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from carbon dot coated
magnetite nanohybrid as versatile theranostics for
HeLa cancer cells†
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and Jia-yaw Changc

Nanohybrid magnetite carbon dots (Fe3O4@CDs) were successfully synthesized to improve their

applicability in multi-response bioimaging. The nanohybrid was prepared via pyrolysis and further loaded

with naproxen (NAP) to promote drug delivery features. The characterization of the synthesized

Fe3O4@CDs demonstrated the existence of Fe3O4 crystals by matching with JCPDS 75-0033 and its

narrow size distribution at 11.30 nm; further, FTIR spectra confirmed the presence of Fe–O groups, C–O

stretching, C–H sp2, and C–O bending, along with dual-active fluorescence and magnetic responses.

The nanohybrids also exhibit particular properties such as a maximum wavelength of 230.5 nm,

maximum emission in the 320–420 nm range, and slight superparamagnetic reduction (Fe3O4: 0.93620

emu per g; Fe3O4@CDs: 0.64784 emu per g). The cytotoxicity assessment of the nanohybrid revealed an

excellent half-maximal inhibitory concentration (IC50) of 17 671.5 ± 1742.6 mg mL−1. Then, the

incorporation of NAP decreased the cell viability to below 10%. The kinetic release properties of NAP are

also confirmed as pH-dependent, and they follow the Korsmeyer–Peppas kinetics model. These results

indicated that the proposed Fe3O4@CDs can be used as a new model for theranostic treatment.
Introduction

Inorganic-based nanomaterials including magnetic nano-
particles (MNPs) and carbon dots (CDs) have been increasingly
studied owing to their unique optical, electrical, and magnetic
properties.3 Magnetite (Fe3O4)-based MNPs are particularly
interesting due to their superior physical properties including
biodegradability, biocompatibility, and superparamagnetism.
The material distorts human tissue's local magnetic character-
istics to enhance image contrast. Fe3O4 has thus gained interest
both in the eld of magnetic storage and in biomedical areas
including biosensor development,5 hyperthermia therapy,6 drug
delivery,7 medical imaging,8 clinical diagnoses,9 cardiovascular
therapy,10 and magnetic separation.11

Several studies reported the application of Fe3O4-based
MNPs for clinical use as a contrast agent in magnetic resonance
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2337
imaging (MRI).12,13 The current MRI contrast agents mostly form
Gd-based molecules and remain at a high risk of toxicity due to
their long-term existence in the human body without systemic
degradation. However, Fe3O4-based MNPs stand as better
alternatives due to their high-level acceptance in the human
body (about 20–25 mg), which is similar to the amount of
contrast agent injected per person (0.5 mg kg−1). This reason
spurs many studies on obtaining MNPs by various methods
including hydrothermal, solvothermal, electrochemical, and
sonochemical methods and co-precipitation, microemulsion,
sol–gel, and thermal decomposition.14–20 Among all methods,
co-precipitation is a promising method that allows for short
preparation time, low-cost precursors, and low-temperature
processing.21,22 However, colloidal Fe3O4-based MNPs tend to
agglomerate in water due to high surface energy and magnetic
dipole–dipole attraction between crystals.3,23 Surface modica-
tion can enhance their colloidal water stability, which also
inuences their biodistribution and bloodstream circulation.24

The proposed methods have been reported to involve modi-
cation or coating of the surface of Fe3O4 with carboxylates,
sulphonates, gold, phosphates, silicon compounds, polymers,
and CDs. Thus, the modications are also responsible to reduce
its hydrodynamic size and improve its stability in water.13,25,26 It
is known from previous studies the carboxylate moiety of citric
acid (CA) has been widely used as a stabilizing agent to bind to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the surface of MNPs and increase the negative charge and
hydrophilicity.22,25,27,28

However, CDs have also attracted attention as a promising
material for numerous applications such as photocatalysis,
metal detection, drug delivery, bioimaging, bio-labelling, bio-
sensing, and light-emitting diodes or optoelectronic devices
due to their photoluminescence (PL).29–31 Further, their lumi-
nescence offers good cell-imaging qualities including long-term
cell tracking, deep-tissue penetration when excited at longer
wavelengths, and better resistance against photo-bleaching
than uorescent dyes.27,32 The commonly used CDs have been
synthesized by top–down and bottom–up approaches including
laser ablation, microwave radiation, hydrothermal/
solvothermal methods, thermal decomposition, and
pyrolysis.6,33–36Focusing on CD synthesis, it was reported that
the process could support the nucleation and growth stages of
other NPs, leading to new functional materials. Thus, CDs play
a critical role in preventing the agglomeration of composite
materials.37 CDs synthesized from CA are favourable, which
demonstrated the enhancement of magnetic compatibility with
solvents, reduced aggregate formation, and increased NP
stability; importantly, these water-soluble CDs have shown high
PL with a quantum yield (QY) of approximately 42.2–
88.6%.32,38,39

Combining CDs and MNPs as hybrid NPs allows multi-
purpose nanomaterials in their applications.34,40 Several
studies have thus investigated nanohybrids comprising MNPs
and CDs in diverse elds such as catalysis, sensing, fuel cell
technology, optoelectronics, magnetism, energy, and bio-
medicine.37,41Some efforts have been focused on preparing
novel hybrids comprising CDs with inorganic NP cores such as
iron oxide, zinc oxide, or silica. Singh et al.42 have successfully
synthesized magnetic quantum dot Fe3O4–ZnO nanohybrids
that targeted cancer cells. Moreover, BSA-modied hybrid
nanoclusters have been synthesized to improve the response
during magneto-uorescence imaging and drug delivery.41

However, each imaging modality has its advantages and
disadvantages. Multi-modal imaging techniques combine each
modality's strengths and further improve diagnostic techniques
to be developed on reaching the effectiveness of diagnostic
protocols.43,44 For instance, magnetic resonance imaging (MRI),
owing to less sensitivity, could be combined with compas-
sionate modalities like computer tomography (CT). The
combination of CDs covering MNPs promotes advantages based
no toxicity issue and could be used in drug delivery systems.

In case of delivery systems upon nanocarriers, a study on the
releasing character of the drug may be a crucial aspect to
support desired therapy technique. Nevertheless, most of the
hybrid materials are reported without any details on how they
carry drugs to the target site, and are prepared via complicated
processes along with the costly design. Some studies have re-
ported the combination of CDs and Fe3O4 nanohybrids, which
exhibit superior and multi-functional features on detecting
particular compounds such as doxycycline,45 Geobacter sulfur-
reducens,46 bacteria,47 and metals.47,48 However, integrative
studies on the evaluation of naproxen release from the nano-
hybrid and its potential delivery have not been reported yet. In
© 2022 The Author(s). Published by the Royal Society of Chemistry
present research, we propose simple in situ synthesis of
a nanohybrid of Fe3O4 NPs conjugated with CDs. The nano-
hybrid further loaded with naproxen (NAP) is used as a non-
steroidal anti-inammatory drug, as it is commonly used as
a modifying adjunct during healing.49,50 The proposed nano-
hybrid comprising both Fe3O4-based MNPs and CDs and thus
incorporating both of their functionalities in a single NP is very
promising for multi-response bioimaging such as MRI and CT.

Experimental
Materials

Iron (III) chloride (97%; FeCl3), ammonium iron (II) sulphate
(99.97%; (NH4)2Fe(SO4)2$6H2O), ammonium hydroxide (25%;
NH4OH), ethanol (99.5%; C2H5OH), Na-NAP (98%), and 4′,6-
diamidine-2′-phenylindole dihydrochloride (DAPI) were
purchased from Sigma-Aldrich, USA. CA (99.5%; C6H8O7) and
hydrochloric acid (37%; HCl) were purchased from Merck,
Germany. Dulbecco's modied Eagle's cell medium and phos-
phate buffered saline (PBS) were purchased from GIBCO
Thermo Scientic, USA. A molecular weight cut-off (MWCO)
membrane (1000 Da) was purchased from Orange Scientique,
Belgium. All chemicals were used directly without further
purication.

Synthesis of Fe3O4@CA and Fe3O4@CDs

Fe3O4@CA was prepared following the procedure previously
reported in the literature with slight modication.51,52 First,
8.1 g of FeCl3 and 9.8 g of Mohr's salt were dissolved in 25 mL of
deionized (DI) water and added to 20 mL of ammonia under
vigorous stirring. The mixture was then subjected to ultra-
sonication for 30 min until the pH reached 9 and then stirred
vigorously at 70 °C for 30 min. The resulting black mixture was
separated by centrifugation (900 rpm) and washed with DI water
and ethanol. The obtained Fe3O4 was added to 100 mL of DI
water, stirred and ultrasonicated for 30 minutes. Once reaching
pH = 5, the mixture was stirred at 80 °C for 1 h to obtain nano-
Fe3O4.

Next, 15 g L−1 of CA was added to the mixture at a rate of 2
mL min−1 for 30 min. The resulting black mixture was sepa-
rated by centrifugation (900 rpm) and washed with DI water.
The black precipitate of Fe3O4@CA NPs was collected and
added to more CA (ratio 1 : 1) and furnaced at 270 °C for 1 h to
obtain the Fe3O4@CDs nanohybrid. The colloidal solution was
then prepared by dissolving the resulting nanohybrid in 1 M
sodium hydroxide (NaOH) and then purifying it on a dialysis
membrane (MWCO; 1000 Da) for 2 h.

Preparation of NAP-loaded Fe3O4@CDs and drug release
assessment

NAP-loaded Fe3O4@CDs (Fe3O4@CDs -NAP) were prepared by
mixing the NAP solution with Fe3O4@CDs at a molar ratio of 1 :
10 at room temperature and stirring for 24 h. Fe3O4@CDs-NAP
were then dialyzed using an MWCO 1000 Damembrane for 24 h
to remove impurities. The NAP concentration contained in the
Fe3O4@CDs-NAP was calculated by matching the maximum
RSC Adv., 2022, 12, 32328–32337 | 32329
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absorbance of NAP with the original standard curve at
330.5 nm.53
Confocal laser scanning investigation

This observation was started by culturing HeLa cells, which
were rst seeded in a 6-well plate containing a culturing
medium (2 mL) and cultured for 24 h. Aer incubating with
the sample (300 mL) for 60 min, the cells were washed three
times with a PBS solution and then xed with 70% alcohol for
10 min. Fluorescence images of HeLa cells were acquired
using a Leica TCS SP2 inverted confocal microscope (Leica
Microsystems) equipped with a 63 ×1.32 NA oil immersion
objective. Confocal images were obtained by illuminating the
samples with inline Ar (488 nm) and He–Ne (503–680 nm and
588 nm) lasers.
Cytotoxicity evaluation of Fe3O4@CDs and drug inhibition
assessment

A cytotoxicity assessment was performed using a Cell Counting
Kit-8 (CCK-8) from MedChemExpress, New Jersey, USA, in a 96-
well plate for HeLa cancer cell lines. The cancer cell lines were
cultured in Dulbecco's modied Eagle's medium (DMEM) at
a density of 250 000 cells per well and incubated for 24 h. Then,
the cells were washed with 10 mL of phosphate and different
concentrations of Fe3O4 @CDs were added. Aer that, the
medium was allowed to equilibrate for 1 h. The contents of each
well were then added to 20 mL of the CCK-8 reagent at 37 °C in
a humidied 5% CO2 atmosphere. Finally, the absorbance of
each sample at 480 nm was recorded using an enzyme-linked
immunosorbent assay (ELISA) reader.
Characterization

The particle size was measured using a dynamic light scattering
(DLS) instrument Malvern Zetasizer and an atomic force
microscope (AFM). Then, the diameter size distribution was
obtained using the ImageJ soware. The functional groups of
the NPs were studied using a Shimadzu IR-Tracer-100 Fourier-
transform infrared spectrometer (FTIR). X-ray powder diffrac-
tion (XRD) patterns were acquired using a Phillips X-ray
diffractometer with a Cu-Ka line (l = 1.54 Å). Ultraviolet-
visible spectrophotometry (UV-vis) absorption spectra were
recorded using a Shimadzu 1800 UV-vis spectrophotometer. PL
spectra were recorded using a FluoroMax-4 PL spectrophotom-
eter equipped with a xenon lamp. The QY of Fe3O4@CDs was
compared with that of Rhodamine 6G (R6G, QY = 95%) and
calculated as follows:54

QY = QYr (Is/Ir) (Ar/As) (hs/hr)
2 (1)

where I, A, and h correspond to the PL intensity, UV absorbance,
and refractive index, respectively. Subscripts r and s represent
the Fe3O4@CDs and R6G markers, respectively. The magnetic
properties of the NPs were measured at room temperature using
a vibrating-sample magnetometer (VSM) with a maximum
applied eld of 8 kG.
32330 | RSC Adv., 2022, 12, 32328–32337
Results and discussion
Synthesis and characterization of the nanohybrid

For preparing magnetite nanoparticles, we rst prepared bulk
magnetite (Fe3O4) by mixing the ionic iron sources by a co-
precipitation method following reaction eqn (2):

Fe(NH4)2SO4(aq) + 2FeCl3 (aq) + 8NH4OH(aq) / Fe3O4(s) +

(NH4)2SO4(aq) + 6NH4Cl + 10H2O(aq) (2)

The obtained magnetite further was introduced to CA to
cover the magnetite and enhance its stability. As shown in
Scheme 1, the carboxylate moieties of CA stabilize themagnetite
via temporary complex formation and the rest of carboxylates
promote Fe3O4 for further reaction.55 The interaction between
CA and magnetite was mediated via electrostatic interaction
from the carboxylate moieties of CA close to the iron part of
magnetite. This design not only covers magnetite itself, but also
stabilizes the particle. The CA to iron interaction may rob the
iron oxide particle, resulting in a lower diameter of magnetite
aer introducing CA (next on size-diameter discussion). This
CA-coated magnetite was further treated via pyrolysis aer the
addition of excess CA. The pyrolysis process allows carbonation
of CA in between. In this process, any hydroxy moieties on CA
can interact with hydrogen or other hydroxy spices, covering
magnetite and obtaining a carbon-like structure of carbon dots
covering magnetite (Fe3O4@CDs) as a new layer, as detailed in
Scheme 1. The produced nanomaterial was studied by several
characterizations. The carbon precursor on the outer layer of
Fe3O4 enhanced its PL and increased its stability in water. CDs
have been demonstrated to enhance the PL and stability of
NPs,31 and the hydrophilic material can bemore easily absorbed
in the human body for clinical application and prevent side
effects.56 To prove the above-mentioned statement, some char-
acterizations were performed in the present study.

DLS was applied to rst determine the obtained samples,
which were dispersed in water, as shown in Fig. 1a. The size
distribution data showed that Fe3O4 (I) had the biggest average
particle size distribution, up to 1814 nm; this phenomena
proved that the obtained Fe3O4 particles synthesized by co-
precipitation are seemingly unstable and tend to agglomerate
in water.3,23 Introducing CA on the magnetite (to perform
Fe3O4@CA) drives down its average particle diameter to
1221 nm. The size lowering was due to the coating of CA's
functional groups onto Fe3O4, preventing it to from agglomer-
ating, thereby increasing its hydrodynamic stability and
decreasing the particle size. Moreover, the nanohybrid Fe3-
O4@CDs reached the smallest average particle size (up to 198.8
nm). These phenomena showed that the abundance of CA's
functional groups can be optimized to prevent Fe3O4 aggrega-
tion and form CDs as stabile coating structures. Next, the AFM
images visualise the topography of Fe3O4@CDs, where the
height of Fe3O4@CDs was measured to be 10 nm to 35 nm, as
shown in Fig. 1b and c. The size distribution of Fe3O4@CD
particles was calculated using a Gaussian equation on the
Origin soware. As shown in Fig. 1d, the Fe3O4@CDs were 18.2
± 0.3 nm in diameter, which support the previous data
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic route for developing nanohybrid naproxen-loaded magnetite carbon dots (Fe3O4@CDs-NAP).

Fig. 2 TEM images of Fe3O4 (a) and Fe3O4@CDs (b). The bars repre-
sent 50 nm.
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conrming that Fe3O4@CDs have a smaller size than that of
bare Fe3O4. These data also revealed the effectiveness of CA on
covering the magnetite well and the capability of degrading the
Fe3O4 size.57 For supporting the AFM data, the TEM observation
was further conjugated to the nanohybrid (Fig. 2). TEM also
conrms that addition of CDs may reduce Fe3O4 size form
above 25 nm (Fe3O4) to below 25 nm (Fe3O4@CDs), on average.
This nding also reveals that the incorporation of CDs onto
magnetite reduces the aggregation potency that can be further
advantageous for applications. With regard to the previous
report on the use of nanomaterials for endocytosis and
controlled drug release process, Fe3O4 is generally less than
345 nm in diameter;58,59 the nding of the size of Fe3O4@CDs
may strengthen the potential application of the nanohybrid in
biomedical elds.

The crystal structures of Fe3O4, Fe3O4@CA, and Fe3O4@CDs
were then compared via XRD observation, where the patterns t
Fig. 1 (a) Dynamic light scattering (DLS) particle diameter distribution:
(i) Fe3O4; (ii) citric-acid-coated Fe3O4 (Fe3O4@CA); and (iii) Fe3O4@-
CDs. (b) 2D and (c) 3Dmorphology of Fe3O4@CDs. (d) Size distribution.

© 2022 The Author(s). Published by the Royal Society of Chemistry
with JCPDS 75-0033, conrming the existence of magnetite
structures on nanohybrids (shown in Fig. 3). In detail, all
samples showed similar Miller indices of Fe3O4 on (220), (311),
(222), (311), (400), (511), and (440) planes. By using the Scherrer
equation, the crystal diameter of the Fe3O4, CA@Fe3O4 and
Fe3O4@CDs were conrmed to be 3.79, 3.78, and 3.09 nm,
respectively. These ndings also support the previous results
that the size of magnetite decreases once it is conjugated with
CA. This makes it suitable for possible therapeutic applications
because materials less than 100 nm in diameter have favourable
biodistribution and clearance/accumulation behaviour in the
human body.25

Subsequently, absorption and emission of Fe3O4@CDs were
monitored by UV-vis and PL spectrophotometry. From both
assessments, it was conrmed that the produced Fe3O4@CDs
had a maximum absorbance at 230.5 nm, indicating the p /

p* electron transition of the C]C bond in the CD core.31

Additionally, a shoulder peak was present at 329 nm, which
demonstrates the n / p* electron transition of the carbonyl
group (Fig. 4a).1 The emission spectrum of Fe3O4@CDs at
410 nm is displayed in Fig. 4b; the spectra showed blue uo-
rescence with red-shied emission and excitation wavelengths,
as the excitation wavelength was increased.60,61 To attain
signicant improvement in spectrophotometer observation, we
next compared the absorbance of bare magnetite, Fe3O4@CA
and the Fe3O4@CDs (Fig. S1, ESI†), and the nanohybrid showed
RSC Adv., 2022, 12, 32328–32337 | 32331
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Fig. 3 X-ray diffraction (XRD) patterns of pure magnetite (red),
Fe3O4@CA composite (blue), and Fe3O4@CDs (green), verified with
Fe3O4 JCPDS database.
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several absorption peaks at signicantly higher emission
compared to the bare magnetite and Fe3O4@CA. This nding
proved the attachment of CDs on the surface of magnetite with
chemical binding. This interaction may happen, because CDs
have shown good attraction with metal elements. Such property
was even utilized for their use in metals.62,63 Next, the QY
percentage of the resulting Fe3O4@CDs reached up to 56.5%,
where it was classied as a high QY among the reported metal-
doped hybrid CDs, as detailed in Table 1. This nding conrms
the good potency of the nanohybrid for use as a staining agent.

Functional group observation of the nanohybrid was done by
FTIR to verify the surface modication of magnetite. The
synthesized Fe3O4, Fe3O4@CA, Fe3O4@CDs, and Fe3O4@CDs-
Fig. 4 (a) Ultraviolet (UV) spectrum and (b) PL intensity of Fe3O4@CDs w
of NAP (black), Fe3O4 (red), Fe3O4@CA (blue), Fe3O4@CDs (green), and F

32332 | RSC Adv., 2022, 12, 32328–32337
NAP samples were examined at wavenumbers of 400–
4000 cm−1; the resulting spectra are shown in Fig. 4c. The 561–
640 cm−1 band present in the synthesized Fe3O4 spectrum is
associated with the Fe–O bonding of spinel ferrite.64 Moreover,
the broad bands at 3442 and 1629 cm−1 indicate the presence of
O–H stretching and bending that occurs during co-
precipitation, respectively. The spectrum of NAP showed
several bands at 1680 and 1165 cm−1 that correspond to C]O
and the C–O–C/methoxy groups contained in NAP, respectively.
The band at 1589 cm−1is present in the Fe3O4@CA spectrum,
but not in that of Fe3O4@CDs associated with a C]C aromatic
group, and thus, represents the dehydrogenation of CA forming
graphene oxides during furnacing.65 Finally, the generated band
at 1135 cm−1 in the spectrum of the synthesized Fe3O4@CDs-
NAP corresponds to the methoxy group of NAP, and thus,
demonstrates the successful loading of NAP onto Fe3O4@CDs.

The measurement of the magnetic properties of samples was
carried out using a VSM at room temperature at a magnetic eld
intensity of 8000–8000 Oe; the resulting saturation magnetiza-
tion (Ms), remanent magnetization (Mr), and coercivity (H) are
shown in Fig. 5. The resulting saturation magnetization of
Fe3O4, Fe3O4@CA and Fe3O4@CDs was 80.569, 59.573, and
68.379 emu per g, respectively. The saturation magnetization of
the synthesized materials was thus lower than that of Fe3O4 (92–
100 emu per g) by a signicant margin, thereby indicating that
the sample was smaller than bulk Fe3O4. The saturation
magnetization ratio for those samples compared with bulk
Fe3O4 was 64.75%, 87.58%, and 74.33%, respectively. If the
magnetization hysteresis curve is enlarged, the coercivity ob-
tained from Fe3O4, Fe3O4@CA and Fe3O4@CDs was 25.462,
5.637 and 24.460 G, respectively, and the remanent magneti-
zation was near zero: 2.679, 0.718 and 3.617 emu per g,
respectively. The characteristic features of superparamagnetic
include high saturation magnetization, low coercivity and
remanent magnetization of zero when not inuenced by an
external magnetic eld. The data derive an opinion that the
ith varied excitation wavelength (320–420 nm). (c) Infrared (IR) spectra
e3O4@CDs-NAP (orange).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Quantum yields (QY) of various metal carbon-based nanoparticles (NPs)

Precursor Sample Method QY (%) Ref

Citrate acid, ethanediamine CQDs Hydrothermal 48.32 1
Citrate acid, ethanediamine, GdCl3 Gd-CQDs Hydrothermal 31.78
Citrate acid, ethanediamine, GdCl3, N–Fe3O4 Gd-CQDs@N–Fe3O4 Solvothermal 1.29
Black phosphorus, poly-lysine acid, ferric ammonium
citrate, polyglutamic acid

GP-PGA-Fe3O4-CDs@BPQDs Hydrothermal 6.8 2

Ferric ammonium citrate and triethylenetetramine Fe3O4–CDs Hydrothermal 4.8 4
Citrate acid, FeCl3, (NH4)2Fe(SO4)2$6H2O Fe3O4@CDs Furnace-assisted 56.5 Present study

Fig. 5 Magnetization curve of Fe3O4, Fe3O4@CA, and Fe3O4@CDs.

Fig. 6 Cell viability evaluation of HeLa cells by a CCK-8 assay after
24 h of incubation with Fe3O4@CDs (green) and Fe3O4@CDs-NAP
(orange) compared with the negative control. All data are expressed as
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addition of CA onto magnetite will diminish the magnetic
properties due to the formation of huge amorphous regions on
the surface of magnet; meanwhile, further carbonation of CA
forming Fe3O4@CDs surprisingly enhances the magnetic
properties. The emerged magnetic properties on the Fe3O4@-
CDs could also be observed easily (Fig. S2, ESI†). Basically,
formation of graphene-like structures on CDs is a responsible
factor in increasing the magnetic properties, where the
magnetic character emerged from the edge state of the
graphene-like structure of CDs, resulting in dislocated energy
within the pseudo gap.66,67 These properties have only been
demonstrated to appear for nano-sized materials and the ob-
tained low remanent magnetization along with its coercivity
value indicates that the three samples have superparamagnetic
properties.23,58

In order to evaluate its use for biomedical application, the
stability investigation of the nanohybrid is a crucial aspect that
needs to be explored. We considered to assess the stability of
Fe3O4@CDs against different pH values and ionic strength,
where these two aspects are important regarding future studies
in vivo and clinical administration on insertion of this nano-
hybrid. We next use a turbidimeter for assessing any nano-
hybrid degradation (Fig. S3, ESI†). The data illustrated that the
nanohybrid exhibited low turbidity data in the pH range of 3–
10, indicating good stability under that condition. Moreover,
© 2022 The Author(s). Published by the Royal Society of Chemistry
the Fe3O4@CDs nanohybrid also showed good stability while it
is against high–ionic strength condition (NaCl concentration up
to 3 N). The good stability of the nanohybrid at different pH
values and NaCl concentrations indicates the good potency of
this nanomaterial in biomedical applications (normally at pH
7.4 and NaCl concentration at 0.15 N).
Cytotoxicity evaluation

The cytotoxicity of the Fe3O4@CDs against HeLa cancer cells
aer 24 h was assessed using the CCK-8 (Fig. 6). Even at a high
concentration up to 600 mg mL−1, the cell viability treated with
Fe3O4@CDs is still maintained at a high percentage over 80%,
which strongly demonstrates the high biocompatibility of the
obtained Fe3O4@CDs. It is well known that CDs exhibited
excellent biocompatibility and non-toxic features.68 In the
nanohybrid design, even Fe3O4 and other metal ferrites claimed
also have low toxic effects;52,53,69 CDs acting like a cover on the
surface of magnetite nanoparticles would possibly prevent toxic
reactions between the nanoparticles and the cellular system.
Moreover, the half-maximal cytotoxic concentration (CC50) of
Fe3O4@CDs also supported this statement in proving the non-
toxic property of the nanohybrid, even at a concentration as
high as 17 671.5 ± 1742.6 mg mL−1 (showed on Fig. 7a). This
nding also reveals that the CDs play an important role, not only
in emerging optical properties, but also in their ability to cover
mean ± SD, n = 5.
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Fig. 7 HeLa cancer cell viability curves after 24 h incubation of (a) Fe3O4@CD nanohybrids and (b) inhibition of HeLa cancer cell curves after 24 h
incubation of loaded Fe3O4@CDs-NAP nanohybrids. CC50 and IC50 values were plotted on the red fitted curves that resulted from dose-
response mode on the Origin software. All data are expressed as mean ± SD with n = 3.
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themagnetite nanoparticle and diminish the toxicity effect of the
nanohybrid. The CC50 result of nanohybrid is also comparable
with the other CD-based studies that claimed non-toxic nano-
materials (Table S1, ESI†). Furthermore, loading naproxen on the
nanohybrid drives the cell viability percentage down signicantly
even at its low concentrations. The inhibited concentration (IC50)
of Fe3O4@CDs-NAP was 8.42 ± 1.09 mg mL−1 (see Fig. 7b).
Interestingly, this IC50 value was lower than that of naproxen
itself (28.20 ± 1.09 mg mL−1).70 However, it is an intriguing
observation regarding the ability of an anti-inammatory drug to
inhibit cancer cells. This was considering previous reports in the
literature that revealed the anticancer activity of naproxen
derivatives.71 The loading of NAP on the surface of Fe3O4@CDs
more possibly occurs by interactions between the functional
groups on both naproxen and Fe3O4@CDs surface. Such inter-
action likely inuenced the observed enhancement in the anti-
cancer activity. Furthermore, the magnetic nanoparticles coated
with methionine and PEG were similarly used to deliver nap-
roxen to cancer cells (MDA-MB-231 and MCF-7) with obvious
enhanced anticancer activity.72 Therefore, the easily synthesized
Fe3O4@CDs showed good performance not only as non-toxic
staining agents, but also in delivering naproxen well to cell
target and upgrading the effectiveness of HeLa cancer cell inhi-
bition. This nding further opens the potency on MNP utiliza-
tion for developing improved cancer disease treatment.73
Fig. 8 Dissolution of Fe3O4@CDs nanohybrids at different pH values.
All data are expressed as mean ± SD, n = 3.
Confocal investigation

Confocal laser scanning microscopy (CLSM) investigation was
next conducted to observe the capability of Fe3O4@CDs in tar-
geting HeLa cancer cells. This aspect is important to elaborate
the possibility of the nanohybrid for effective naproxen delivery
to the targeted cell. Moreover, the CLSM is good data to prove
the potential application of Fe3O4@CDs acting as staining
agents on the cancer cell. From Fig. S4 (ESI†), it is clear to that
HeLa cells show green uorescence aer 1 h incubation with
Fe3O4@CDs. By adding DAPI for particular nucleus cell stain-
ing, it conrmed the nanohybrid converge on the cytoplasm
area of the cell. The nanohybrid transport and its insertion to
32334 | RSC Adv., 2022, 12, 32328–32337
the cell was mediated by physical interactions, mainly hydrogen
bonding and electrostatic interaction with the cell membrane,
allowing the existence of the nanohybrid on the cytoplasm as
the nal target.74 This CLSM result is quite clear to detecting the
CDs' emission on the cell indicating role of CDs on the nano-
hybrid can work well.
NAP release evaluation

The releasing properties of the nanohybrid in naproxen delivery
need to be improved for targeted delivery in clinical applica-
tions. The drug release prole was characterized by a dissolu-
tion test under adjusted conditions. The pH of the release
medium also affected the amount of NAP released, as shown in
Fig. 8. At pH = 7, 1.56% of the NAP was released aer 360 min;
this value decreased at pH = 9 and 4 to 1.48% and 1.33%,
respectively. Aer 1440 min, the total released NAP at pH= 7, 9,
and 4 were 1.66%, 1.47% and 1.36%, respectively. This pH-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Kinetic release of NAP from Fe3O4@CDs at varied pH (pH 4:
green; pH 7: red; pH 9: blue) and compared to the 0-order; 1st-order,
Higuchi (H), and Korsmeyer–Peppas (KP) models.
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dependent response was potentially due to the improved elec-
trostatic attraction of CDs. A slightly basic medium can well
dissolve NAP; remarkably, CDs contain plentiful high-power
moieties (i.e., hydroxyl and carboxyl functional groups) that
can provide an electronegative charge. This induced the elec-
tronegative charge that can prompt high electrostatic aversion.
In depth, dissolution data of Fe3O4@CDs-NAP at different pH
values were also compared with common drug release patterns,
such as zero-order, rst-order, Higuchi, and Korsmeyer–Peppas
kinetics models (Fig. 9). The obtained drug data closely followed
the Korsmeyer–Peppas kinetics pattern (see on Table S2†). The
model describes the releasing model of the drug from a poly-
meric material or any material with an organized structure;64

this nding indicates that naproxen release is inuenced by
Fe3O4@CDs. The graphene-like structure that existed on CDs
and Fe3O4 crystal maybe detected as an organized structure that
has effects naproxen's motion. In this kinetics model, the
diffusion exponent (n) denes the inuence drug release
mechanism. When n # 0.45, the drug release mechanism can
be described by the Fickian diffusion; 0.45 < n < 0.89 corre-
sponds to a non-Fickian transport mechanism, n = 0.89 corre-
sponds to case II (relaxational) transport, and n > 0.89
corresponds to a super case II transport mechanism.75,76 The
resulting diffusion exponent (n) at pH = 4, 7 and 9 was 0.2 464
037, 0.3 252 665 and 0.2 858 769, respectively, indicating that
the drug release mechanism followed the Fickian diffusion.
Conclusion

Nanohybrid Fe3O4 coated with CDs has been successfully synthe-
sized and characterized in the present study. The characterization
results validated the structure of Fe3O4 as well as CDs surrounding
it; it was conrmed that each component maintained its func-
tionalities. The obtained Fe3O4@CD nanohybrid gives a high QY;
meanwhile, it still also maintains its magnetic properties. The CA
© 2022 The Author(s). Published by the Royal Society of Chemistry
has been proven to stabilize magnetite, and also showed
a decreased size diameter of the nanohybrid on Fe3O4@CDs. The
cytotoxicity experiment demonstrated that the nanohybrid was
non-toxic and allowed naproxen to be delivered specically to
HeLa cells. The developed nanohybrid also demonstrated pH-
dependent NAP release that followed the Korsmeyer–Peppas
kinetics model. This nding onmulti-tasking nanohybrid refers to
an integrative way on cancer treatment clinically.
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