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Antibiotics are commonly used as antibacterial medications due to their extensive and potent therapeutic
properties. However, the overconsumption of these chemicals leads to their accumulation in the human
body via the food chain, amplifying drug resistance and compromising immunity, thus presenting a sig-
nificant hazard to human health. Antibiotics are classified as organic pollutants. Therefore, it is crucial to
conduct research on precise methodologies for detecting antibiotics in many substances, including food,
pharmaceutical waste, and biological samples like serum and urine. The methodology described in this
research paper introduces an innovative technique for producing nanoparticles using silica as the shell
material, iron oxide as the core material, and carbon as the shell dopant. By integrating a carbon-doped
silica shell, this substance acquires exceptional fluorescence characteristics and a substantial quantum
yield value of 80%. By capitalising on this characteristic of the substance, we have effectively constructed
a fluorescent sensor that enables accurate ofloxacin analysis, with a detection limit of 1.3 x 107® M and a
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linear range of concentrations from 0 to 120 x 10™® M. We also evaluated the potential of CSIONPs for
OLF detection in blood serum and tap water analysis. The obtained relative standard deviation values were
below 3.5%. The percentage of ofloxacin recovery from blood serum ranged from 95.52% to 103.287%,
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Introduction

The rapid progression of antibiotic-microbial resistance (AMR)
poses a major and pressing public health dilemma. According
to the World Health Organization (WHO), the emergence of
antimicrobial resistance (AMR) might lead to around
10 million deaths by the year 2050. The COVID-19 pandemic
has led to a rise in the usage of antibiotics in medical settings
as a preventive measure against secondary infections, which
emphasizes an underlying health concern." Both humans and
animals frequently encounter insufficient absorption and
metabolism of antibiotics, which increases the risk of the pro-
longed development and dissemination of antibiotic-resistant
genes (ARGs) and bacteria (ARBs), along with adverse effects
on the environment and human health.?* Moreover, the exten-
sive utilization of antibiotics leads to the accumulation of
these substances in groundwater, animals, humans, and
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and from 89.9% to 96.0% from tap water.

soil.*”” Hence it is necessary to develop cutting-edge analytical
platforms that are capable of rapid, accurate, and selective
antibiotic detection.

Conventional methods for identifying antibiotics include
HPLC, chemiluminescence, capillary electrophoresis, flow
injection spectrophotometry, use of aptasensors, electro-
chemical approaches, and fluorescence.>'* The latest tech-
niques for sensing include electrochemical and fluorescence
approaches.”*™*® Graphene nanocomposites doped with nitro-
gen and cuprous oxide were utilized by Wu Fanghui et al.'® as
electrochemical sensors for detecting ofloxacin (OLF) with a
detection limit of 0.34 M. This method has notable con-
straints, such as poor reproducibility, a lengthy pre-treatment
process, and a high threshold for the detection limit (DL)."”
Fluorescence technology, on the other hand, overcomes these
limitations in terms of simplicity, fast response time, high sen-
sitivity, real-time sensing, non-destructiveness, and requiring
no pre-treatment.'®

Several recent studies have used molecular imprinting,
aptamers, carbon dots, quantum dots (QDs), lanthanide ion
integrated metal organic frameworks (MOFs), and covalent
organic frameworks (COFs).”'®2? In the study by S. B. Aissa
et al. the Forster Resonance Energy Transfer Mechanism was
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employed by putting the fluorophore and the quencher
together in proximity, and the hybridization of a fluorescein-
labeled aptamer (FAM-APT) with a tetramethyl rhodamine-
labeled complementary sequence (TAMRA-cDNA) produced
maximal fluorescence quenching in the absence of OLF. When
the target OLF is introduced, the aptamer changes confor-
mation by producing a FAM-APT/OLF complex, which partially
recovers fluorescence under optimal conditions.>® Z. Yan et al.
proposed an OLF sensor based on aptamer coated gold nano-
particles and Rhodamine B dye as an amplifier. The detection
limit was 4.61 x 10™° M in a milk sample and 1.66 x 10™° M in
aqueous solution.>® X. Q. Yao et al use a dual functional
sensor based on an MOF to detect OLF and nitroaromatic
chemicals.”® K. Suanchan et al created a polymer nano-
composite comprising graphene QDs and hierarchical porous
carbon that was used as a fluorescent probe for OLF sensing
with a detection limit of 0.06 g L™.° Advances in nanomaterial
engineering techniques have made it easier to integrate two or
more independent components into core-shell nanoparticles.
The occurrence of several nanostructured phases with
different compositions has piqued researchers’ interest, with
one core phase enveloping the shell. This material’s key appli-
cations in medicine include multimodal bioimaging, medi-
cation targeting, genetic manipulation, biological labelling,
bio-diagnostics, and photodynamic treatment.”®>®

This research presents a novel method for fabricating a
core-shell structure using a single-step process. The structure
consists of iron oxide nanoparticles enclosed within a carbon-
doped silica shell. Prior studies have examined iron oxide
nanoparticles that were individually coated with silica and
carbon, using a multiple step synthesis route.>® To our knowl-
edge, no single-step synthesis method for CSIONPs has been
reported in the literature. Magnetic iron oxide nanoparticles
were chosen due to their ease of separation, non-toxicity, bio-
compatibility, and low cost, as well as the shell constituents’
ability to be easily functionalized with ligands, antibodies, and
other capping agents.’® Furthermore, we chose a carbon
doped silica shell due to its unique properties such as effective
oxidation barriers and shielding of magnetic core materials
from corrosion and fast aggregation.*’

The core-shell material was created using the solvothermal
process, which is a method for synthesizing nanoparticles
with the bottom-up approach. In this process, we used ferro-
cene to supply iron and carbon, TEOS to provide silica, and
hydrogen peroxide to facilitate oxidation. These synthesized
core-shell CSIONPs were then used to detect OLF, which is a
component of fluoroquinolone antibiotics. Fluoroquinolones
are the third largest group of antibiotics, comprising approxi-
mately 17% of the global market.”” This antibiotic exhibits a
wide range of antibacterial efficacy against both Gram-negative
and Gram-positive bacteria.'® The excessive and unfair use of
OLF, due to its antidegradation property, may result in tendon
injury and peripheral neuropathy.’> The CSIONPs demonstrate
exceptional selectivity without the need for an incubation
period. The optimal detection limit was around 1.3 x 10~°
M. In addition, we evaluated the appropriateness of CSIONPs
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for immediate analysis in both blood serum and tap water.
Advancements in sensitivity and engineering will facilitate the
progress of the portable OLF sensor.

Materials

HPLC acetone, tetraethyl orthosilicate (TEOS, reagent grade
98%), ferrocene (98%), sodium chloride (NaCl), potassium
chloride (KCl), glycine, urea, magnesium carbonate (MgCOs),
calcium carbonate (CaCO;), dimethyl formamide (DMF >
99%), ascorbic acid, and 2-methylimidazole were purchased
from Sigma Aldrich. Hydrogen peroxide (H,O,, 35% in water,
TCI), ofloxacin tablets IP 200 mg (OFLOX-200), azithromycin
tablets IP 500 mg (Azithral-500), metronidazole tablets IP
(FLAGYL-400), paracetamol tablets IP 500 mg (CALPOL 500),
diclofenac prolonged release tablets IP (VOVERAN SR75), de-
ionized water (resistivity: 18.2 MQ), tap water, and blood
serum collected from a healthy volunteer were used. All chemi-
cals were used without any further purification.

Synthesis of CSIONPS

0.2 g of ferrocene was taken in 60 mL of acetone and sonicated
continuously for 30 min to ensure complete dissolution of
ferrocene in acetone followed by the addition of 4.5 mL of
hydrogen peroxide dropwise. The mixture was stirred on a
magnetic stirrer for 1 hour. Then 0.75 mL of TEOS was added
to the mixture and stirred for 5 min. This reaction mixture was
transferred to a Teflon autoclave cage and placed in an oven at
220 °C for 48 hours. The reaction mixture was allowed to cool
at room temperature. The orange-colored precipitate was sep-
arated by centrifugation, washed three times with acetone, and
dried overnight in an oven at 40 °C for further use.

The synthesis of the core-shell morphology begins with the
oxidation of ferrocene’s ferrous ions (Fe*") to ferric ions (Fe*")
using hydrogen peroxide. This oxidation process results in the
formation of iron oxide (Fe,O3), which serves as the core
material. Simultaneously, water from the hydrogen peroxide
reacts with TEOS, gradually converting it into silica. This trans-
formation process occurs gradually due to the low water
content, allowing silica to deposit as a shell layer over the
hematite nanoparticles.

Moreover, carbon present in the solution is incorporated
into the shell structure during synthesis. This inclusion of
carbon further enhances the properties of the core-shell
nanoparticles.

Characterisation

The morphology and particle size distribution of the CSIONP
nanostructure were examined using a NOVA Nano SEM 450
field emission scanning electron microscope (FESEM) at a 10
kv accelerating voltage. Transmission electron microscopy
(TEM) images were acquired using a FEI Tecnai electron micro-
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scope operated at 200 kV with a LaBg filament as the source of
electrons for TEM imaging and selected area electron diffrac-
tion (SAED). Scanning transmission electron microscopy
(STEM) coupled with high angle annular dark field (HAADF)
imaging, elemental mapping, and energy dispersive X-ray spec-
troscopy (EDAX) were conducted using a TECNAI G20 HR-TEM
operating at 200 kV. A Rigaku Smart Lab diffractometer was
used to record powder X-ray diffraction (PXRD) patterns. The
diffraction was performed using CuKo radiation, scanning
from 10° to 70° at a scan speed of 2° min~'. The Malvern
Zetasizer NanoZS was used to calculate the zeta potential, size,
and polydispersity index (PDI) of the supplied sample. For
recording X-ray photoelectron spectra (XPS), a VG ESCALAB250
electron spectrometer with monochromatic Al K (1486.6 eV) at
15 kV and 10 mA was employed. The adsorption/desorption
isotherms and pore volumes of the adsorbents were deter-
mined using nitrogen adsorption-desorption isotherms,
measured at 77 K using a Quanta chrome Autosorb 1C
Brunauer-Emmett-Teller system. Magnetic force microscopy
(MFM) imaging experiments were conducted using a
Dimension ICON MFM (Bruker) in tapping mode, with a scan-
ning rate of 0.9 Hz. The phase image was acquired by employ-
ing magnetic force microscopy with a 50 nm lift height. Data
on fluorescence lifetime was acquired using a Horiba Jobin
Yyun Deltaflex-01-NL instrument equipped with a 284 nm
laser. In order to ascertain the functional groups, Fourier
Transform Infrared Spectroscopy (FTIR) data were acquired
using an iS20 Nicolet Assembly from Thermo Fisher Scientific
using the ATR mode. The relative quantum yield was calcu-
lated using a UV-2600, a SHIMADZU UV-Vis spectrophoto-
meter, and an FS5, an EDINBURGH fluorescence spectro-
photometer. Fluorescence analysis was performed on unfil-
tered materials at 20 °C using a VarianTM Cary Eclipse fluo-
rescence spectrometer (Agilent Technologies, USA) with exci-
tation between 200 and 400 nm (5 nm bandwidth) and
emission between 280 and 500 nm (2 nm bandwidth).

Fluorescence detection of ofloxacin

To conduct fluorescence investigations, a sample unit was pre-
pared by combining 100 pL of a stock solution of CSIONPs
(2 mg mL™") in 3 mL DMF. The sample was excited with light
at a wavelength of 350 nm and the subsequent emission was
detected at a wavelength of 432 nm. In addition to conducting
OLF sensing, different concentrations of OLF were injected
into the sample unit.

Real time antibiotic analysis in tap water and blood serum

In order to conduct the tests on the samples of human blood
serum, one part of human blood serum was mixed with two
parts of acetonitrile (in a 1:2 ratio) to remove large molecules
and proteins. This mixture was then centrifuged for
20 minutes at 10 000 rpm and stored at —20 °C. Subsequently,
the material was diluted 100 times to minimize potential
matrix influence, following the procedure outlined in a pre-
vious study.?® There is no need for pre-treatment for antibiotic
analysis in tap water. Using the standard method of addition,
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the samples of blood serum and tap water were enhanced with
the OLF concentrations. Subsequently, the samples were ana-
lyzed utilizing the method for the detection of OLF.

Results and discussion
Morphological analysis

The surface characteristics and dimensions of the CSIONPs
were analysed using FESEM. The results demonstrated the for-
mation of uniformly distributed spherical core-shell particles
with an average diameter of 280-290 nm, as shown in Fig. 1(a).
The dynamic light scattering (DLS) analysis revealed that the
hydrodynamic diameter of the CSIONPs was 372 nm. This
finding aligns with the particle sizes identified during the
SEM analysis. The average PDI derived by DLS was 0.071. The
zeta potential of CSIONPs was determined to be —41.6 mV,
which matches with the values reported in the literature.>* The
highly negative zeta potential value suggests the existence of
negatively charged functional groups on the surface, such as
—OH. This is further validated in the subsequent section using
FTIR analysis.

The transmission electron microscopy (TEM) image of
CSIONPs (Fig. 1(b)) exhibits a characteristic core-shell archi-
tecture, consisting of an outer layer of 50 nm thickness and an
inner core composed of iron oxide constituents. Several
a-Fe,0; particles were observed to be enclosed within the core.
This phenomenon may be attributed to the mutual attraction
among the constituent particles, which arises from the mag-
netic properties of the iron oxide nanoparticles. The SAED
pattern of CSIONPs demonstrates low crystallinity due to the
presence of amorphous silica and carbon in the shell
(Fig. 1(c)). Fig. 1(d) shows a STEM-HAADF image of CSIONPs,
which demonstrates the core shell structure in a very obvious
manner. The distribution of elements within the core shell
structure is depicted in Fig. 1(e), which shows an overlay of
iron, oxygen, silicon, and carbon. Iron, oxygen, and silicon
each has its own individual elemental mapping represen-
tations seen in Fig. 1(f~h). The EDAX elemental analysis pro-
vided conclusive evidence that carbon, iron, oxygen, and
silicon were present in the sample (Fig. 1(i)). The magnetic
force microscopy topography image, the phase image, and the
phase shift versus distance plot can be found in Fig. 1(j-1),
respectively. The MFM analysis shows that the magnetic
domains are aligned in a uniaxial direction by 18 degrees on
magnetization but are disordered on demagnetization which
is consistent with the findings described in the literature.?”

Structural analysis

X-ray diffraction study is used to determine the crystalline
structure and lattice characteristics of crystals. The results
indicate distinct 26 diffraction peaks at angles of 24.19°,
33.12°, 35.72°, 40.93°, 49.49°, 54.05°, 62.46°, and 64.07°.
These peaks correspond to diffraction planes with Miller
indices of (012), (104), (110), (113), (024), (116), (214), and
(300) accordingly (Fig. 2(a)). The diffraction peaks observed

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Morphological analysis: (a) SEM image, (b) TEM image, (c) SAED-HAADF pattern, (d) STEM image (e) overlay of iron, oxygen, silicon and
carbon, (f) elemental mapping of iron, (g) elemental mapping of oxygen, (h) elemental mapping of silicon, (i) TEM-EDAX, (j) MFM topographic
image, (k) MFM phase shift images, and (1) phase angle vs. distance plot of CSIONPs.

were found to be consistent with the rhombohedral crystal
structure of hematite («-Fe,O3), as indicated by JCPDS no. 00-
024-0072.>° A broad peak in the 26 range of 20.0° to 25.0° was
observed and this could be attributed to amorphous silica or
amorphous carbon.?**” The hematite particle’s crystallite size
was predicted using the Scherrer equation to be around
21.54 nm, which correlated with the greatest intensity peak in
the XRD pattern at a Miller index of (104). XPS analysis was
used to determine the bond types and oxidation states of the
elements. Fig. 2(b) confirms the presence of the elements iron

This journal is © The Royal Society of Chemistry 2024

(Fe), silicon (Si), oxygen (O), and carbon (C). Fig. 2(c-f) display
deconvoluted high-resolution spectra of iron, silicon, oxygen,
and carbon, respectively. The deconvoluted spectra of Fe 2p
show peaks with binding energies of 711.16 and 714.60 eV for
Fe 2p3/2 and 725.50 eV for Fe 2p1/2.>%3° The peak observed at
103.80 €V in the silicon deconvoluted spectra is attributed to
S$i0,."° The deconvoluted oxygen spectrum shows peaks at
531.00 and 533.08 eV, which are respectively assigned to Fe-O
and Si0,.">*' The carbon spectra exhibit two well defined
peaks at 285.09 and 287.20 eV, which correspond to C-C and
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Fig. 2 Structural analysis: (a) XRD pattern, (b) XPS full survey, and (c), (d), (e) and (f) deconvoluted graphs of Fe, Si, O, and C, respectively.

C=O0 bonds, and these are comparable to those in an earlier
report.>® The carbon source is presumed to be the cyclopenta-
dienyl ligand attached to the ferrocene molecule.

In the FTIR spectra of CSIONPs in Fig. S1,f peaks at
586 cm™ " and 634 cm ™" represent the stretching frequencies of
Fe-0.*> The peaks at 1045 cm™" and 1128 cm ™" are attributed
to the symmetric and unsymmetric stretching frequency of the
Si-O-Si group.*’ A wide band at 3488 cm™" is attributed to the
O-H stretching vibration and the residual adsorbed water. The
peak at 1625 cm ™" is attributed to the Si-O bond of the silanol
group, which is responsible for its hydrophilic nature.** A

medium peak at 1718 cm™ represents the stretching frequen-
cies of C=0 and a weak band at 2348 cm™* is due to the CO,
adsorbed on the surface. Fig. S21 shows the N,-adsorption iso-
therm and pore size distribution of CSIONPs. Using the
Brunauer-Emmett-Teller (BET) system, the average pore
radius and surface area were found to be 5.92 x 10~® m and
18.535 m* g™, respectively.

Optical properties

The absorption spectrum of CSPIONs in the UV-Vis range is
depicted in Fig. 3(a). The spectra exhibit two broad absorption
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Fig. 3 (a) The UV-Vis spectra of CSIONPs (Tauc plot in the inset), (b) the fluorescence emission spectra of CSIONPs vary under different excitation
wavelengths. (c) Excitation and emission spectra of CSIONPs: excitation at 350 nm and emission at 432 nm.
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bands spanning the wavelength ranges of 250-410 nm and
420-600 nm. Based on the existing research, the hematite absorp-
tion spectra can be divided into four separate segments. Part I
(250-400 nm), Part II (400-600 nm), Part IIT (600-750 nm) and
Part IV (750-900 nm). The first part 210-380 nm may result from
direct transitions or ligand to metal charge transfer transitions
(LMCT), with some contribution from Fe’* ligand field tran-
sitions. °A,[6S] — “T4[4P] at 290-310 nm and °A;[6S] — “E[4D]
and °A,[6S] — “T,[4D] at 360-380 nm, respectively, and pair exci-
tation are responsible for the second absorption from 410 to
550 nm; °A; [6S] + °A[6S] — “Ty[4G] + *T4[4G] ligand field tran-
sitions had contributed, and were overlapped by °A,[6S] — “E and
*A4[4G] ligand field transitions around 430 nm. This transition is
what gives hematite its red colour.*> The fourth zone is often
ignored since its absorption coefficients are quite low. SiO, did
not demonstrate any distinctive absorption band due to its
higher refractive index, making it a poor absorber.*® The Tauc
equation governs the material’s direct band gap characteristics.
As depicted in the inset of Fig. 3(a), the CSIONPs display a direct
band gap of 2.52 eV. The absence of photoluminescence (PL) in
bulk iron oxide is attributed to thermal and magnetic relaxations.

However, photoluminescence (PL) may arise in nano-
structures due to various factors, including the formation of
self-trapped states, commonly referred to as the polaronic
effect, the quantum confinement effect, and the reduction in
hyperfine-field or magnetic interactions.*® Fluorescence emis-
sion spectroscopy and lifetime measurements of CSIONPs
were conducted in several solvents, including DI water, aceto-
nitrile, DMF, methanol, and ethanol. Fig. S3 and S41 display
the fluorescence emission spectra and decay plots of CSIONPs
in various solvents. The computed lifespan of CSIONPs in
different solvents is presented in Table S1.f DMF exhibited the
most pronounced fluorescence emission intensity and lifetime
(0.23 ns). As a result, DMF is used as a solvent in subsequent
fluorescence investigations. Fig. 3(b) depicts the emission
spectra of CSIONPs in DMF throughout a range of excitation
wavelengths (from 300 to 500 nm), with an emission peak at
432 nm. When the excited wavelength varies from 300 to
350 nm, the intensity of emission increases, with the
maximum intensity attained at 350 nm and 360 nm. In
addition, when the excitation is increased beyond 360 nm, the
emission spectra exceed the range and the intensity of emis-
sion begins to decrease. The excitation wavelength for fluo-
rescence measurements was selected as 350 nm based on
observation. Fig. 3(c) illustrates the excitation and emission
spectra of CSIONPs, with the excitation and emission peaks
centered at 350 nm and 432 nm, respectively. Fig. S51 displays
the fluorescence emission spectra of CSIONPs in the solid
state at 350 nm excitation, which indicate that the peaks at
406 nm and 432 nm are the characteristic fluorescence emis-
sion peaks of CSIONPs.

Fluorescence stability of CSIONPs

Thermal stability examinations were conducted within the
temperature range of 10 to 70 °C. The emission spectra of
CSIONPs were determined to be consistently steady within this

This journal is © The Royal Society of Chemistry 2024
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range (Fig. S61). The fluorescence stability of CSIONPs at
various pH values is studied in a PBS buffer solution of
different pH values (3 to 12) (Fig. S71). The maximum intensity
is observed at pH 5. The effect of viscosity on the fluorescence
emission spectra of CSIONPs was studied by varying the gly-
cerol composition in a DMF-glycerol mixture (0%, 25%, 50%,
75%, and 100%) (Fig. S8t). The relationship between viscosity
and fluorescence emission intensity in mixtures can be
complex and may vary depending on the specific components
involved. In CSIONPs the observed decrease in fluorescence
emission intensity with the increase of viscosity contradicts
typical expectations, as mentioned in the existing literature
where increased viscosity typically correlates with increased
fluorescence emission intensity due to reduced aggregation.*”
However, the experimental data indicate that approximately
93.5% of fluorescence intensity diminishes when viscosity
reaches 100%. This significant reduction suggests a strong
inverse correlation between viscosity and fluorescence emis-
sion intensity in this system. The possible reason may be the
inability of CSIONPs to dissolve in non-polar solvents like
glycerol.

Fluorescence sensing of ofloxacin

The synthesized CSIONPs were used for the fluorescence
sensing of the OLF antibiotic. When OLF was added to the
solution of CSIONPs, quenching in the fluorescence peak of
the material was observed. Fig. 4(a) shows the change in fluo-
rescence signal intensity with the addition of OLF. At an OLF
concentration of 0.3 mM, the fluorescence signal is dimin-
ished to about 78%. The Stern-Volmer concept demonstrates
the relationship between the fluorescence intensity and OLF
levels as follows. The OLF sensing experiment was replicated
four times in order to ensure the reproducibility of the results
obtained with the sensor.

Fy
—=1+K(C
14 k(0)

where F, is the fluorescence intensity of CSIONPs at 432 nm in
the absence of OLF; F is the fluorescence intensity of CSIONPs
at 432 nm in the presence of OLF; K is the Stern-Volmer con-
stant; and C is the concentration of OLF.

Fig. 4(b) shows the Fy/F vs. OLF concentration plot which is
linear with an R” value of 0.97 and a slope value of 9.11 mM ™.
The DL is calculated using the following equation:

(3 x o)
S

DL =

where, o is the standard deviation and S is the slope of Fy/F vs.
OLF concentration

The standard deviation of the fluorescence peak intensity of
the material signal was calculated to be 0.4% by performing
10 measurements of CSIONPs with the same concentration
and under identical experimental conditions. The detection
limit (DL) for OLF was determined to be 1.3 x 107° M. The
linear range for OLF was from 0 to 120 x 10™° M. Table 1 dis-
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Fig. 4 (a) The emission spectra of CSIONPs were observed in the presence of varying concentrations of OLF. (b) The relationship between Fo/F and

the concentration of OLF.

Table 1 Comparison with the reported fluorescent sensors of OLF in
the literature

Detection
Sensing probe Ky limit Linear range Ref.
COF-1 — 6.5 M 0.025x107%~ 21
0.25x107° M
{[Zn(TIPA)pim, 5] 4.61x10*M™" — 0-40x107°M 25
2H,0:NO3},,
FCS-3 136 x10°M™ " 0.52pM = — 48
LnHOFHD film  — 1.2 yM 107°-107° M 49
Zn/Eu-MOF — 0.44pM  0.1x107°-80x 20
107°M
CSIONPs 10.9x10°M™" 1.3 pM 1x107°-12x  This
107° M work

plays a comparison examination of our sensor and the sensors
referenced in the literature.

The effect of incubation time on quenching behavior was
examined using a constant dose of OLF (0.03 mM).
Fluorescence emission spectra were collected during time
periods ranging from 0 to 60 minutes. Fig. S91 shows a plot of
Fo/F as a function of time. Experimental evidence demon-
strates that quenching occurs instantly and remains steady for
the full hour.

Relative quantum yield

The fluorescence quantum yield for the CSIONPs was esti-
mated using quinine sulphate as a reference. Quinine sulphate
shares similar excitation wavelength to the given sample at
350 nm. Quinine sulphate was prepared in 0.1 M H,SO, solu-
tion (QY = 0.57, = 1.33)>>*! and CSIONPs were dissolved in
DMEF (n = 1.40).”° Fig. S107 presents the observed fluorescence
spectrum of quinine sulphate and CSIONPs when excited at
350 nm. The following equation was used for the relative
quantum yield calculation of the particles based on the stan-
dard protocol.
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s = By S (41 - 107AR) (ﬁ)z
g \1— 10—4s nr
where @g is the quantum yield of the sample; @ is the
quantum yield of quinine sulphate; Is is the fluorescence
intensity of the sample; Ir is the fluorescence intensity of
quinine sulphate; Agr is the absorbance of the reference
sample; Ag is the absorbance of the sample; ng is the refractive

index of the sample in DMF; and ny is the refractive index of
water.

Observed value from the experiment
Is =295300 Ir =169 300 Ag =0.28 Ag=0.34

The calculated value of quantum yield for CSIONPs was ca.
80%.

Mechanism

To determine the mechanism by which CSIONPs sense OFL
was studied using time-correlated single photon counting
(TCSPC), zeta potential, UV-Vis spectroscopy, and FTIR.

The TCSPC of CSIONPs in DMF shows a lifetime of 0.23 ns
which increases to 3.31 ns when OLF is added (Fig. 5(a)). In
the case of static quenching, no change in lifespan was seen;
however in the event of dynamic quenching, the lifetime may
decrease.”®> However, in our instance, we received a boost in
lifetime. There could be more than one phenomenon present.
The zeta potential of CSIONPs was found to be —41.6 mV
when OLF was added to it and the potential value shifted from
—41.6 mV to —32.5 mV, which indicated a change in functional
groups present on the surface. This finding supports the
attachment or adsorption of OLF molecules on the CSIONP
surface.

The graphical representation in Fig. 5(b) delineates the
absorption spectrum of CSIONP, showcasing a broad peak
spanning 200 to 350 nm, further intensifying within the range
of 350 to 600 nm. Conversely, OFL exhibits a prominent band
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Fig. 5 (a) Lifetime plots of CSIONPs and CSIONPs + OLF and (b) UV-Vis spectra of CSIONPs, OLF and CSIONPs + OLF.

at 290 nm accompanied by two shoulder peaks around
225 nm and 330 nm. The interplay between CSIONS and
OFL yields a broad absorption band, reaching the maximum
intensity at 290 nm. The reduction in UV absorption intensity
is not correlated with the appearance of any new
phenomena.*

When OLF is added to CSIONPs, the FTIR spectra exhibit
three prominent bands. The bands at 3350 cm™", 1790 cm™*
and 1550 cm™" represent the stretching frequencies of O-H,
C=O0 and C=C, respectively, whereas the two bands at
1225 cm™" and 630 cm ™" represent the overlapping frequencies
of Fe-O and Si-O, respectively*>*® (Fig. S11(a)f). Because of
the overlap of peaks, it is challenging to ascertain the inter-
action between the CSIONP and OLF. Fig. S11(b)f presents the
FTIR spectrum of OLF having peaks at 3400 cm™, 1609 cm™,
and 1500 cm™ " representing OH, COOH and C=C stretching
vibrations, respectively.

Selectivity

Selectivity is a key component that can identify a specific
analyte target in a mixture without any disturbance of other
components present in a complex system. In order to evaluate
the selectivity of CSIONPs for OLF, we investigated the impact
of various potential interferents, including metal ions such as
K" and Na* (in the form of chloride salts), Mg>* and Ca®" (in
the form of carbonate salts), commonly used drugs like azi-
thromycin, diclofenac, paracetamol, and metronidazole, as
well as small molecules like urea, glycine, methyl imidazole,
and ascorbic acid, on the fluorescence intensity of the
CSIONPs. The material exhibited unique and notable vari-
ations in fluorescence intensity when exposed to OLF, as seen
in Fig. 6. Other substances exhibited minimal impact on the
read-out signal. However, metronidazole shows a significant
response compared to others. This may be due to the simi-
larity in the structures of these drugs (heterocyclic aromatic
ring), or may be the nitro group of metronidazole interacts
with CSIONPs, which is common in ofloxacin and metronida-
zole. The mechanism can be further studied. This demon-

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Selectivity of CSIONPs towards ofloxacin in the presence of a
potential interferent.

strates the exceptionally high selectivity of this sensor towards
OLF.

Real sample analysis

To illustrate the practical utility of CSIONPs in sample ana-
lysis, we employed the standard addition method with tap
water and blood serum. We spiked the tap water with 0.0837,
0.1172 and 0.1507 mM concentration of OLF . The recovery (%)
of OLF was in the range of 89.9-96.0% and the relative stan-
dard deviation (RSD%) was found to be in the range of
1.24-1.83% (Table 2). Table 3 shows blood serum spiked with
0.0335, 0.1340 and 0.1675 mM concentration of OLF; the cal-
culated recovery (%) of OLF was in the range of 95.52-103.28%
and the RSD% was found to be in the range of 1.94-3.12%.
Based on these findings, it is evident that the CSIONP sensors
produced in this study can be effectively utilised for real
sample analysis. The recovery rate and relative standard devi-
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Table 2 Detection of OLF in tap water

Sr. OLF added to tap OLF found in tap Recovery RSD
no. water (mM) water (mM) (%) (%)
1. 0.0837 0.0784 93.61 1.24
0.0804 96.00
0.0789 94.20
2. 0.1172 0.1076 91.76 1.82
0.1116 95.18
0.1109 94.58
3. 0.1507 0.1356 89.95 1.83
0.1369 90.81
0.1409 93.46

Table 3 Detection of OLF in blood serum

Sr. OLF added to OLF found in Recovery  RSD

no. blood serum (mM)  blood serum (mM) (%) (%)
1. 0.0335 0.0333 99.40 1.94
0.0320 95.52
0.0327 97.61
2. 0.1340 0.1306 97.46 2.60
0.1372 102.38
0.1319 98.43
3. 0.1675 0.1636 97.67 3.12
0.1723 102.86
0.1730 103.28

ation (RSD) can indicate the accuracy and consistency of the
sensor design. Table S2t1 presents the recorded percentage of
ofloxacin retrieval in water and blood serum, as reported in
the literature. The recovery rate may vary from 100% due to the
cumulative interference of interferents present in the matrix.>*
Fig. S121 shows OLF detection in tap water and blood serum
using CSIONPs, respectively. The recovery (%) was calculated
using the given formula

Recovery (%) = (Cexperimental/cactual) X100

where Ceyperimentat 1S the concentration of OLF calculated
experimentally and Cjceuar is the spiked concentration of OLF.

Conclusion

Innovative approaches are being developed to improve the
efficacy of engineered nanoparticles (CSIONPs). Here, we
provide an innovative and efficient method for producing
nanoparticles with a core-shell structure, consisting of iron
oxide coated with silica and doped with carbon. Significantly,
our methodology eliminates the need for surfactants and is
accomplished in a single step. The synthesis and characteriz-
ation of mesoporous carbon-doped silica-coated iron oxide
nanoparticles were successfully achieved. The CSIONPs exhibit
excellent water dispersibility and colloidal stability, and
possess inherent fluorescence with an exceptionally high
quantum yield of 80%. This material is being utilized for the
first time as a sensor for OLF, exhibiting a high level of selecti-
vity without requiring any incubation period. In the absence of
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aptamers, a reliable detection limit (DL) of ca. 1.3 x 10°° M
was achieved. We also tested the potential of CSIONPs for real
sample analysis in tap water and blood serum. The recovery
(%) of OLF was in the ranges of 89.9-96.0% and
95.52-103.28% and the relative standard deviation (RSD%)
was found to be 1.24-1.83% and 1.94-3.12% for tap water and
blood serum, respectively. The lack of the matrix effect indi-
cates that the fluorescent probe is suitable for analyzing real
OLF samples. We expect that these findings will soon aid in
the development of a significant portable OLF detection
sensor that will be advantageous to society.
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