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In recent decades, iron oxide nanoparticles have been recognized as effective magnetic resonance
imaging (MRI) contrast agents and efficient nanocarriers in various drug delivery systems. In this study,
APTES-modified iron oxide nanoparticles (APTES@MNPs) were synthesized using a co-precipitation
method. This was followed by the implementation of a modified refluxometric method to investigate
the loading and sustained release of the chemotherapeutic drug, daunorubicin. Additionally, the T,
contrasting ability was examined to elucidate the theranostic properties of drug-loaded nanoparticles.
The fabricated nanoparticles were characterized using DLS, FTIR, PXRD, FESEM, TEM, XPS, VSM, TGA,
and Raman spectroscopy techniques. The nanoparticles exhibited a high T, contrast behavior with
ra/ry = 16.5. The kinetic study of drug loading showed that the adsorption model followed pseudo-
second-order kinetics with a pseudo-second-order rate constant (k») of 0.00134 mg g~! min~! at
pH ~ 10. The drug release study showed a result of 72% desorption at pH ~ 5.2, whereas at pH ~ 7.4,
it was only 12.6%. In addition, adsorption experiments were performed at pH ~ 10. Furthermore, the
adsorption of daunorubicin onto the nanoparticles was supported by computational results. Overall,
APTES@MNPs acted as a potent and biocompatible sustained-release drug carrier with good diagnostic

rsc.li/materials-advances

1. Introduction

Nanotechnology has emerged as a field with multidisciplinary
applications, extending beyond the industrial and agricultural
sectors to exhibit revolutionary potential comparable to that of
new medical innovations."® In recent years, nanotechnology
has offered several techniques with promising results, such as
the precise diagnosis of complex diseases, gene therapy,
targeted therapy, biomarker mapping, and drug delivery
through the development of various nanomaterials.”** In anti-
cancer treatment, chemotherapy is known for its potent
effectiveness.’’ Various potent chemotherapeutic drugs are
used, such as alkylating agents (cisplatin, lomustine), antime-
tabolites (floxuridine, 5-flurouracil), plant-based alkaloids
(paclitaxel, docetaxel, etoposide, and teniposide), and antitu-
mor drugs (doxorubicin, daunorubicin, and valrubicin). In
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properties for anticancer theranostic applications.

addition to their efficacy, these drugs have several adverse
effects, including precise selectivity towards the target, toxicity
to both normal and tumor cells, and the issue of multidrug
resistance."” In cancer treatment, nanotechnology is a new and
promising method. It can overcome the major problems asso-
ciated with traditional treatments, such as radiation, surgery,
laser therapy, and chemotherapy. Moreover, the development
of a nanostructured drug delivery system capable of transport-
ing therapeutic agents and effectively penetrating tumor
cells while avoiding mineralization in the bloodstream is of
paramount importance. Thus, a minimum drug concentration
is necessary, primarily to prevent its administration to
healthy cells.

Over the past two decades, magnetite nanoparticles (MNPs)
have been used for theranostic (both therapeutic and diagnos-
tic) cancer treatments. Due to their ultra-small size range (10-
100 nm), their distinctive chemical and physical properties are
linked to various key factors in the advancement of biomedical
approaches.”® Their exceptional superparamagnetic character-
istics and low toxicity enable them to function as MRI contrast
agents with excellent imaging capacity."* When used as con-
trast agents in MRI, MNPs demonstrate enhanced magnetiza-
tion in response to an external magnetic field. Additionally,
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they exhibit exceptionally high relaxivity, thereby improving
image contrast.’®> MNPs with high surface-to-volume ratios tend
to agglomerate, which suppresses their physicochemical activ-
ities. Additionally, magnetite nanoparticles with bare surfaces
have a high possibility of oxidation and simultaneous loss of
superparamagnetism. Functionalization by a potent organic
surface coating agent incorporates hydrophilicity with biocom-
patibility towards nanoparticles.'®

In the field of drug delivery systems, carbon-based
nanoparticles,'” lysosomes, cell-based carriers, dendrimers,"”
inorganic nanomaterials,'® micelles,"" etc. have been recog-
nized for their efficacy as nanocarriers, despite some draw-
backs.” In the widespread area of clinical diagnostics and
therapeutic procedures, the development of targeted drug
delivery systems has been studied to improve the efficacy of
drugs and specificity towards the expected region."® Recently,
researchers have focused on developing surface-modified
MNPs as efficient nano drug carriers.>® Factors such as easy
route of delivery, higher specificity towards cancer cells over
normal cells, efficient endocytic capability, low care cost, and
high superparamagnetic characteristics place them in advanta-
geous positions over other nanocarriers. Similarly, despite
certain nominal disadvantages, surface-modified MNPs func-
tion as bioactive carriers in targeted drug delivery to specific
sites within the body, facilitated by external magnetic fields.>!
Modification of the surface with high-affinity ligands is suitable
for interactions with different cancerous cells, which further
develops their selectivity.”>>* MNPs are also known to modify
the pharmacokinetic properties of drugs by decreasing cyto-
toxicity and increasing the time of sustained release and half-
life of drugs. Moreover, surface fabrication can increase the
possibility of drug-loaded MNPs in cancerous cells, which
further diminishes the lethality rate of normal cells in cancer
treatment through chemotherapy.

Daunorubicin is a toxic anthracycline aminoglycoside and a
widely used antitumor agent in the chemotherapeutic treat-
ment of acute lymphocytic leukemia.'>** Generally, it interacts
with DNA and produces reactive oxygen species,” which
further leads to the apoptosis of cells. In addition to its
anticancer properties, it has serious side effects, including oral
ulcers, severe heart-related issues, and kidney problems. It is
well known that the extracellular pH environment of tumor
cells is slightly acidic (4.5 to 6.2), whereas the pH of blood is
7.4.2%*” According to Cancer Research UK (CRUK), chemother-
apeutic treatment using daunorubicin as a drug requires
12 cycles, each lasting 21 days. Daunorubicin has a half-life
of 18.5 h after administration in the human body, 25 percent of
which is metabolized in the liver and 75 percent excretion is
excreted through biliary action.?® If the excretion time from the
body is delayed by some action, it will be beneficial for
therapeutic treatment. Therefore, the drug needs to remain in
the body for a longer time for effective and sustained release of
daunorubicin at the cancer cells. Recently, various advanced
techniques have been developed for selective drug carriers in
the therapeutic world of medicinal chemistry. The sustained
and targeted liberation of chemotherapeutic drugs is associated

6844 | Mater. Adv, 2025, 6, 6843-6855

View Article Online

Materials Advances

with multiple disagreements. Various factors, including different
temperatures, pH, and selective enzymes, have been used to tackle
the challenges of distinguishing healthy and cancerous cells.
Hence, to be an efficient drug delivery agent, it should have the
capacity to retain the drug in the bloodstream and potent releas-
ing properties at lower pH inside cancerous cells.”® Thus, surface-
modified MNPs have been identified as a potential solution to
these challenges.®® In this context, the adsorption kinetics of
daunorubicin on 3-aminopropyltriethoxysilane (APTES)-modified
MNPs (APTES@MNPs) were assessed across various pH levels,
and the drug’s controlled release over time was examined. The
adsorption mechanism was theoretically validated. Computa-
tional prediction was performed to estimate the values of mole-
cular energy levels regarding the loading of daunorubicin on
APTES@MNPs. The difference in the HOMO-LUMO energies
provides additional support for loading the drug onto the fabri-
cated nanoparticles. Additionally, T, and T relaxation studies
were performed to present a clear picture of the MRI contrast
capability.**

2. Materials and methods

2.1 Materials and chemicals

APTES, iron(ur) chloride hexahydrate (FeCl;-6H,0), iron(u)
chloride anhydrous (FeCl, anhydrous), sodium hydroxide
(NaOH) pellets, sodium phosphate monobasic dihydrate
(NaH,PO,), sodium phosphate dibasic dihydrate (NaHPO,),
and daunorubicin hydrochloride were of analytical grade. A
centrifuge machine (Remi R-8C), ultrasonicator (Qsonica Soni-
cator), pH meter (Fisher Scientific Accumet (Model AB 250)),
UV-Visible (UV-VIS) spectrophotometer (Thermo Evolution
201), dynamic light scattering (DLS, Litesizer 500, Anton Paar),
FT-IR spectrophotometer (PerkinElmer), and Niumag relax-
ometer (0.5 T) were typical instruments used for conducting
investigations.

2.2 Synthesis of APTES modified iron oxide nanoparticles
(APTES@MNPs)

First, superparamagnetic iron oxide nanoparticles were
synthesized using an efficient co-precipitation method at
room temperature.’> Subsequently, the solid precipitate
was vacuum-dried at 70 °C for 12 h to obtain bare iron
OXide‘23,33736

Previously, APTES modification has been proposed using
different methodologies, including the use of an inert atmo-
sphere, organic solvents such as toluene, and large stoichio-
metric amounts of APTES, which may be expensive for
industrial production. In this study, surface modification was
conducted using a cost-effective approach.’”*® Subsequently,
minor adjustments were implemented to further enhance the
surface modification. 1.0 g of MNPs was placed in a 250 mL
round-bottom flask with 100 mL of 80% methanol in water and
basified using a measured amount of NaOH solution to
pH ~ 10, followed by ultrasonication to obtain a suspension.
Next, 1.8 mL of APTES was added, and the mixture was refluxed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at 60 °C for 20 h. The nanoparticles were separated using a
permanent magnet, washed with methanol three times, and
vacuum-dried at 50 °C for 24 h.**3738

2.3 Characterization

2.3.1. Dynamic light scattering (DLS) and zeta potential
study. Dynamic light scattering (DLS) was performed to validate
the synthesized nanoparticles. The Smoluchowski equation was
used to perform the operation under a detector angle of 633 nm
wavelength light at 25 °C, and a very dilute well-dispersed
solution of nanoparticles was taken.>® Using this technique,
the zeta potential and hydrodynamic size of the nanoparticles
were measured before and after drug loading and desorption.

2.3.2. Fourier transform infrared (FTIR) spectrum analysis.
Fourier-transform infrared (FTIR) spectroscopy was performed
to investigate the functionalization of the free nanoparticles,
APTES@MNPs and DA@APTES@MNPs. Both attenuated total
reflection (ATR) and KBr pellets were used to analyze two
batches of samples in the FT-IR analysis (32 scans of each)
between 400-4000 cm .

2.3.3. Powdered X-ray diffractometry (PXRD) analysis.
PXRD was performed to obtain a clear observation of the
crystalline structure of the compounds and phase purity, and
to identify their active ingredients. A Rigaku MiniFlex 600 X-ray
diffractometer (40 kV, 15 mA) using Cu Kp radiation (1 =
0.154 nm) was used to conduct the PXRD analysis of
APTES@MNPs. The scan degree ranged from 10° to 80°, with
a step degree of 0.01 at a rate of 1° min™ .

2.3.4. Field emission scanning electron microscopy
(FESEM) and energy dispersive X-ray spectroscopy (EDS-MAP)
analysis. Field emission scanning electron microscopy (FESEM)
was used to examine the exact shape and structure of the
surface, especially the structural integrity of the fabricated
nanoparticles. Moreover, EDS analysis revealed the chemical
composition of the synthesized nanoparticles.*°

2.3.5. Transmission electron microscopy (TEM) analysis.
TEM accelerates electrons through samples and collects the
transmitted electrons to image materials at the nanoscale level.
This analysis is important for estimating the actual size of
nanoparticles. Transmission electron microscopy (TEM, JEOL
JEM 1011) was used for this analysis. An ultrathin 150-mesh
carbon-coated grid was coated with the produced nano-
particles, dried, and examined.>*

2.3.6. Vibrating sample magnetometry (VSM) analysis. The
magnetic properties of the APTES@MNPs were measured using
vibrating sample magnetometry by taking 15 mg of the sample
at a 2 T magnetic field.*!

2.3.7. Thermogravimetric analysis (TGA). TGA analysis pro-
vides information about nanoparticle stability and coating of
the nanoparticles.*>** TGA was performed on a Shimadzu DTG-
60 instrument from room temperature to 600 °C using an
aluminum (Al) crucible under a nitrogen gas flow of
10 mL min ™.

2.3.8. Raman spectroscopic measurement. Raman ana-
lyses were carried out in an air cooled charge coupled device
detector of a LabRAM HR 800 Horiba JY LabRam HR Evolution
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Spectrometer, with a 633 nm laser using a power of <1 mW
(objective lens: 50x) and a diffraction grating of 1800 grooves
per mm. The spectrum was obtained at room temperature
using backscattering geometry.

2.3.9. X-Ray photoelectron spectroscopy (XPS) measure-
ments. XPS measurements were performed using an ESCA
spectrometer (SPECS Surface Nano Analysis GmbH, Germany)
associated with Al K-alpha (1486.61 eV) X-rays of 13 kv and
100 W at room temperature.

2.4. Drug loading and release experiment

Recently, nanocarriers have emerged as reliable alternatives not
only for therapeutic treatment but also for the diagnosis of
several diseases.**** In modern cancer treatment, chemother-
apeutic drug-loaded nano systems are used in a well-
established and effective manner. Hence, the study of the
kinetic path of drug loading and their sustained, more precise,
and long-term controlled release has gained remarkable impor-
tance for theranostic applications. The adsorption of the chemo-
therapeutic drug daunorubicin onto APTES@MNPs was inves-
tigated at room temperature using phosphate buffer as the
solvent. A fixed amount of daunorubicin was added to prepare
the adsorbate solution for the adsorption study at different pH
values (3-10) against a specific amount of nano sorbent. These
conditions were applied to achieve the best pH, where the
nanoparticles exhibited the highest efficacy. In this study, to
perform all the adsorption experiments, the concentration of
daunorubicin was set at 20 mg L " in 10 mL of solution against
a constant amount of 10 mg of nano sorbent. The solutions
were treated in a mechanical shaker for 360 min to achieve
adsorption saturation. After the experiment, the nano sorbents
were removed using a permanent magnet, and aliquots were
taken from the solution for analysis using a UV-VIS spectro-
photometer at Ay, 282 nm for daunorubicin. The percentage
of drug loading and equilibrium adsorption capacity were
calculated using eqn (1) and (2),® respectively.

(G —-C)
0

% drug loading = 100 (1)

And the equilibrium adsorption capacity (mg g™ 1),
(CO - Ce)

m

Q0. = xV (2)
Co, C, and C. are the initial, at time ¢, and equilibrium
concentrations of the drug in mg L™, respectively. The mass
of the nano sorbent and the volume of the solution are denoted
by m (mg) and V (mL), respectively.

The release behavior of daunorubicin from DA®@AP-
TES@MNPs was measured three times to ensure repeatability.
For the desorption analysis, 50 mg of daunorubicin-loaded
APTES@MNPs was placed in 2 mL of phosphate buffer
(pH 5.2 and 7.4) and shaken in a perpendicular mechanical
shaker at 298 K. A 100 pL aliquot was removed from both pH
systems, and the supernatant was removed from the nano-
particles using a permanent magnet (Fig. S1). Desorption was
observed using a UV-VIS spectrophotometer at predetermined
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points for up to 100 h, and the % drug release was calculated.
After each interval, an equal amount of fresh pH solvent was
added to the mixture. Liquid chromatography-mass spectro-
metry (LCMS) data of the solution after the desorption study
were also investigated to confirm the presence of daunorubicin
within the solution.

2.5. Computational study

The Fe;0, inverse spinel structure contains two Fe** cations,
one Fe®" cation, and four O®>" anions. In the model, another
Fe*" was added to form Fe,0,>", a cubic moiety (FO), where the
metal ions and O>” ions occupy alternate positions on the
cube.””*° One APTES ligand was connected to one of the Fe
centers through Fe-O-Si linkages, rendering the entire complex
neutral. The resulting compound was denoted as FO-A. The
drug daunorubicin might create bonds via a condensation
reaction mechanism and finally form a complex (C). Further-
more, the geometries of FO, FO-A, and C were optimized at the
RI-BP86-D3(BJ)/def2-SVP level of theory. Both doublet and
dectet spin multiplicities were considered for computations.
Calculations were performed using the ORCA 5.0.4 program
package.

2.6. MRI relaxivity study

MNPs are known for their unique superparamagnetic proper-
ties, which incorporate magnetic field inhomogeneities.’>*" In
MRI diagnosis systems, to obtain high-contrast images of the
affected areas in the human body, MNPs have been used as T,
contrast agents.”> The choice of MNPs over a potent T;
contrast agent, such as gadolinium (Gd), was mainly due to
the adverse effects of Gd deposition inside the body. Addition-
ally, the efficacy of MNPs is enhanced because of their low
toxicity and biocompatibility, allowing them to be easily
excreted from the body after diagnosis. Additionally, the
chemical environment around the nanoparticles and their sur-
face properties can manipulate the relaxation times of water
molecules.®® To investigate the magnetic relaxation properties
of APTES@MNPs, the longitudinal (7;) and transverse (7T5)
relaxation times of the dispersion of grafted nanoparticles at
increasing iron concentrations were measured using a Niumag
0.5 T relaxometer at 32 °C with the following parameters: SF,
18 MHz; TW, 5000 ms; SW, 100 kHz; RG, 20 dB; DRG1,3. NMR
Analysis Software Ver. 4.0 was used to compute for both T; and
T,. Furthermore, MRI-T, weighted phantom images were
acquired using a spin-echo (SE) sequence: TR/TE = 5000/
150 ms.

3. Results and discussion

3.1. Characterizations

3.1.1 DLS and zeta potential analysis. DLS analysis was
performed to determine the hydrodynamic size of the fabri-
cated nanoparticles before and after adsorption. The find-
ings demonstrated that the APTES@MNPs exhibited mono-
dispersity, as evidenced by a polydispersity index (PDI) value
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of 0.23 and a hydrodynamic size of 670.1 nm.>* After the drug
was adsorbed onto the nanoparticles, the theoretical size was
expected to be larger, which was further validated by the
practical outcomes with a hydrodynamic size of 1365.3 nm
(PDI = 0.25) (Fig. 1a). The zeta potential of APTES@MNPs at
different pH values was studied to calculate the point of zero
charge (PZC) (Fig. 1c) and the PZC value was 9.6. As a result,
below pH ~ 9.6, the surface charge was positive and negative at
pH values greater than 9.6. The hydrodynamic size after drug
release from the nanoparticles was 858.2 nm (PDI = 0.1),
indicating that the nanoparticles retained their original size
before the adsorption experiment. Furthermore, the zeta poten-
tials of the non-loaded, loaded, and released nanoparticles at
neutral pH were +32.2, —25.1, and —0.8 mV, respectively
(Fig. 1b). Such a high positive charge for the bare nanoparticles
was due to the surface coating by the -NH;" group of the APTES
moieties, and the negative value of the zeta potential after the
adsorption experiment represents the adsorption of the drug
onto the nanoparticles. For the desorbed nanoparticles, the
zeta potential increased, confirming the desorption of dauno-
rubicin from the nanoparticles.

3.1.2. FTIR analysis. FTIR spectroscopy verified the
presence of the APTES moiety on the surface of the MNPs
and provided evidence for the adsorption and desorption of
daunorubicin on the nanoparticles. The FTIR spectra of the
APTES@MNPs show absorption bands for the silanol (Si-O-H)
and siloxane (Si-O-Si) groups at 1045-1109 cm '.>° More
precisely, Si-O stretching, Si-C stretching, and Si-O-H bending
vibrations were observed at 1006, 798, and 892.06 cm °,
respectively.”® The absorption bands at 1333, and 2920-
2850, cm ! were ascribed to C-N and -CH, asymmetric vibra-
tions, respectively (Fig. 1d).>>*® The broad band at 1637 cm™*
was due to the N-H bending vibration and that at 1320 cm ™'
corresponds to C-H bending.?® The characteristic peak for the
Fe-O bond at 562 cm * and broad peaks at 3100-3600 cm ™ *
shows the presence of O-H and N-H bonds.*>*®*® Addition-
ally, the adsorption of daunorubicin onto the nanoparticles was
confirmed using FTIR spectroscopy (Fig. 1d), where a broad
peak near 1500-1800 cm™ " was observed for the carbonyl and
imine stretching frequencies, and the broad peak at 3200 cm ™"
was attributed to O-H and N-H stretching vibrations. The peak
near 1660 cm™ ' corresponds to the C=N stretching vibration,
and the peak near 1618 cm ™" indicates the characteristic peak
for hydrogen-bonded carbonyl groups of the quinone moiety of
daunorubicin (Fig. 1d).

3.1.3. PXRD analysis. The PXRD pattern of APTES@MNPs
(Fig. 1e) exhibited diffraction peaks at 26 = 30.2°, 35.9°, 43.5°,
53.9% 57.41°, and 63.08° without any characteristic peaks for
either hematite or maghemite. In comparison to standard data
for magnetite crystals, the peaks correspond to the (220), (311),
(400), (422), (511), and (440) crystal planes (ICDD file, no. 00-
001-1111) confirming the inverse cubic spinel structure of
magnetite (Fe;0,).>*>°

3.1.4. Thermogravimetric analysis (TGA). Thermogravi-
metric analysis (TGA) (Fig. 1f) is an advanced technique for
examining nanoparticle surface properties. The experiment was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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desorption; (c) PZC plot; (d) FTIR spectral curve; (e) PXRD curve; and (f) TGA curve of APTES@MNPs.

performed in the temperature range of 30-600 °C. The first-step
weight loss at approximately 100 °C was observed for the vapor-
ization of water and -OH moieties that were adsorbed on the
nanoparticles. The second-step weight loss at 290 °C was much
larger than the previous one, indicating the structural change in
the magnetite moiety as well as the decomposition of the organic
moiety, that is, APTES molecules on the nanoparticles.®

3.1.5. FESEM and EDS-MAP analysis. FESEM images of the
fabricated nanoparticles (Fig. 2a) were mostly spherical in
shape and size. EDS spectra (Fig. 2b-e) show the presence of
iron (Fe), silicon (Si), nitrogen (N), and oxygen (O) atoms in the
synthesized nanoparticles.*® The surface coverage of the iron
oxide nanoparticles with APTES was confirmed using EDS
mapping of the nitrogen and silicon atoms.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.1.6. TEM analysis. TEM was used to examine the shapes
and sizes of the nanoparticles. In Fig. 2f, it can be seen that
spherical nanoparticles with minor imperfections, such as
slight aggregation, which may be due to the multi-layering of
particles on the TEM grid,*” and a slightly wide size distribu-
tion are visible in the TEM images.®' The magnified TEM image
indicates the presence of an APTES layer around the intense
region of the Fe;0, moieties (Fig. S2). A histogram was plotted
(Fig. 2g), from which we obtained the average size of the
APTES@MNPs to be 21.29 nm.

3.1.7. VSM analysis. In the magnetization experiment
(Fig. 2h), the coercivity, saturation magnetization (M;), and
retentivity (M,) were obtained as zero, 67 emu g ', and
25 emu g ', respectively. Hence, nanoparticles with zero

Mater. Adv., 2025, 6, 6843-6855 | 6847
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Fig. 2 Characterization plots for APTES@MNPs: (a) FESEM image; (b)—(e) EDS mapping of Fe, Si, N, and O, respectively; (f) TEM image; (g) histogram of
TEM; (h) magnetization saturation graph; and (i) Raman spectra of APTES@MNPs.

coercivity and very low remnant magnetism (M,) in the hyster-
esis loop exhibit superparamagnetism.®*** Compared to bare
magnetite nanoparticles (76.4 emu g '), the APTES@MNPs
exhibited a nominal decrement in magnetization, owing to
the monolayer coverage of the APTES moiety.**°

3.1.8. Raman spectral analysis. Raman spectra help to
establish the exact spinal structure of iron oxide nanoparticles
between magnetite, hematite, and maghemite. In Fig. 2i, an
intense peak characteristic of magnetite (Fe;0,) was observed
at 668 cm ™' due to A, vibrations.®>®” A minor shoulder peak
was observed at 703 ecm ™', indicating Si-C vibrations of the
APTES moiety over the magnetite nanoparticles. The additional
peaks at 306 and 396, and the less intense broad peak at
538 cm ' are in good agreement with the Fe;O,type of
structure.®®®® In addition, a peak at 473 cm™ " supports the
presence of Si-O bonds in the fabricated nanoparticles.*

3.1.9. XPS analysis. XPS analysis was performed to observe
the electronic state of the surface and the chemical composi-
tion of the APTES@MNPs. All the atoms associated with the
nano-sorbent were found in the XPS Spectral curve for the
entire energy range (Fig. S4). The high-resolution spectrum
(Fig. 3a) extracted for the electronic nature of iron atoms
present in the Fe;0, moiety. The first two Fe 2p** peaks with
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binding energies of 708.3 and 715.9 eV correspond to the Fe**
and Fe*" ions of magnetite.”®

Additionally, the characteristic peak near 718.2 eV suggests
the presence of Fe** ions, and the remaining three peaks at
724.3, 730.3, and 736.5 eV originated from the Fe 2p** compo-
nent of spin-orbit doublets.”"”* For Si 2p, a characteristic peak
for the Si-C bond was observed at 99.3 eV, whereas the other
two peaks with binding energies of 104.3 and 107.4 eV were
assigned to Si-O bonds in the APTES fabrication around the
magnetite moiety (Fig. 3b). The highest peak at 402.3 eV
(Fig. 3c) was attributed to NH;" ions, along with another peak
with a binding energy of 400.3 eV, which supports the presence
of NH, moieties. The C 1s spectrum exhibited three peaks at
290.3, 290.6, and 292.2 eV, corresponding to the Si—-CH,, -CH,-
CH,, and CH,-NH, bonds in the APTES moiety (Fig. 3d).”* The
deconvoluted peaks for O 1s consisted of the characteristic
peak of magnetite O~ ions at 532.3 eV and two other peaks at
higher binding energy regions designated the oxygen atoms of
silanes (Fig. 3e).”*

3.2. Drug loading and release study with APTES@MNPs

3.2.1. Effect of pH in drug loading. The adsorption of the
drug onto the adsorbent depends on the surface charge of both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS survey spectral curves of APTES@MNPs. The regions (a)—(e) for the Fe(2p), Si(2p), N(1s), C(1s), and O(1s) peaks, respectively.

systems. Generally, pH has a significant effect on the overall
surface charge of a substance, which is governed by the iso-
electric point of the respective substances. The pH below the
PZC surface charge is positive, and above it, it is negative.
Daunorubicin loading was performed through adsorption
experiments in different phosphate buffer solutions (PBS) with
pH (3-10) by adding 20 mg L™' of drug against 10 mg of
APTES@MNPs in 10 mL of each solution (Fig. 4a). At
pH ~ 3, 9.63% adsorption of daunorubicin was observed,
and a gradual increase in pH was observed, with the highest
adsorption of 81.53% at pH ~ 10. As the PZC of the nano-
particles was found at pH ~ 9.6, at lower pH, the surface of the
nanoparticles was positively charged, and the daunorubicin
with a positively charged surface resulted in a repulsion
between the nanoparticle and daunorubicin. At pH ~ 10, the
nanoparticles with a nominally negatively charged surface
exhibited a high affinity for daunorubicin, which could be the

result of chemical interactions, including the formation of
imine bonds between the amine groups of the nanoparticles
and the carbonyl groups of daunorubicin.

3.2.2. Kinetics study of drug loading. The kinetics of the
drug-loading study were analyzed to determine the equilibrium
adsorption capacity of the fabricated nanoparticles. Kinetic
data were plotted for pseudo-first-order, pseudo-second-order,
and interparticle diffusion kinetics determination using
eqn (3)—(5), respectively.

ln(Qe - Qt) = ln Qe - klt (3)
t t 1
070 ko2 )
Q; = kaiggt™® + C (5)

where Q,, Q;, and Q. are the adsorption capacities at the initial
time, time ¢, and equilibrium time, respectively; k; and k, are

L 16
s0{(a) 241 (b) 70 (c) 0_07/’
s Vi 20 60 / N 12
2 60 £ b /4 a
g o 16 3 b
840_ / c S 50 /‘ 8 D
K] = :E: 12 2 /AA 2
2, / <] y=0.06x+2.7 40 —& FEEan T [
’ R?=0.996 '
30 PBS pH 5.2
e 0
°3 4 SoH °© 10 50 100 150 200 250 300 350 400 0 20 40 60 80 100
t (min) t (hr)

Fig. 4

(a) Curve for the percentage of daunorubicin adsorption at different pH values, (b) pseudo 2nd order kinetics graph for the adsorption of

daunorubicin on APTES@MNPs, and (c) release profile of daunorubicin at pH 5.2 and 7.4.
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the pseudo 1st and 2nd order rate constants, respectively; and
kaige represents the diffusion rate constant.

Furthermore, the adsorption rate constants and kinetic
paths of sorption were investigated. The adsorption of daunor-
ubicin followed a pseudo-second-order kinetic path, which was
confirmed by a regression constant (R*) of 0.996 (Fig. 4b), which
is closer to pseudo-second-order kinetics than pseudo-first-
order kinetics (R* = 0.849) (Fig. S3). Based on the literature,
the adsorption of daunorubicin on the nanoparticles follows
the chemisorption pathway, as some chemical interactions are
formed between the sorbate and sorbent surface.’*”> The
pseudo-second-order rate constant (k,) and equilibrium adsorp-
tion capacity (Q.) were 0.00134 mg g~ ' min ' and 16.6 mg g~ ',
respectively. Furthermore, the experimentally observed value
of Q. (15.3 mg g ') was comparable to the theoretical
value. Additionally, by taking 50 mg of nanoparticles against
100 mg L~ of daunorubicin, almost 99% adsorption was
achieved at pH ~ 10.

3.2.3. pH monitored sustained drug release study. The
desorption or release of daunorubicin from the loaded nano-
sorbent was studied in PBS at pH ~ 7.4 and 5.2. At pH ~ 5.2,
controlled drug release was observed throughout the 100 h
experimental period, leading to a remarkable average release of
70.43% (Fig. 4c). In contrast, at pH ~ 7.4, it was mostly
retained on the sorbent over time, with a nominal average
release of ~15.06% (Fig. 4c) observed after 100 h of reaction.
Such a difference between the desorption studies (pH 5.2 and
7.4) might be due to the electrochemical structures of both the
nanoparticles and sorbate. Moreover, daunorubicin release was
confirmed by LC-MS using an M + H peak at 528.25 (Fig. S5).
Consequently, at lower pH values, due to the instability of
imine bonds between the carbonyl groups of daunorubicin
and the amine groups of nanoparticles, a greater release of
drugs was observed. In an acidic environment, the surface of
the nanoparticles became positively charged, which might have
also created a repulsive interaction with daunorubicin. Pro-
longed retention of the drug at pH ~ 7.4 indicates the
specificity of the delivery system at the desired acidic site
(surrounding or inside the tumor cells) without dissolving in
the bloodstream. This can suppress the toxic effects of dauno-
rubicin on normal healthy cells.

3.2.4. Computational analysis. The optimized geometries of
FO, FO-A, and C with both doublet and dectet spin multiplicities
are presented in Fig. 5. In the computational study, the energies of
both spin multiplicities were compared. The energy differences
illustrate that in the case of the bare complex, FO, the dectet spin
multiplicity was slightly more stable by 0.7 kcal mol " compared
to the doublet spin multiplicity. Upon binding with APTES
and APTES-daunorubicin, ie. complexes FO-A and C, the
doublet geometry was the more stable by 1.8 kcal mol " and
6.9 keal mol | respectively, compared to their dectet analogues.
Moreover, no remarkable changes were observed in the geome-
tries of the electronic states of the studied complexes. The frontier
molecular orbitals of C with o spins are shown in Fig. S6. The
HOMO was situated on the anthraquinone fragment of daunor-
ubicin. In contrast, the LUMO was based on an iron-oxide cluster.
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Fig. 5 Optimized geometries of FO, FO-A, and C in both doublet and
dectet spin multiplicities at the RI-BP86-D3(BJ)/def2-SVP level of theory.
The color codes of the atoms are as follows: H — white; C - grey;
O —red; N - blue; Si — pink; Fe — orange.

3.3. Diagnostics study

3.3.1. T; and T, relaxation analysis. Superparamagnetic
iron oxide nanoparticles are well known for their strong

60
s o AM,s"
504 » 1T, s” r,=2644mM’s"
404
‘@ 30+
&
204
10
r,=161mM’'s"
0+
0.0 05 1.0 15 20
Fe, mM
b. Fe, MM 0 0.025 0.05 0.1 0.2

Fig. 6 Magnetic resonance imaging relaxivities and phantom studies.
(a) Inverse transverse time (1/T5,) and longitudinal time (1/T;) versus iron
concentration and (b) T,-weighted phantom images.
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Table 1 r; and r, values at different magnetic fields of some reported
iron-based nanoparticles

I3 s Magnetic
Nanomaterial (mM's™h) (mM s field [BY(7)]
Silica coated Fe;0, 1.2 7.8 377
Fe;0, 13.31 40.9 1.478
Fe;0,-PEG1100 7.3 17.5 1.47°
Zinc ferrite 7.93 14.64 1.5%
Nickel ferrite 6.85 12.92 1.5%
Ultrasmall sized Fe;0, 6.15 28.62 1.4°°
Iron oxide polymag™ clusters 20.5 454 0.68%"
PAA@Fe;0, 8.2 16.7 1.4%2
APTES@MNPs 1.61 26.44 0.5(This study)

T,-relaxation effect owing to their intrinsic high saturation
magnetization.”"”® The magnetic relaxivities of APTES@MNPs
were studied using a dispersion of nanoparticles in water by
plotting the rate of transverse time (1/7,) and the rate of
longitudinal time (1/7;) against the iron concentration and
computing the corresponding linear slopes to obtain r, =
26.44mM ‘s 'andr, =1.61 mM 's ' (Fig. 6a). This observed
value of r,/r; ratio ~16.5 confirmed that APTES@MNPs
behaved as a potent T,-contrasting agent. Eventually, the
comparison with the r,/r; ratio values of reported iron oxide-
based nanoparticles exerts that the APTES@MNPs have better
T, contrasting capability in some cases (Table 1). This was
further demonstrated by the MRI phantom performance, as
shown in Fig. 6b, where the phantom contrast gradually
darkened with an increase in the iron concentration to 0.2 mM.

4. Conclusion

In this study, APTES@MNPs were synthesized via a modified
refluxometric method after preparing bare MNPs using a co-
precipitation technique. The synthesis of the nanoparticles was
primarily confirmed using DLS measurements. Subsequently,
FTIR and Raman analyses were performed to confirm the
magnetite structure and functionalization with APTES. Further-
more, the inverse-spinel crystal structure and spherical shape
of the nanoparticles were determined using PXRD and FESEM
analyses, respectively. Additionally, the nanoparticles had an
average size of 21.29 nm, and their superparamagnetic behav-
ior allowed for easy separation after the experiments, as con-
firmed by the VSM analysis. In addition, the XPS analysis
supported the chemical composition of the nano sorbent.
The impressive T, relaxation activity of the APTES@MNPs was
confirmed by a T,/T; relaxation study using low-field MRI. In
this study, the loading of daunorubicin was also examined,
with the appearance of a pseudo-second-order rate constant (k)
of 0.00134 mg g ' min~' and an equilibrium adsorption
capacity of 16.6 mg g ' at pH ~ 10. A higher percentage of
sustained release (72%) was observed at pH ~ 5.2 after 100 h of
the desorption experiment, and support for the favorable
interaction between the drug and nanoparticles was estab-
lished by computational results. Such a high percentage of
selective pH-driven release of daunorubicin from the dissocia-
tion of the drug-nanoparticle complex can provide an effective
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cancer therapy without affecting healthy cells. Hence, it can be
concluded that by using daunorubicin-loaded APTES@MNPs,
early detection through MRI with high contrast imaging and
simultaneous therapy could be possible in the modern treat-
ment of various deadly cancers. Overall, it could be a potent
theranostic agent in the future for the fight against cancer.
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