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uorescent SPIONs display
exceptional optical/magnetic contrast and
enhanced photoconductivity in interdigitated
electrode based photoresponsive devices†

Ashish Tiwari, *ab Ayan Debnath,c Mohamad G. Moinuddin,d Aamir Mushtaq, e

Anup Singh, c Satinder K. Sharma d and Jaspreet K. Randhawa *a

SPION based multifunctional nanostructures have gained significant attention in multiscale imaging and

therapeutic applications. Multistep synthesis and post-synthesis modifications/doping have been

extensively used to synthesize such nanostructures; however, single step synthesis and in situ surface

coating/doping are still challenging and require the development of a robust method. Using a direct

synthesis approach, we address this research dilemma by synthesizing nitrogen doped carbon coated

core–shell SPIONs along with nitrogen doped carbon dots as a biproduct. This method allows for the

creation of two products from a single synthesis as well as in situ doping in both products. The

synthesized core–shell SPIONs demonstrated unique two-photon absorption, multicolor emission

behavior and optical nonlinearity, which are essential for optical and fluorescence imaging applications.

Moreover, by customizing the core shape and shell surface coating, core–shell SPIONs demonstrated

high saturation magnetization, increased magnetic contrast, and high T2 relaxivity (R = 156 mM−1 s−1).

Additionally, in order to assess the efficacy of photoinduced conduction, we constructed an

interdigitated electrode device utilizing these SPIONs. The generation of photocurrent was evaluated

across various illumination conditions. The device demonstrated exceptional photoconductivity, as

evidenced by the observed photo-to-dark current ratio (ION-IDark/IDark) of 7.53 and 6.64 under green

and red laser illumination, respectively. The photocurrent study measured the rise and fall times of

device response to be 93/281 milliseconds under green laser illumination determining the strong

applicability of SPIONs in device applications. The enhanced photoelectronic capabilities may be

attributed to the utilization of carbon shells as active light harvesting sites and nitrogen doping as charge

donors within the core–shell architecture. The current study elucidates a synthesis technique for the

production of multifunctional fluorescent SPIONs and reveals their immense potential for applications in

photoresponsive devices and multiscale imaging.
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1 Introduction

Biomedical researchers are intrigued by the multifunctionality
of superparamagnetic iron oxide nanoparticles (SPIONs). These
nanostructures have proven useful in a variety of applications,
including magnetic resonance imaging, drug delivery and ex-
ible bioelectronic devices.1–3 Several studies have reported the
synthesis of these nanoarchitectures using a multistep fabri-
cation process and hybrid approaches to achieve optical4–6 and
magnetic properties.7,8 As an illustration, the synthesis of core–
shell supernanoparticles with a uorescent coating of silica was
carried out by a multistep method using SPIONs and quantum
dots.7 Similarly, magneto-uorescent nanohybrid quantum
dots/quantum rods (QDQRs) were fabricated in multistep
synthesis.9 Fluorescent-tagged multifunctional core–shell
nanoparticles in post-synthesis modication were reported.10
J. Mater. Chem. A
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Furthermore, a combination of methods was used to produce
polymer-coated superparamagnetic iron oxide nanoparticles
(SPIONs) with magnetic and luminous properties.11 Although
these methods produced uorescent SPIONs, they are con-
strained by concerns such as multistep synthesis, post-
synthesis modications, toxicity, and photobleaching. A
hybrid strategy of merging two synthesized materials in a single
step or coating of a shell over the synthesized core material was
reported.12 Few examples of single step synthesis reported metal
oxide core–shell structures but most of them consisted of
a metal and metal oxide core–shell or composite structure.13–16

SPIONs' spherical core–shell form and synergistic magneto-
uorescence characteristics have rarely been observed.
Furthermore, there is no existing literature on the combination
of a magnetite core, core–shell morphology and doping
processes. Additionally, the two-product idea, which involves
synthesizing both components in a single step, has not been
established. Hence, it is imperative to devise a single-step
synthesis technique.

The structural alterations have an impact on the magnetic
susceptibility of SPION17,18 resulting in superiormagnetic resonance
contrast.19,20 It is preferable to dope or coat SPIONs with metallic or
nonmetallic elements in order to enable uorescence behaviour.20,21

Carbogenic species have uorescence properties and can be effec-
tively combinedwith SPIONs to induce optical activity. For instance,
carbon dots,22,23 doped carbon dots24 and carbon quantum dots25

demonstrate absorption characteristics in the visible and near-
infrared regions, thereby broadening their potential utility in the
elds of uorescence and two-photon uorescence imaging. In
a comparable way, nitrogen as a potent dopant26 also contributes to
improve optical and electrical characteristics with minimal
disruption to the crystal lattice structure27 and introduces defective
sites into structures.28 Consequently, in situ carbogenic material's
coating and nitrogen doping can enhance the optical response of
SPIONs in multiscale magneto-uorescence imaging.

Utilizing multifunctional heterostructures has been a recent
focus in electronic device developments, especially in the domains
such bioelectronics3 and exible electronics.29 Although organic
and inorganic photodetectors show excellent light-sensing
performance and tunable optoelectronic properties, there are
still challenges in fabricating these devices such as lack of ease of
processing, mechanical exibility and multifunctionality.
Enhanced sensitivity in light detection has been achieved in
modern photodevices through the optimization of two critical
factors: high responsivity and low dark current. An illustration can
be provided by the graphene–polymer hybrid electrode, which
exhibited both rise and fall times of 1.58 ms and 1.57 ms.30

Similarly, a hybrid graphene–metal oxide based photodevice
showed a response time of less than 30 ms.31 Due to the need for
rapid response and high sensitivity, interdigitated electrode-based
photoresponsive devices employing optically active SPIONs have
been developed. In addition to enhanced photoconductivity, it is
anticipated that these devices will perform more efficiently in
multiscale imaging applications.

Hence, by employing the principle of integrating magnetic
and optical characteristics and including in situ doping, we have
introduced an innovative single-step synthesis method of
J. Mater. Chem. A
fabricating uorescent SPIONs and successfully produced two
unique nanoscale materials. The synthesized nitrogen-doped
carbon-coated ultrasmall superparamagnetic iron oxide core–
shell nanoparticles (SPIONs) and the nitrogen-doped carbon
dot nanoparticles (NCDs) were subjected to comprehensive
quantitative and qualitative analysis to assess their exceptional
physicochemical features. In addition, the magnetic separation
and column chromatography (CC)-based purication phases
resulted in two products with distinct morphologies and prop-
erties. In this study, SPIONs exhibited a uniform core–shell
morphology with a nanocrystal magnetic core and a carbon
shell, multicolor emission, two photon absorption, nonlinear
optical properties, superior magnetic resonance imaging
contrast, and photoinduced conduction behavior under visible
light illumination. The m-interdigitated photoelectrodes incor-
porating manufactured SPIONs exhibited a prompt response to
the incidence of light and generated a photocurrent. The nd-
ings of the photolithography-driven device fabrication demon-
strate the promising potential of these photoelectrodes for
integration into optoelectronic devices.

2 Results
2.1 One step synthesis method, magnetic separation, and
nanoparticle purication

To synthesize, separate, and purify two distinct nanoscale
products, we used a one-step hydrothermal synthesis method
and magnetic separation to obtain a brown precipitate and
a black supernatant, as depicted in Scheme 1. The brown
precipitate underwent multiple washes and was then dried in
a vacuum oven overnight at 40 °C. This process ensured the
removal of any impurities and yielded nitrogen doped carbon
coated core–shell SPIONs (SPIONs). On the other hand, the
black supernatant was puried by silica gel column chroma-
tography to get nitrogen doped carbon dots (NCDs). The
successful incorporation of nitrogen into both core–shell
SPIONs and NCDs was attributed to the nitrogen-based
precursor material during synthesis.

In our previous work, we have reported carbon coated core–
shell SPIONs32 and optimized the carbon shell thickness. The
carbon coating and tuning of shell thickness governed the
magneto-uorescence properties, which was evident and
established by synthesizing various core–shell morphology
tuned carbon coated SPIONs.33 These materials showed supe-
rior MR imaging, bioimaging, uorescence sensing, hyper-
thermia and targeted drug delivery.34–37 Extending the
possibility of core–shell SPIONs in opto-electronic applications,
we attempted to incorporate nitrogen in core–shell SPIONs
using our established protocol. We used a nitrogen-based
precursor and the synthesized nitrogen doped carbon coated
core–shell SPIONs by optimizing the precursor concentration as
detailed in Table S1 in the ESI.† As stated elsewhere, themethod
produced nitrogen doped carbon dots as a product from
synthesis. The outlined methodology stands unique in terms of
single step synthesis and in situ nitrogen doping and carbon
coating avoiding post-synthesis modications/coating/doping
to accomplish uniform morphology and distinct
This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic representation of (A) the one step synthesis method and (B) magnetic separation and purification of the synthesized
products.
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physiochemical properties in core-shell SPIONs. Fig. S1 in the
ESI† displays FESEM imaging results of solely prepared core–
shell SPIONs for comparison.
Fig. 1 (a) TEM image, (b) HR-TEM image, (c) SAED pattern and (d)
FESEM image of core–shell SPIONs, respectively. STEM-HAADF image
(e) along with the color mapping overlay image (f) and respective
elemental images: (g) carbon, (h) iron, (i) oxygen and (j) nitrogen,
respectively (scale bar: (a) 100 nm and (b) 10 nm, (c) 5−1 nm, (d) 500 nm
and (e–j) 100 nm, respectively).
2.2 Uniform morphology, phase pure crystallinity and
multifunctional surface functionality govern distinct
properties in core–shell SPIONs

Fig. 1a shows the transmission electron microscopy (TEM)
image, clearly showing the distinguishable magnetic core
composed of ultrasmall magnetite nanocrystals and a carbon
shell within a uniform morphology. The magnetic core con-
sisted of small magnetite nanocrystals and coated with a carbon
shell, resulting in a core–shell structure with an average particle
size of ∼250 nm. The high resolution transmission electron
microscopy (HR-TEM) image in Fig. 1b conrms the presence of
ultrasmall magnetite nanocrystals in the core region with an
average size of ∼5 nm and carbon coating of ∼20 nm in the
shell region. The carbon coating not only determines the
spherical morphology but also plays a crucial role in stabilizing
and controlling thermodynamic self-aggregation of ultrasmall
magnetite nanocrystals during the formation of a uniform core–
shell structure. The ultrasmall magnetite nanocrystals induce
superparamagnetism and high susceptibility under externally
applied magnetic elds.38 The selected area electron diffraction
(SAED) pattern in Fig. 1c displayed the diffraction rings for the
magnetite phase of iron oxide well matched with X-ray diffrac-
tion (XRD) results. The field-emission scanning electron
microscopy (FESEM) image in Fig. 1d showed the uniform
morphology of core–shell SPIONs. Elemental mapping to
conrm the presence of nitrogen via scanning transmission
electron microscopy-high angle annular dark-eld (STEM-
HAADF) imaging in Fig. 1e–j shows the overlay mapping
image and distinct element images of iron (g), nitrogen (h),
oxygen (i), and carbon (j), respectively. Electron microscopy
results validate the nitrogen doping, the presence of the
magnetic core, and the carbon shell in core–shell SPIONs.

XRD measurements were done to identify phase crystallinity.
Fig. 2a displays the diffraction pattern with distinct peaks at
various 2q values, corresponding to the reection of crystal planes
This journal is © The Royal Society of Chemistry 2024
(111), (022), (220), (311), (400), (422), (511), (440), and (533). These
peaks conrm the magnetite phase of iron oxide, which matches
well with the Standard International Centre for Diffraction Data
sample database (JCPDS card no. 01-1111). Additionally, a small
peak at a 2q of 24° indicates the presence of amorphous carbon in
core–shell SPIONs. Raman spectroscopy results further conrmed
the magnetite phase of iron oxide. Fig. 2b shows Raman bands at
215, 272, 391, 514, and 690 cm−1, corresponding to different
J. Mater. Chem. A
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Fig. 2 (a) XRD spectra, (b) Raman spectra and (c) PL Raman spectra of core–shell SPIONs, respectively.
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bending modes of magnetite. The bands at 1375 and 1585 cm−1

are attributed to the disordered sp3 and graphitic sp2 domains of
carbon atoms in the shell. The relatively lower intensity ratio of D
and G bands suggests an amorphous phase of carbon and
dominant disordered regions due to nitrogen doping, indicating
the presence of surface defects. Photoluminescence is a phenom-
enon in which amaterial emits light aer absorbing photons. The
optical behavior of the material was investigated using Raman
spectroscopy. In Fig. 2c, two distinct peaks are detected at 575 and
581 cm−1, providing conrmation of the luminescence charac-
teristics that emphasize the potential optical qualities present in
core–shell superparamagnetic iron oxide nanoparticles (SPIONs).

X-ray photoelectron spectroscopy (XPS) studies were per-
formed to evaluate functional group analysis and elemental
oxidation states. Fig. 3a presents full survey XPS spectra, which
conrm the presence of iron, oxygen, carbon, and nitrogen in
core–shell SPIONs. The high-resolution deconvoluted XPS
spectra of Fe 2p in Fig. 3b exhibit four peaks at binding energies
of 710.35, 712.71, 723.62, and 725.71 eV for Fe 2p3/2 and Fe 2p1/
2, along with one shake-up satellite peak at 717.52 eV. These
peaks are attributed to the Fe3+ and Fe2+ oxidation states of iron
and conrm themagnetite phase. In Fig. 3c, the deconvoluted O
1s spectra display four peaks at binding energies of 530.12,
531.57, 532.47, and 533.61 eV, corresponding to Fe–O, C]O, N–
C]O, and O–C–O functional groups, respectively. The high-
resolution C 1s XPS spectra in Fig. 3d exhibit four peaks
centered at binding energies of 284.81, 285.76, 286.35, and
288.39 eV, representing C]C, C]N, C–O–C, and C]O func-
tional groups, respectively. Furthermore, in Fig. 3e, the high-
resolution deconvoluted N 1s spectra display two peaks at
binding energies of 399.92 and 401.52 eV, which can be attrib-
uted to the presence of C–NH and N–C]O or N–Fe–O func-
tional species, respectively. XPS results conrm the magnetite
phase of iron oxide, abundant surface carbonyl and hydroxyl
groups, and nitrogen in core–shell SPIONs.26 These ndings are
further supported by the Fourier transform infrared (FTIR)
results. Fig. 3f shows vibrational peaks corresponding to func-
tional groups and metal oxide linkages present in core–shell
SPIONs. Two peaks observed at 3340 and 2930 cm−1 can be
attributed to O–H and N–H functional group species. Further-
more, vibrational peaks around 1708, 1610, 1320, and 820 cm−1

correspond to C]O, C]C, C–O–C, and C–OH functional
groups, respectively. These peaks indicate the presence of
various surface carbonyls and hydroxyl groups, which play
J. Mater. Chem. A
a crucial role in excellent colloidal stability and dispersibility.
Additionally, a peak observed at 560 cm−1 corresponds to the
metal oxide linkage for magnetite in core–shell SPIONs. To
assess colloidal stability and surface charge, dynamic light
scattering tests were performed. As illustrated in Fig. S2 in the
ESI,† the hydrodynamic dimension in aqueous medium was
determined to be approximately 350 nm. Surface charge was
determined using zeta potential studies, as shown in Fig. S3 in
the ESI,† producing a value of 10 mV in aqueous solution. This
conrms the stabilized surface of core–shell SPIONs due to the
presence of nitrogen- and oxygen-based functional groups.
2.3 Carbon coating enables multicolor emission and two-
photon absorption in core–shell SPIONs

Fig. 4a shows a broad absorption peak ranging from 800 to
200 nm in the UV-vis spectrum. Solid state absorption spectra
were recorded to calculate the band gap of core–shell SPIONs,
which was found to be ∼2.25 eV (Fig. 4b). This behavior
resembles the characteristic absorption of carbogenic struc-
tures and is due to the presence of the carbon coating in the
shell structure. Fluorescence spectroscopic studies were done to
investigate their emission behavior. Since the absorption
spectra of SPIONs displayed a broad peak in the UV-visible
region, the choice of the excitation wavelength was based on the
highest emission observed in the uorescence spectra, as
shown in Fig. 4a. The SPIONs exhibited excitation-based emis-
sion spectra, which was also a novel observation. The excitation
peak was measured at 360 nm, as shown in Fig. 4c. Fig. 4d
depicts an excitation-dependent emission spectrum (400–650
nm) that showed the presence of intrinsic uorescence in core–
shell SPIONs. The emission patterns were found to exhibit
characteristic indications of a carbogenic composition.39 The
inherent emission behavior can be attributed to surface energy
traps, and emission originates from rich carboxyl and hydroxyl
groups as reported for carbon nanostructures.40 Fig. S4 in the
ESI† illustrates emission behavior in different pH media with
no signicant change in intensity, which suggests their poten-
tial optical imaging applications in dispersed media such as cell
lysates and cell cytoplasm, enabling intracellular imaging of
biomolecules.

The Z-scan methodology presents a direct approach for
quantifying the phase alteration experienced by a laser beam
while traversing a nonlinear medium. This technique enables
the determination of both the sign and amount of the phase
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Full survey XPS spectra. High resolution deconvoluted XPS spectra of (b) iron, (c) oxygen, (d) carbon and (e) nitrogen, respectively and (f)
FTIR spectra of core–shell SPIONs.
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shi, which are intimately linked to the uctuations in the
refractive index of the material. Furthermore, the Z-scan tech-
nique measures alterations in transmission that arise from
nonlinear absorption, a phenomenon closely linked to the
absorption coefficient. In order to validate the nonlinear optical
characteristics, a scanmeasurement was conducted subsequent
to the drop casting of core–shell SPIONs onto a glass substrate.
In Fig. 5a the Z-scan results show a transmittance loss of around
Fig. 4 (a) Absorption spectra, (b) optical band gap estimation, (c) excitatio
SPIONs, respectively.

This journal is © The Royal Society of Chemistry 2024
0.92 and 0.78 for two distinct laser illumination powers, 212
mW and 252 mW, respectively. Fig. 5b depicts PL intensity
measured at 560 nm aer illumination with an excitation
wavelength of 800 nm. The emission spectra were recorded at
two distinct laser illumination powers, specically 212 and 252
mW. The results indicate that core–shell SPIONs possess
intrinsic optical nonlinearity and two-photon absorption,
neither of which have been extensively documented in prior
n spectra and (d) excitation dependent emission spectra of core–shell

J. Mater. Chem. A
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Fig. 5 (a) Z-scan measurement spectra and (b) PL emission spectra of core–shell SPIONs at two laser powers, respectively (excitation – 800 nm
and PL emission – 560 nm) (laser power – 212 and 252 mW).
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research. The potential for the development of innovative
applications of core–shell SPIONs in the domain of infrared
bioimaging is substantial, as suggested by these observations.
The work in greater detail will be examined aerward.

2.4 Ultrasmall magnetite nanoparticles bring about superior
magnetic susceptibility and high relaxivity contrast in MR
imaging

A superconducting quantum interference device-vibrating
sample magnetometer (SQUID-VSM) equipment was used to
evaluate the magnetic susceptibility of core–shell SPIONs.
Fig. 6a shows the magnetic hysteresis (M–H) curve recorded at
300 K under a magnetic eld of 4 T. We estimated a saturation
magnetization (Ms) of 42.92 emu g−1, remanent magnetization
(Mr) of 1.12 emu g−1, and coercivity (Hc) of 43.40 gauss. The
minimum remnant magnetization and low coercivity value
establish superparamagnetism in core–shell SPIONs.38

Temperature-dependent eld-cooled (FC) and zero-eld-cooled
(ZFC) magnetization curves, presented in Fig. 6b, showed
a single transition separating FC and ZFC curves at 240 K,
conrming superparamagnetism at room temperature. The
observed superparamagnetic nature may be attributed to
ultrasmall magnetite nanoparticles (∼5 nm) in the magnetic
core. The inherent magnetic characteristics and colloidal dis-
persibility of core–shell SPIONs in aqueous media were exam-
ined. Aer attaining equal dispersion, an experiment was
carried out in which a magnet was placed in close proximity to
the scattered material. As a result, there was a noticeable
phenomenon of rapid aggregation towards the magnet. None-
theless, aer the magnet was removed, a minor form of agita-
tion caused the re-dispersion of colloidal particles. Magnetic
resonance (MR) imaging relies heavily on the fast magnetic
response and remarkable colloidal dispersibility in aqueous
uids. The presence of a carbon coating as well as an abun-
dance of carbonyl, hydroxyl, and nitrogen groups on the surface
of core–shell SPIONs improves water molecule accessibility to
the sample surface. As a result, the SPIONs have better dis-
persibility and great magnetic susceptibility.

Furthermore, we performed MR imaging to evaluate the
potential of core–shell SPIONs as a contrast agent. SPIONs are
commonly used as T2 contrast agents due to their ability to
reduce the signal intensity by dephasing the transverse
magnetization, leading to a decrease in transverse relaxation
J. Mater. Chem. A
time T2 and producing negative contrast. To validate this,
phantoms were prepared using agarose gel as a tissue mimic
medium, with different concentrations of core–shell SPIONs. In
Fig. 6c, the phantom MR color map showed a decrease in
relaxation time (red color to blue color) with increasing
concentration of core–shell SPIONs. A decrease in MR signal
intensity resulted in enhanced negative contrast, or darkening,
compared to pure agarose gel and when core–shell SPIONs were
present. The plot in Fig. 6d illustrates the relationship between
the relaxation rate (1/T2) and Fe concentration in core–shell
SPIONs (ranging from 0.01 to 0.10 mM). Through linear tting
of the plot, the relaxivity value (r2) was calculated to be 156
mM−1 s−1. Themeasured relaxivity was determined to be higher
than that of contrast agents available in the market and those
reported in the literature (Table S2 in the ESI†).41,42 This
suggests that core–shell SPIONs can be a good T2-weighted
negative contrast agent for non-invasive MR imaging in
disease diagnosis.

2.5 Magnetic imaging conrms superparamagnetism and
local magnetic domains in single core–shell SPIONs

Magnetic force microscopy (MFM), scanning associated atomic
force microscopy, uses a magnetic probe which interacts with
magnetic elds in close proximity to a sample surface. MFM
detects nanoscale magnetic interactions, i.e., local magnetic
domains by measuring magnetic probe deections caused by
the magnetic properties of the sample surface. We rst
prepared a pallet of core–shell SPIONs and then performed
MFM scanning to acquire magnetic phase images. The scan-
ning was done at a height of 50 nm between the probe tip and
sample surface on applying a magnetic eld of 500 G. Fig. 7a–
d present the images of magnetic regions on the sample surface,
along with phase shi, height, and amplitude values. The
determined phase contrast was 4.1 radian, with a magnetic
angle of 308.6 m° and an amplitude of 841.3 mV. Multiple scans
with adjustments in the li height, local magnetic domain and
amplitudes were mapped against the magnetized probe. The
negative values in the magnetic phase supported the super-
paramagnetic behavior of SPIONs and the presence of local
magnetic domains in the mapped region.43

Furthermore, we decided to map the local magnetic
domains of single SPIONs. To achieve this, samples were
prepared by spin coating of a single layer of SPIONs on
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) M–H magnetization curve and (b) temperature-based magnetization FC and ZFC curve of core–shell SPIONs, respectively. (c) T2-
weighted color overlaid map image. Numbers (1 to 6) in (c) indicate regions corresponding to small phantom tubes with different concentrations
of sample. (d) Plot of R2 or 1/T2 vs. Fe concentration in the sample (0.01–0.10 mM). The red line in the plot (d) represents a linear fit of the given
values. Relaxivity was estimated from the slope of the linear fitted graph. MR imaging was performed on a 3T medical MR scanner.
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a silicon dioxide substrate. MFM scanning was performed
on a single SPION nanoparticle. Fig. 8a–d display the phase
contrast image, which conrms local magnetic domains on
the sample surface. The negative values in the magnetic
phase image corroborated superparamagnetic behavior and
validated that single SPIONs are nanoscale magnetic
Fig. 7 MFM imaging of a core–shell SPION pallet well patterned on the
phase contrast image and (d) magnetic signal amplitude images as imag

This journal is © The Royal Society of Chemistry 2024
domains.44 Understanding the magnetic behavior of SPIONs
at the single-particle level is essential for biomolecule
sensing, magnetic particle imaging, magnetic hyperthermia,
identifying ferritin proteins, and classifying magnetic
nanoparticle-labeled cells.45
substrate. (a) Phase contrast image, (b) topological height image, (c)
ed from MFM scanning in AFM microscopy with the magnetized tip.
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Fig. 8 MFM imaging analysis of a single particle of core–shell SPIONs patterned on a silicon substrate: (a) electrostatic image at a height of
50 nm, (b) topological height image, (c) standard MFM image of single core–shell SPIONs at 500 gauss and (d) topographical AFM image of single
core–shell SPIONs, respectively.
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2.6 Core–shell SPIONs are biocompatible and show
multicolor emission in confocal imaging

We further evaluated the cytotoxicity of core–shell SPIONs using
MTT assays on two cancer cell lines: SH-SY5Y neuroblastoma
and HT-29 human colorectal adenocarcinoma cells. The cell
viability experiments were conducted using various concentra-
tions of sample ranging from 0 to 50 mg ml−1. The cell viability
experiments demonstrated signicant biocompatibility up to
a concentration of 50 mg ml−1. Fig. 9a–d present the dose-
dependent cell viability results for both the SH-SY5Y neuro-
blastoma and HT-29 human colorectal adenocarcinoma cells
for 24 and 48 hours, respectively. The cell viability was found to
be over 80% even at higher concentrations against both cell
lines at both time points. These results indicate that core–shell
SPIONs are biocompatible and show great potential to be used
in optical bioimaging and cellular internalization studies.

Confocal microscopic imaging revealed a prominent cellular
internalization and displayed multicolor emission of core–shell
SPIONs. Fig. 10 demonstrates cellular uptake in two cancer cell
lines: SH-SY5Y neuroblastoma and HT-29 human colorectal
adenocarcinoma cells. In the uorescence study, the cancer
cells were incubated with SPIONs at a concentration of 10 mg
ml−1. Imaging samples were prepared on glass slides following
the recommended protocol. The results showed multicolor
uorescence from the cell cytoplasm, showing the great efficacy
of SPION uptake. The ndings imply that SPIONs could be
useful as nanocarriers for the targeted delivery of certain
biomolecules in cancer therapy.
2.7 High photoconductivity and rapid photo-switching in m-
IDE-Pt/SPION electrode based photoresponsive devices

We further studied the potential of the prepared m-IDE-Pt/
SPION heterostructures in photoresponsive devices. Scheme
J. Mater. Chem. A
2 shows the graphical representation of the photo-
responsive device developed using photolithography. The
photoelectrodes were prepared by patterning them on
silicon dioxide substrates in a sequential li-off process
with a photoresist followed by spin coating of core–shell
SPIONs.

Fig. 11a illustrates a non-linear current density plot as
voltage increases. This non-linear behavior indicates eld-
assisted enhanced carrier conduction across the electrode.
The increased carrier conduction can be attributed to Fowler–
Nordheim tunnelling of the HUMO (highest occupied
molecular orbital) electrons under the inuence of an electric
eld.46 It is noteworthy that uniformly coated core–shell
SPIONs contribute to symmetric current–voltage characteris-
tics (I–V) in a bilaterally symmetric manner. This symmetric
behavior can be advantageous for the integration of such
device structures in system-on-chip congurations.47,48 Addi-
tionally, the conductance versus voltage characteristics also
exhibit a non-linear behavior and reach saturation at
approximately 7.8 V, as shown in Fig. 11a (inset). This
behavior further emphasizes the unique electrical properties
of the m-IDE Pt/SPION heterostructure in photoresponsive
devices. In the study, the fabricated m-IDE-Pt/SPION hetero-
structures were subjected to green and red illumination,
resulting in a one-order variation in device current. The
photoresponsive devices based on m-IDE-Pt/SPIONs exhibited
rapid optical to current responsiveness and a substantial
photo to dark current ratio. The study on photoinduced
current investigated the rise and fall times of the device's
reaction, which were found to be 93/281 milliseconds when
exposed to a green laser. This nding suggests that the device
has signicant potential for use in printed electronic health
monitoring systems. In contrast, non-communicable diseases
have exhibited a range of desirable characteristics, including
This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Cell viability experimental studies evaluated SH-SY5Y neuroblastoma and HT-29 human colorectal adenocarcinoma cells. (a and b) Bar
chart and error bars for percentage cell viability in SH-SY5Y neuroblastoma cells for 24 and 48 hours (c and d). Bar chart and error bars for
percentage cell viability in HT-29 colorectal adenocarcinoma cells for 24 and 48 hours, respectively (data are mean ± SD) (sample concertation
= 0–50 mg ml−1).
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multifunctionality, biocompatibility, multicolor emission,
and signicant potential for utilization in cellular imaging
within the realm of biomedical applications. Moreover, this
research offers abundant prospects for investigating the
synthesis of nanoscale materials using a single step process,
as well as achieving a high throughput yield in their manu-
facture. In the future, the utilization of multifunctional core–
shell superparamagnetic iron oxide nanoparticles (SPIONs) as
illustrated in this study could hold signicant value in the
development of interdigitated optoelectronic devices aimed
at monitoring human health, respectively (Fig. 11b). These
ratios indicate the sensitivity of the fabricated device to light,
with a higher ratio corresponding to a higher sensitivity. The
comparison table in Fig. 11c provides additional insights into
the device performance under laser illumination. It shows the
rise and fall times of device response, which were measured to
be 93/281 milliseconds and 1570/1055 milliseconds for green
and red illumination, respectively. The above-mentioned
timings indicate the speed at which the current of the
device reacts to a light stimulus. In core–shell SPIONs, the
increased sensitivity and quicker rise time observed in green
light can be attributed to the existence of electron capture
sites on the functionalized surface of the carbon shell.
Different types of lighting can cause sensitivity in these trap
locations. The resonance between the incident light and the
bound electron in the SPIONs, which have a bandgap in the
range of 532 nm, provides additional support for the greater
sensitivity observed under green light illumination. Fig. 11d
This journal is © The Royal Society of Chemistry 2024
illustrates the resonance effect. These results demonstrate
the photoresponsive device applications of the fabricated m-
IDE-Pt/SPION heterostructure.
2.8 Purication of the supernatant via column
chromatography produced nitrogen doped carbon dots
(NCDs) as a reaction byproduct

Aer the synthesis and once we collected the core–shell SPIONs
from the reaction via magnetic separation, we utilized the super-
natant and subjected it to purication via column chromatog-
raphy (Scheme 1). Typically, the obtained supernatant was
collected with caution and subjected to rotary evaporation,
resulting in the formation of a thick liquid. Subsequently, puri-
cation was carried out using column chromatography, employing
dichloromethane (DCM) and hexane at different ratios, leading to
the isolation of the desired products with a DCM–hexane
composition of 70%. Column chromatography purication of
NCDs was performed using silica gel (mesh size 60–120) following
a method similar to a previously described one.49 The yield of
NCDs was calculated to be 15.45%. The puried NCDs were
subjected to 1HNMR studies in CDCl3 solvent to get information
about the protons associated in the structure. In Fig. S5 (ESI),† the
1H NMR spectra of the puried NCD structure exhibit distinct
signals corresponding to the protons associated with the surface
hydroxyl and carbonyl groups. The presence of these signals
conrms the successful purication of the NCDs, and the spectra
indicate the structural integrity of the carbon dot.49 We used
puried NCDs for further characterization and studies.
J. Mater. Chem. A
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Fig. 10 Confocal microscopy images of core–shell SPIONs against
two cancer cell lines under the illumination of different laser channels
to observe multicolor behavior in the sample. (a–g) Confocal imaging
of the SH-SY5Y neuroblastoma cell line showing the overlay image (a),
DAPI channel (b), FITC channel (c), TRITC channel (d), CY5 channel (e),
bright field image (f) and overlay of all the channels (g), respectively.
(h–n) Confocal imaging of the HT-29 human colorectal adenocarci-
noma cell line showing the overlay image (h), DAPI channel (i), FITC
channel (j), TRITC channel (k), CY5 channel (l), bright field image (m)
and overlay of all the channels (n) respectively (DAPI–blue, FITC–
green, TRITC–yellow and CY5–red) (scale bar: 20 mm).

Scheme 2 Schematic process of the fabrication of noble metal-based
(100) for a smooth buffer layer ∼300 nm, (c) spin-coating of S-1813 PR w
using NUV photo exposure with l-365 nm, and (e) deposition of Pt/Cr
electrode formation, (g) spin-coating of core–shell SPIONs, and (h) elec

J. Mater. Chem. A
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2.9 NCDs are small and semi-crystalline in nature and
possess high surface functionality

The transmission electron microscopy (TEM) image in Fig. 12a
reveals the spherical morphology of nitrogen doped carbogenic
nanodots (NCDs) with a particle size of ∼5 nm. The SAED
pattern (Fig. 12b) also veried the hexagon pattern and
graphitic nature of carbon dots. The small size of NCDs is
signicant for their potential applications in bioimaging.
Fig. 12c presents the XRD pattern of NCDs, exhibiting
a distinctive diffraction peak at a 2-theta position of 24°, which
corresponds to the semicrystalline phase of carbon. Moreover,
nitrogen doping causes a shi in the diffraction peak to a higher
theta position, indicating the intercalation of nitrogen in NCD
structures. The Raman spectra shown in Fig. 12d display the
characteristic D and G bands of defective and graphitic phases
in NCDs. The observed D and G bands at 1346 and 1585 cm−1,
respectively, are attributed to the disordered sp3 and graphitic
sp2 domains of carbon atoms.50 The high prominent ratio of the
D and G bands indicates the semi-crystalline phase of carbon
and the presence of tiny, disordered regions due to nitrogen
doping. Additionally, photoluminescence Raman spectroscopy
in Fig. 12e exhibits a prominent peak at 700 nm, conrming
luminescence properties. This further enhances the potential of
NCDs for various optical applications.51

Fig. 13a shows XPS full survey spectrum analysis conrming
the presence of oxygen, carbon, and nitrogen in the NCD
structure. The high-resolution C 1s XPS spectra (Fig. 13b) show
three peaks centered at binding energies of 284.61, 285.55, and
287.41 eV, which correspond to the C]C, C]N, and C]O
functional groups, respectively. The deconvoluted O 1s spectra
(Fig. 13c) display three distinct peaks at binding energies of
532.20, 533.10, and 533.81 eV, corresponding to C]O, N–C]O,
and O–C–O functional groups, respectively. These peaks
m-IDE device. (a) Deicing and cleaning of the wafer, (b) oxidation of Si
ith a thickness of ∼1 mm followed by PAB at 110 °C, (d) patterning of PR
over the patterned area. (f) lift-off process of PR and interdigitated
trical characterization with monochromatic light illumination.

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Electrical characteristics of the fabricated m-IDE Pt/SPION heterostructure: (a) bias dependent current (I–V) characteristics for the 50 mm
core–shell SPION channel; the inset shows the conductance dI/dV (inset left) for the abovementioned device structure; the optical image of m-
IDE Pt/SPIONs for electrical measurement (inset right); scale bar −500 mm. (b) Photo-response analysis under different wavelength illumination
performed at 1 V bias. (c) Tabulated gain (Ion/Ioff) for different illumination. (d) The UV-vis spectra of core–shell SPIONs in line with the photo-
response; the large spectrum of absorption (700–250 nm) suggests the substantial number of carbons containing absorption sites responsive to
distinct energy.

Fig. 12 (a) TEM image (scale bar: 20 nm), (b) SAED pattern (scale bar: 5−1 nm), (c) P-XRD spectra, (d) Raman spectra and (e) PL Raman spectra of
NCDs, respectively.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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Fig. 13 Full survey (a) XPS spectra and high resolution deconvoluted XPS spectra of (b) carbon, (c) oxygen and (d) nitrogen in NCDs, respectively.

Fig. 15 Bar chart and error bars for percentage cell viability evaluated
against HeLa cells and percentage cell viability for 24 hours (data are
mean ± SD) (sample concertation = 0–50 mg ml−1).
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indicate the presence of carbonyl and carboxyl groups in the
NCD structure. The high-resolution deconvoluted N 1s spectra
(Fig. 13d) exhibit two peaks at binding energies of 399.10 and
400.10 eV, whichmay be attributed to the presence of C–NH and
N–C]O functional species, respectively. These peaks indicate
the presence of amino groups and nitrile or amide groups in the
NCD structure. XPS results conrm the presence of abundant
surface carbonyl and hydroxyl functional groups, as well as
nitrogen doping in NCDs. These functional groups and nitrogen
doping contribute to the unique optical properties and poten-
tial applications of NCDs.52

2.10 NCDs are biocompatible and display multicolor
emission in confocal microscopy

Fig. 14a shows the band gap of NCDs, which was calculated to be
2.75 eV. This value falls within a broad visible region of the elec-
tromagnetic spectrum, validating the unique optical response of
NCDs. Fluorescence spectra were used to characterize the excita-
tion and emission behavior of NCDs, as shown in Fig. 14b and c.
The excitation maximum was determined to be 400 nm, while the
emission maximum was recorded at different excitation
Fig. 14 (a) Band gap estimation, and (b) excitation and (c) emission spec

J. Mater. Chem. A
wavelengths and an excitation-dependent emission behavior was
observed and conrmed multicolor emission.28 The surface
charge of NCDs was evaluated through zeta potential analysis
studies. Fig. S6 in the ESI† shows measured surface charge to be
tra of NCDs, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig. 16 Confocal laser scanning microscopy images of HeLa cells incubated with NCDs after an incubation time of 3 hours in a physiological
medium. Figure represents (a) overlay image for all channels, (b) DAPI channel, (c) FITC channel, (d) TRITC channel, (e) CY5 channel, and (f) bright
field image, respectively (DAPI – blue, FITC – green, TRITC – yellow and CY5 – red) (scale bar: 20 mm).
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5.86 mV in a colloidal dispersion of the sample in an aqueous
solution.

The cytotoxicity of NCDs was assessed using MTT assays
against HeLa cells. The cell viability experiments were con-
ducted using various concentrations of NCDs ranging from 0 to
50 mg ml−1. The results of cell viability experiments aer 24
hours are depicted in Fig. 15. The percentage cell viability was
found to be over 80% even at higher concentrations. These cell
viability results indicate that NCDs are biocompatible and have
immense potential to be used in bioimaging.

We further studied cellular internalization of NCDs in HeLa
cells. NCDs were incubated for 3 hours at a concentration of 10
mg ml−1 with HeLa cells and observed under a microscope.
Fig. 16 shows confocal images in blue, green, yellow, and red
emissions from cell cytoplasm indicating the uptake of NCDs.
The excitation-dependent emission behavior observed in the
cellular environment further conrms the ability of NCDs to
emit light of distinct colors when illuminated at different
wavelengths. Thus, the results suggest that NCDs could be used
as an imaging agent in cellular internalization studies and
uorescence imaging techniques.
3 Conclusion

In this study, we introduce a revolutionary methodology for the
production of two nanoscale goods, namely core–shell super-
paramagnetic iron oxide nanoparticles (SPIONs) and nitrogen
doped carbon dots (NCDs). In particular, our technique incorpo-
rates a single-step synthesis process, which eliminates the need
for any future modications or separation and purication oper-
ations. The core–shell SPIONs revealed a variety of functions,
including uorescence and the capacity to emit several colours in
confocal imaging. The individual particle magnetic susceptibility
This journal is © The Royal Society of Chemistry 2024
of core–shell SPIONs was measured, indicating considerably
greater magnetic resonance contrast compared to commercially
available contrast agents. The relaxivity value of the SPIONs was
determined to be 156 mM−1 s−1. The study showcased the
biocompatibility of core–shell superparamagnetic iron oxide
nanoparticles (SPIONs), as well as their procient internalization
into cancer cells. The results emphasize the potential of core–shell
superparamagnetic iron oxide nanoparticles (SPIONs) in the area
of targeted delivery. The photoresponsive devices based on m-IDE-
Pt/SPIONs exhibited rapid optical to current responsiveness and
a substantial photo to dark current ratio. The study on photoin-
duced current investigated the rise and fall times of the device's
reaction, which were found to be 93/281 milliseconds when
exposed to a green laser. This discovery implies that the apparatus
possesses considerable promise as a component for printed
electronic health monitoring systems. On the other hand, nano-
crystals (NCDs) have demonstrated a variety of advantageous
attributes, such as multifunctionality, biocompatibility, multi-
color emission, and substantial promise for implementation in
biomedical cellular imaging. Furthermore, this study presents
signicant opportunities for further exploration into the single-
step synthesis of nanoscale materials and the attainment of
a substantial throughput yield during their production. The
application of multifunctional core–shell SPIONs, as demon-
strated in this research, may have substantial implications for the
future advancement of interdigitated optoelectronic devices
designed for health monitoring of humans.
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