
compound 1 was more than 10 times higher than that of the interferents,
indicating remarkable specificity and anti-interference capability.
These superior properties can be attributed to the biocompatibility and
functionalization capacity provided by Fru, the active surface groups
introduced by APTMS, and the specific coordination interactions of CP1,
which together enhance the targeted binding efficiency. Furthermore,
ionic adsorption, electrostatic interactions, and potential matching at

the material surface provide a tunable platform for the loading and
release of drugs.

3.6. Fru-APTMS@CP1 @1 inhibited the proliferation of glioma cells

A CCK-8 assay was carried out to determine the viability of U251
glioma cells with Fru-APTMS@CP1@1 treatment for 24, 48, and 72 h,
and the findings indicated a time-dependent decrease in cell viability
with the increase in treatment time. After 72 h of treatment, cell
survival was noted to be 68.3% lower than that of the control group
(Figure 7a), suggesting a remarkable inhibitory effect of the drug
on the proliferation of glioma cells. RT-qPCR results demonstrated
that the levels of LRP1B mRNA were significantly increased in drug-
treated glioma cells (Figure 7b). Concurrently, the pharmaceutical
intervention demonstrated the capacity to potently decrease the ERBB4
expression in glioma cells (Figure 7c). In addition, Fru-APTMS@
CP1@1 treatment induced apoptosis in glioma cells (Figure 7d). Our
results suggested that Fru-APTMS@CP1@1 suppresses glioma cell
proliferation via upregulation of LRP1B expression and suppression
of ERBB4 expression to block its abnormally activated downstream
signaling pathway.
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Figure 7. (a) Fru-APTMS@CP1@1 inhibited the proliferation of U251 cells.
(b) Fru-APTMS@CP1@1 regulated LRP1B expression. (c) Fru-APTMS@CP1@1
regulated ERBB4 expression. (d) Fru-APTMS@CP1@1 regulated Bax expression.
*P<0.05 and ** P <0.01.

4, Conclusions

In summary, the Fru-APTMS@CP1@1 composite was successfully
developed for the electrochemical detection and delivery of compound
1, demonstrating a wide linear detection range, low detection limit, and
enhanced sensitivity. These properties are attributed to the material's
porous architecture and synergistic interactions among its components,
which collectively facilitate efficient electron/ion transport.
Furthermore, the system exhibited effective drug delivery performance,
significantly suppressing glioma cell proliferation by co-regulating
LRP1B and ERBB4, indicating a multitargeted antitumor mechanism.
However, this study is limited to in vitro investigations and lacks long-
term stability assessments and in vivo validation. In future work, animal
studies will be essential to evaluate biosafety, targeting efficiency,
and therapeutic efficacy in physiological environments. Additionally,
further exploration of molecular mechanisms and optimization of
carrier design may help improve clinical translation prospects.

CRediT authorship contribution statement

Wentao Dong and Lin Chen are in charge of the chemistry part
of the experiment; Fan Yang and Junliang Chen are in charge of the
biology part of the experiment; Minfeng Tong and Lude Wang wrote
the paper.

Declaration of competing interest

The authors declare that there is no conflict of interest in publishing
this article.

Data availability

For supporting data on the results of this research, contact the
corresponding author.

Arabian Journal of Chemistry 2025 18 (12) 5572025

Declaration of Generative AI and Al-assisted technologies in the
writing process

The authors confirm that there was no use of artificial intelligence
(AD-assisted technology for assisting in the writing or editing of the
manuscript and no images were manipulated using Al

Acknowledgment

The research was supported by the Key Project of Jinhua City (2022-
3-092).

Supplementary data

Supplementary material to this article can be found online at
https://dx.doi.org/10.25259/AJC_557_2025.

References

1. Rana, R., Devi, S.N., Bhardwaj, A.K., Yashavarddhan, M.H., Bohra, D., Ganguly,
N.K., 2025. Exosomes as nature's nano carriers: Promising drug delivery tools and
targeted therapy for glioma. Biomedicine & Pharmacotherapy, 182, 117754. https://
doi.org/10.1016/j.biopha.2024.117754

2. Ying, M., Wang, S., Zhang, M., Wang, R., Zhu, H., Ruan, H., Ran, D., Chai, Z.,
Wang, X., Lu, W., 2018. Myristic acid-modified DA7R peptide for whole-process
glioma-targeted drug delivery. ACS Applied Materials & Interfaces, 10, 19473-19482.
https://doi.org/10.1021/acsami.8b05235

3. Xie, J, Ye, F, Deng, X., Tang, Y., Liang, J.Y., Huang, X., Sun, Y., Tang, H., Lei, J.,
Zheng, S., Zou, Y., 2023. Circular RNA: A promising new star of vaccine. Journal
of Translational Internal Medicine, 11, 372-381. https://doi.org/10.2478/jtim-202.3-
0122

4. Traeger, R.S., Woodcock, J., Tan, S., Shi, Z., Vasquez-Vivar, J., 2025.
Tetrahydrobiopterin as a rheostat of cell resistance to oxidant injury. Redox Biology,
79, 103447. https://doi.org/10.1016/j.redox.2024.103447

5. Samioti, S.E., Benos, L.T., Sarris, L.E., 2019. Effect of fractal-shaped outer boundary
of glioblastoma multiforme on drug delivery. Computer Methods and Programs in
Biomedicine, 178, 191-199. https://doi.org/10.1016/j.cmpb.2019.06.031

6. Jacques, F.H., Nicholas, G., Lorimer, 1., Sikatifoko, V., Prévost, J., 2019. Avelumab
in newly diagnosed glioblastoma multiforme: The SEJ Study. Journal of Clinical
Oncology, 37, el13571-e13571. https://doi.org/10.1200/JC0O.2019.37.15 suppl.
el13571

7. Nabil, E.E., Elyamany, A., 2020. Does extent of resection of glioblastoma multiforme
affect survival? Journal of Clinical Oncology, 38, el4514-e14514. https://doi.
org/10.1200/jco0.2020.38.15 _suppl.e14514

8. Yang, J., Yan, J., Liu, B., 2017. Targeting EGFRVIII for glioblastoma multiforme.
Cancer Letters, 403, 224-230. https://doi.org/10.1016/j.canlet.2017.06.024

9. Zhou, J., Meng, N., Lu, L., Lu, J., Wu, S., Ding, Y., Wu, S., Bao, Y., Xu, Q., Chen, R.,
Wang, J., Xie, C., Wu, J., Lu, W., 2024. A novel peptide-drug conjugate for glioma-
targeted drug delivery. Journal of Controlled Release: Official Journal of the Controlled
Release Society, 369, 722-733. https://doi.org/10.1016/j.jconrel.2024.04.011

10. Li, J., Zhang, C., Gong, S., Li, X., Yu, M., Qian, C., Qiao, H., Sun, M., 2019. A
nanoscale photothermal agent based on a metal-organic coordination polymer as a
drug-loading framework for effective combination therapy. Acta Biomaterialia, 94,
435-446. https://doi.org/10.1016/j.actbio.2019.06.014

11. Cao, L., Xie, Y., Chen, Z., Ashby, C.R., 2023. A cycloruthenated complex, ruthenium
(II) Z (RuZ) overcomes in vitro and in vivo multidrug resistance in cancer cells: A
pivotal breakthrough. Journal of Translational Internal Medicine, 11, 95-97. https://
doi.org/10.2478/jtim-2023-0081

12. Saqlain, M., Muhammad Zohaib, H., Ahmad Khan, M., Qamar, S., Masood, S.,
Laugman, M., Ilyas, M., Irfan, M., Li, H., 2025. Evaluating the drug delivery capacity
of 3D coordination polymer for anticancer drugs. Chemistry, an Asian Journal, 20,
€202401475. https://doi.org/10.1002/asia.202401475

13. Duan, D., Liu, H., Xu, M., Chen, M., Han, Y., Shi, Y., Liu, Z., 2018. Size-controlled
synthesis of drug-loaded zeolitic imidazolate framework in aqueous solution and
size effect on their cancer theranostics in vivo. ACS Applied Materials & Interfaces,
10, 42165-42174. https://doi.org/10.1021/acsami.8b17660

14. Carmona-Sarabia, L., Quifiones Vélez, G., Mojica-Véazquez, D., Escalera-Joy, A.M.,
Esteves-Vega, S., Peterson-Peguero, E.A., Lépez-Mejias, V., 2023. High-affinity
extended bisphosphonate-based coordination polymers as promising candidates for
bone-targeted drug delivery. ACS Applied Materials & Interfaces, 15, 33397-33412.
https://doi.org/10.1021/acsami.3c05421

15. Carmona-Sarabia, L., Quifiones Vélez, G., Escalera-Joy, A.M., Mojica-Vazquez,
D., Esteves-Vega, S., Peterson-Peguero, E.A., Lopez-Mejias, V., 2023. Design of
extended bisphosphonate-based coordination polymers as bone-targeted drug
delivery systems for breast cancer-induced osteolytic metastasis and other bone
therapies. Inorganic Chemistry, 62, 9440-9453. https://doi.org/10.1021/acs.
inorgchem.3c00542

16. Zhang, M., Lu, M., Qiu, T., Wang, Q., Chen, Z., Deng, M., Yang, Y., Yang, Y., Li,
W., Ling, Y., Zhou, Y., 2023. Gelothermal synthesis of monodisperse MIL-88A
nanoparticles with tunable sizes and metal centers for potential bioapplications.
Small (Weinheim an der Bergstrasse, Germany), 19, e2301894. https://doi.
org/10.1002/smll.202301894


https://dx.doi.org/10.25259/AJC_557_2025
https://doi.org/10.1016/j.biopha.2024.117754
https://doi.org/10.1016/j.biopha.2024.117754
https://doi.org/10.1021/acsami.8b05235
https://doi.org/10.2478/jtim-2023-0122
https://doi.org/10.2478/jtim-2023-0122
https://doi.org/10.1016/j.redox.2024.103447
https://doi.org/10.1016/j.cmpb.2019.06.031
https://doi.org/10.1200/JCO.2019.37.15_suppl.e13571
https://doi.org/10.1200/JCO.2019.37.15_suppl.e13571
https://doi.org/10.1200/jco.2020.38.15_suppl.e14514
https://doi.org/10.1200/jco.2020.38.15_suppl.e14514
https://doi.org/10.1016/j.canlet.2017.06.024
https://doi.org/10.1016/j.jconrel.2024.04.011
https://doi.org/10.1016/j.actbio.2019.06.014
https://doi.org/10.2478/jtim-2023-0081
https://doi.org/10.2478/jtim-2023-0081
https://doi.org/10.1002/asia.202401475
https://doi.org/10.1021/acsami.8b17660
https://doi.org/10.1021/acsami.3c05421
https://doi.org/10.1021/acs.inorgchem.3c00542
https://doi.org/10.1021/acs.inorgchem.3c00542
https://doi.org/10.1002/smll.202301894
https://doi.org/10.1002/smll.202301894

Dong et al.

17.

18.

19.

Li, G., Shi, S., Tan, J., He, L., Liu, Q., Fang, F., Fu, H., Zhong, M., Mai, Z., Sun,
R., Liu, K., Feng, Z., Liang, P., Yu, Z., Wang, X., 2024. Highly efficient synergistic
chemotherapy and magnetic resonance imaging for targeted ovarian cancer therapy
using hyaluronic acid-coated coordination polymer nanoparticles. Advanced science
(Weinheim, Baden-Wurttemberg, Germany), 11, e2309464. https://doi.org/10.1002/
advs.202309464

Zhao, D., Xu, J.Q., Yi, X.Q., Zhang, Q., Cheng, S.X., Zhuo, R.X., Li, F., 2016.
pH-activated targeting drug delivery system based on the selective binding of
phenylboronic acid. ACS Applied Materials & Interfaces, 8, 14845-14854. https://
doi.org/10.1021/acsami.6b04737

Cao, C., Zhao, J., Lu, M., Garvey, C.J., Stenzel, M.H., 2019. Correlation between
drug loading content and biological activity: The complexity demonstrated in
paclitaxel-loaded glycopolymer micelle system. Biomacromolecules, 20, 1545-1554.
https://doi.org/10.1021/acs.biomac.8b01707

20.

21.

22.

23.

Arabian Journal of Chemistry 2025 18 (12) 5572025

Wong, S., Cao, C., Lessio, M., Stenzel, M.H., 2022. Sugar-induced self-assembly of
curcumin-based polydopamine nanocapsules with high loading capacity for dual
drug delivery. Nanoscale, 14, 9448-9458. https://doi.org/10.1039/d2nr01795d
Cao, C., Tian, L., Li, J., Raveendran, R., Stenzel, M.H., 2024. Mix and shake: A mild
way to drug-loaded lysozyme nanoparticles. ACS Applied Materials & Interfaces, 16,
27177-27186. https://doi.org/10.1021/acsami.4c05497

Li, C.P., Weng, M.C., Huang, S.L., 2020. Preparation and characterization of pH
sensitive chitosan/3-glycidyloxypropyl trimethoxysilane (GPTMS) Hydrogels by sol-
gel method. Polymers, 12, 1326. https://doi.org/10.3390/polym12061326

Tham, D.Q., Chung, 1., Kim, T., Kang, J., Tan, M.M., Kim Dung, N.T., Huynh, M.D.,
Lam, T.D., Chinh, N.T., Giang, B.L., Hoang, T., 2020. Preparation, stabilization and
characterization of 3-(methacryloyloxy) propyl trimethoxy silane modified colloidal
nanosilica particles. Colloids and Surfaces A: Physicochemical and Engineering Aspects,
585, 124066. https://doi.org/10.1016/j.colsurfa.2019.124066


https://doi.org/10.1002/advs.202309464
https://doi.org/10.1002/advs.202309464
https://doi.org/10.1021/acsami.6b04737
https://doi.org/10.1021/acsami.6b04737
https://doi.org/10.1021/acs.biomac.8b01707
https://doi.org/10.1039/d2nr01795d
https://doi.org/10.1021/acsami.4c05497
https://doi.org/10.3390/polym12061326
https://doi.org/10.1016/j.colsurfa.2019.124066

