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Multifunctional magnetic nanoparticles have become the subject of significant attention in biomedical
applications recently, especially for their applications in the separation and detection of biomolecules.
This study focuses on the preparation of dual-functional iron oxide magnetic nanoparticles (FesO4
MNPs) conjugated with a fluorescent dye for facilitating real-time tracing and visualization of DNA
molecules during a separation process. The fluorescent Fez0,@SiO,@FITC nanoparticles were used both
for the separation of DNA molecules from a solution by applying an external magnetic field and for
quantification by analyzing the fluorescence properties of the nanoparticles upon DNA binding. The pH
of the solution was optimized to achieve the best adsorption efficiency using the proposed method.
Approximately 91% adsorption efficiency was achieved using fluorescent Fez0,@SiO,@FITC MNPs at
a pH of 4.44 with a recovery of ~50% at the same pH, while amine functionalized Fez0,@SiO,-NH,
MNPs exhibited lower adsorption efficiencies at every pH of the medium (maximum ~89% at a pH of

4.44 and minimum ~52% at a pH of 11.01). The ultraviolet-visible (UV-Vis) and fluorescence emission
Received 2/th June 2025 tra showed that the i i ber of DNA molecules adsorbed on the Fe;0,@Si0,@FITC
Accepted 22nd Septermber 2025 spectra showe at the increasing number o molecules adsorbed on the Fes0,@SIO@

MNPs led to a gradual decrease in the absorption and fluorescence emission intensity, indicating the
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1 Introduction

Advancing molecular diagnosis requires efficient, rapid, and
high-throughput methodologies for the extraction of such
biomolecules in their purified forms as proteins, DNAs, anti-
bodies, and antigens from suspended solutions.”™ One widely
accepted method currently used involves the application of
magnetic nanoparticles (MNPs), which exhibit unique proper-
ties such as superparamagnetism,® biocompatibility® and large
surface to volume ratios.” Their magnetic properties, coupled
with suitable functional groups, make them potential candi-
dates for efficient and selective isolation of biomolecules. For
example, anti-immunoglobulin-coated MNPs have been used to
isolate proteins expressed in cellular extracts® and dendron-
coated MNPs exhibited 100% retention capability for proteins
under acidic conditions.’ Specific targeting can also be achieved
by the conjugation of specifically tagged antibodies, antigens, or
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presence of DNA molecules. This study highlights the potential of fluorescent MNPs as a dual-function
platform, combining magnetic separation and fluorescence-based real time monitoring of DNA.

other biomolecules on the nanoparticles. For example, immu-
nospecific MNPs have been successfully designed to isolate red
blood cells, bacteria, lung cancer cells, and breast cancer cells,*
while sulfanilamide modified MNPs have been used for the
purification of the carbonic anhydrase enzyme™ and antibody-
conjugated MNPs have been effectively used for selective
isolation of the expressed recombinant hepatitis B surface
antigen (rHBsAg) in yeast pichia pastoris."

Magnetic isolation of DNA from complex biological samples
enhances operational efficiency, selectivity, and capacity, out-
performing conventional methods such as chromatographic,*
solvent extraction,' ion exchange® and salting-out methods,*®
all of which are labor-intensive and involve hazardous chem-
icals as well as the need for specialized equipment."” In
contrast, magnetic nanoparticle-based systems streamline the
process, enabling high-throughput and eco-friendly protocols.*®

Over the last 50 years, iron oxide nanoparticles (IONPs) have
garnered significant attention in this area of biomedical
research, particularly for their applications in DNA separation
and purification."*® Core-shell Fe;O, nanoparticles, which are
coated with silica and functionalized with chitosan, facilitate
easy separation of DNA while also enhancing its binding
affinity. Optimization studies have demonstrated that these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles achieve an impressive adsorption efficiency of
approximately 88% and an elution efficiency nearing 98%.** A
second strategy utilizes polyethyleneimine (PEI)-functionalized
IONPs for capturing both plasmid and genomic DNA, an
approach which not only facilitates robust DNA binding but
also enables efficient magnetofection processes.* In addition,
because amine functionalized IONPs can form strong ionic
interactions with the negatively charged phosphate backbone of
DNA in acidic pH, amine functionalized magnetic IONPs have
proven to be advantageous in the isolation of DNA.*
Furthermore, the adsorption characteristics of DNA on bare
IONPs have been explored in the detection of arsenate as its
ionic displacement of adsorbed DNA leads to measurable
fluorescence changes.”® However, despite their potential,
detection and quantification of DNA molecules using MNPs
remain difficult due to such complex issues as their lack of
optical properties, limitations that could potentially be
addressed by novel fluorescent iron oxide MNPs.
Non-fluorescence quantification techniques, such as spec-
trophotometric methods, are widely used for estimating DNA
concentration and purity by measuring absorbance at specific
wavelengths. DNA absorbs ultraviolet (UV) light at 260 nm,
allowing for rapid quantification.”” However, these methods
lack the ability to distinguish between DNA, RNA, and protein
contamination, leading to low specificity. Additionally, their
sensitivity is limited, making it challenging to accurately
measure low DNA concentrations, particularly in dilute or
degraded samples.”®* Gel-based methods, such as agarose gel
electrophoresis, provide a visual means of assessing DNA
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concentration and integrity. While this method offers an addi-
tional advantage of simultaneously assessing DNA integrity, it is
semi-quantitative at best as factors such as dye-binding effi-
ciency, gel composition, and electrophoresis conditions can
influence accuracy.*>*' Moreover, its sensitivity and specificity
are lower than those of the more advanced quantification
methods.**** In contrast, polymerase chain reaction (PCR)
based quantification, including quantitative PCR (qPCR) and
digital PCR (dPCR), provides exceptional sensitivity and speci-
ficity by amplifying target DNA sequences in real time. These
methods enable absolute or relative DNA quantification with
high precision even at extremely low concentrations.** However,
PCR-based techniques require a highly specialized laboratory
setup, expensive reagents, and careful optimization to ensure
accurate and reproducible results.*® Therefore, an alternative
method for easy, fast and precise detection and quantification
of DNA is required to address the current limitations.

The study reported here explores the synthesis of fluorescent
MNPs for easy detection and quantification of DNA using UV-
Vis spectrophotometry and fluorescence spectrophotometry.
By integrating fluorescent molecules, these nanoparticles not
only facilitate efficient DNA isolation through magnetic sepa-
ration but also enable real-time visualization and tracking
during the process. This dual functionality enhances their
applicability in molecular biology and clinical diagnostics,
where accuracy and efficiency are paramount. This study also
explores the synthesis process, detailing the chemical and
physical modifications of the nanoparticles required to impart

magnetic and fluorescent properties. Additionally, the
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Scheme 1 Schematic illustration of the reaction setup for synthesizing FITC-conjugated iron oxide magnetic nanoparticles, i.e. Fez04@-
SiO,@FITC MNPs, beginning with oleic acid coated iron oxide magnetic nanoparticles, i.e. Fes0,@0A MNPs.
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performance of nanoparticles in DNA separation, with special
emphasis on their binding efficiency, specificity, and recovery
rates, was also investigated.

2 Results and discussion
2.1 Synthesis and characterization of fluorescence MNPs

IONPs were synthesized following the conventional method for
coprecipitation of iron salts outlined in the Experimental
section. The structural characterization and surface function-
alization of nearly monodispersed IONPs, initially coated with
oleic acid (OA), was determined. Then, Fe;0,@0A MNPs were
encapsulated with a silica (SiO,) shell via reverse micro-
emulsion followed by amine-functionalization. Finally, Fe;-
0,@Si0,-NH, MNPs were conjugated with fluorescent iso-
thiocyanate (FITC). The detailed synthesis procedure for the
preparation of fluorescent iron oxide MNPs, ie. Fe;0,@-
SiO,@FITC MNPs, is schematically illustrated in Scheme 1.
Transmission electron microscopy (TEM) was used to assess
the morphology and size distribution of the synthesized nano-
particles. As shown in Fig. 1a and b, typical TEM micrographs
revealed nearly monodispersed Fe;O, MNPs coated with oleic
acid (OA), synthesized via co-precipitation. The nanoparticles

Fig. 1
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exhibited uniform size distribution with a mean diameter of
approximately 7.3 + 0.2 nm (as shown in the histogram in
Fig. 1c) and several morphologies including irregular cubic,
spherical, and octahedral shapes. These particles demonstrated
excellent dispersion in nonpolar solvents such as cyclohexane,
affirming their colloidal stability. Dynamic Light Scattering
(DLS) measurements for oleic acid-coated iron oxide magnetic
nanoparticles (Fe;0,@O0A) dispersed in cyclohexane (Fig. S4).
The intensity-weighted hydrodynamic diameter was found to be
604.3 & 174.6 nm, corresponding to a polydispersity index (PDI)
of 0.084, indicating that the nanoparticles form secondary
aggregates in the nonpolar medium. The relatively broad size
distribution reflects polydispersity arising from hydrophobic
interactions between oleyl chains, which promote cluster
formation. These results confirm that while the primary nano-
particles are nanometer-sized (as shown in TEM), they exist as
larger, colloidally stable assemblies in cyclohexane. Subsequent
encapsulation of Fe;O, within a silica matrix via reverse
microemulsion method was confirmed by the TEM micro-
graphs shown in Fig. 1d and e, where dark Fe;O, cores are
clearly embedded within a less dark SiO, shell. The aggregation
observed in these micrographs was likely a result of drying
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(@ and b) TEM images of oleic acid coated iron oxide magnetic nanoparticles, i.e. Fes0,@0A MNPs, showing nearly monodispersed,

cubic-shaped nanoparticles in an aggregated form with 50 nm scale bars. (c) Histogram showing the corresponding particle size distribution of
Fes0,@0A MNPs. (d and e) TEM images of silica coated iron oxide magnetic nanoparticles, i.e. Fe30,@SiO, MNPs, in an aggregated form with
50 nm scale bars. Yellow arrows signify the silica layer around the MNPs. (f) Histogram showing the corresponding particle size distribution of
Fez0,@SiO, MNPs. The solid lines are the best-fit of the data using a log-normal distribution function. Aggregation is due to the drying of the
solvent, resulting in the MNPs moving closer together during sample preparation.
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during sample preparation. The silica-coated magnetic nano-
particles (i.e. Fe;0,@SiO, MNPs) displayed a slightly increased
average diameter of 10.1 & 0.2 nm (as shown in the histogram in
Fig. 1f) and a more aggregated and irregular morphology
compared to their uncoated counterparts.

Powder X-ray diffraction (XRD) analysis provided insights
into the crystalline nature of the materials. As depicted in
Fig. 2a, the Fe;0,@0A MNPs showed distinct diffraction peaks
at 26 values of 30.1°, 35.5°, 43.1°, 53.5°, 57.0°, 62.6°, and 74.2°,
corresponding to the (220), (311), (400), (422), (511), (440), and
(533) planes, respectively. These peaks are in good agreement
with the standard ones reported by the JCPDS (magnetite, PDF
No. 19-0629), confirming a cubic inverse spinel structure.*® The
average crystallite size of 0.08 £+ 0.15 nm was calculated using
the Scherrer equation, D = kA/B cos 6,*” a result which is aligned
with TEM observations. In contrast, the XRD structures of Fe;-
0,@SiO0, MNPs exhibited a broad hump between 19° and 27°,
characteristic of amorphous silica, with no additional crystal-
line peaks except the reduced intensity of the Fe;0, reflections,
supporting successful silica encapsulation.

The magnetic properties of both Fe;0,@0A MNPs and Fe;-
0,@8Si0, MNPs were evaluated via magnetization (emu g )
versus applied field (Oe) measurements at ambient conditions.
As shown in Fig. 2b, both samples exhibited superparamagnetic
behavior with negligible remanence and coercivity, indicating
their single-domain nature. Notably, the saturation magneti-
zation (Mg) of Fe;0,@O0OA MNPs was found to be ~58.8 emu g%,
while that of Fe;0,@Si0, MNPs dropped to ~16.3 emu g~ ' due
to the presence of the nonmagnetic silica shell. Nevertheless,
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responsiveness, providing them suitable for magnetic targeting
applications.

The surface chemistry and successful amine functionaliza-
tion were confirmed by zeta potential measurements conducted
over a range of pH values. The amine functionalized silica
coated iron oxide magnetic nanoparticles, i.e. Fe;0,@SiO,-NH,
MMPs, exhibited a positive surface charge at acidic pH values,
with zeta potentials of +22.1 mV and +18.9 mV at pH 2.10 and
4.20, respectively. This positive charge results from the
protonation of amine groups in an acidic media as illustrated in
Fig. 3b. The isoelectric point (IEP) was found to be pH 5.55 as
shown in Fig. 3a, beyond which the nanoparticles showed signs
of aggregation due to deprotonation and reduced electrostatic
repulsion. Though, the colloidal stability of the nano-
composites was maintained between pH 2 and pH 5.

Further confirmation of surface functional groups was ob-
tained through Fourier-transform infrared (FTIR) spectroscopy.
Fig. S1(a and b) shows the FTIR spectra of Fe;0,@0A MNPs and
Fe;0,@Si0O, MNPs. Characteristic O-H stretching vibrations
appeared around 3400-3500 cm ™', indicative of water molecule
and silanol groups (Si-OH), the latter being primarily located at
the surface of the silica coated nanoparticles. The bands
between 1050 cm™ " and 1150 cm ™' represent the most signifi-
cant spectral region, and the accompanying shoulders are
attributed to the asymmetric stretching vibrations of Si-O-Si*®
and the Si-O-Si symmetric stretches observed in the
798.79 cm ™! region.* The bands at 2925.07 and 2852.12 cm™*
were attributed to the asymmetric and symmetric stretches of

the CH, groups, confirming the presence of oleic acid.** The two
1
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Fig. 2 (a) X-ray diffraction pattern for oleic acid coated iron oxide magnetic nanoparticles, i.e. Fes0,@0OA MNPs (black curve), and silica coated

iron oxide magnetic nanoparticles, i.e. Fez0,@SiO, MNPs (red curve). (b) The magnetization curves at 300 K for FesO,@OA MNPs (black curve)
and Fez04@SiO, MNPs (red curve). Inset: zoomed-in view of magnetization curves at the low field region.
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(a) Zeta potential (£) as a function of pH for amine functionalized silica coated iron oxide magnetic nanoparticles, i.e. Fez04@SiO,-NH,

MNPs, in DI water. The isoelectric point (IEP) shows at pH = 5.55. (b) Illustration of colloidal systems and their surface charges at different pH

values for Fez0,4@SiO,-NH, MNPs in DI water.

1618.70 cm ' were attributed to the asymmetric and the

symmetric stretch of -COO- respectively. The presence of these
bands results from the complexation between iron atoms and
the carboxylate groups of oleic acid.**** The presence of strong
Fe-O vibrations around 610.74 cm ™" and 474.80 cm ™" further
confirms the iron oxide core. The appearance of these bands at
higher wave numbers indicates the interaction between —-COO-
groups of oleic acid and iron oxide nanoparticles.** After silica
coating, the Fe-O bands diminished, consistent with successful
encapsulation.

Field emission scanning electron microscopy (FE-SEM)
combined with energy-dispersive X-ray spectroscopy (EDS)
provides further morphological and elemental insights. As
shown in Fig. S2(a and b), the surface of Fe;0,@0A MNPs
appeared distorted and cubic, while the Fe;0,@SiO, MNPs
adopted a more spherical and uniform morphology. EDS anal-
ysis (Fig. S3) confirmed the elemental composition of
Fe;0,@0A MNPs (Fe, O, C) and Fe;0,@Si0O, MNPs (Fe, O, Si, C),

37230 | RSC Adv, 2025, 15, 37226-37244

with reduced carbon content post-coating indicating the
removal of excess oleic acid.

The amine functionalized magnetic nanoparticles were
labelled with fluorescein isothiocyanate (FITC) for real time
quantification of DNA molecules. The reaction between primary
amine groups (-NH,) and fluorescein isothiocyanate (FITC)
molecules in the presence of ammonium hydroxide typically
following a nucleophilic addition-elimination mechanism.
This reaction results in the formation of a thiourea derivative,
where the primary amine (-NH,) reacts with the isothiocyanate
group (-N=C=S) of FITC as illustrated in Scheme S1.
Primarily, the lone pair electrons on the nitrogen atom of the
primary amine (-NH,) of Fe;0,@Si0,-NH, attacks the electro-
philic carbon atom of the isothiocyanate group, forming
a tetrahedral intermediate. Then a proton is transferred within
the intermediate, stabilizing the structure through the forma-
tion of a stable thiourea linkage (-NH-C=S-NH-R). This step is
facilitated by the presence of ammonium hydroxide which acts

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic representation of the synthesis pathway for FITC-conjugated iron oxide magnetic nanoparticles, i.e. Fes0,@SiO,@FITC
MNPs, starting from oleic acid coated iron oxide magnetite nanoparticles, i.e. Fes0,@0OA MNPs.

as a mild base and can accept or donate protons. A schematic
representation of the entire synthesis process is illustrated in
Scheme 2.

In the UV-vis absorption spectra of Fe;0,@SiO,-NH, MNPs
shown in Fig. 4a, no absorbance peak is observed in the 400 nm
to 650 nm range. This investigation found that FITC-labelled
silica coated iron oxide magnetic nanoparticles, i.e. Fe;0,@-
SiO,@FITC MNPs (green curve), show a maximum absorption,
A(max), at 494 nm in a phosphate buffer solution (PBS) at pH =
7.4 after extensive washing and magnetic separation, indicating
the successful conjugations of FITC with amine functionalized
silica coated iron oxide magnetic nanoparticles. The FITC (blue
curve) exhibits the most dominant absorption peaks at a wave-
length of 494 nm. Upon excitation by UV light, the delocalized
m-electrons in its conjugated system are promoted from -
bonding orbitals to w-antibonding orbitals. On the other hand,
Fe;0,@Si0,@FITC MNPs showed an excitation peak at a lower

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

wavelength of 490 nm, a result that can be attributed to the
different transitions of such electrons as ligand to metal or
metal to ligand. Furthermore, the interaction between FITC and
iron oxide may involve charge transfer processes that can result
in electronic transitions. In addition, the movement of elec-
trons between iron oxide and FITC can lead to changes in the
position of absorption peak.**** A potential reaction mecha-
nism for fluorescent coupling is illustrated in Scheme S1.

The absorption maxima of FITC-labeled nanoparticles were
found to be pH-sensitive.**** As the pH increased from acidic to
basic, Aimay) shifted from 443 nm to 494 nm as shown in Fig. 4b,
a shift that can be attributed to the deprotonation of the FITC
phenolic (-OH) and carboxylic groups (-COOH), resulting in
structural rearrangements and enhanced electron delocaliza-
tion as illustrated in Scheme S2. In the neutral or slightly basic
conditions, the FITC moiety seemed to be negatively charged as
a result of the deprotonation of the phenolic group. As the pH

RSC Adv, 2025, 15, 37226-37244 | 37231
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Fig. 4 (a) UV-Vis absorption spectra of amine functionalized silica coated iron oxide magnetic nanoparticles, i.e. Fez04@SiO,-NH,; MNPs (red
curve), FITC labelled silica coated iron oxide magnetic nanoparticles, i.e. Fes0,@SiO,@FITC MNPs (green curve), and free FITC (blue curve) at pH
7.40 in phosphate buffer solution (PBS). Inset shows the bright green light emission upon excitation by UV light and in the absence of UV light. (b)
UV-Vis absorption spectra of FITC labelled silica coated iron oxide magnetic nanoparticles, i.e. Fes0,@SiO,@FITC MNPs, at various pH in PBS.

increases in the basic region, more deprotonations occur, and
the carboxylate anion (-COO™) forms a new ring with the fluo-
rescein core. As a result of ionization and ring formation,
delocalized electrons cause a rapid increase in absorption
intensity. The dynamic behavior of FITC in response to pH
highlights its potential in biosensing and fluorescence-based
diagnostics.*®

2.2 Magnetic separation of DNA

2.2.1 Effect of pH. Depending on the pH of the dispersion
media, the Fe;0,@8Si0,-NH, MNPs, exhibit fluctuation in net

100

surface charge as they contained amine (-NH,) groups as
illustrated in Fig. 3b. The objective of this investigation was to
determine how the pH of the medium influenced DNA
adsorption and desorption. In the lower pH range, the surface
amine group of the magnetic nanoparticles can be protonated
as -NH;". Fig. 5a shows that a higher percentage of DNA
adsorption, approximately 89% of that added, was observed at
pH 4.44; the amount decreased as the pH increased, reaching
a minimum of approximately 52% of the added DNA at pH
11.01 regardless of temperature. Because of the deprotonation
of the cationic amine (-NH;"), which is the primary group that
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Fig. 5

(a) DNA adsorption percentages for amine functionalized silica coated iron oxide nanoparticles, i.e. Fes04@SiO,-NH, MNPs, and FITC-

conjugated silica coated iron oxide nanoparticles, i.e. Fez0,@SiO,@FITC MNPs, at different pH values (5 mM ionic strength of phosphate buffer
solution, 25 °C temperature, 30 min incubation time, and 1000 rpm). (b) DNA desorption percentages for Fes0,@SiO,-NH, MNPs and Fesz-
0,4@SiO,@FITC MNPs at different pH values (5 mM ionic strength of phosphate buffer solution, 40 °C temperature, 45 min incubation time, and
1000 rpm).
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Table 1 The experimental values of DNA adsorption efficiency (%) of amine functionalized silica coated iron oxide magnetic nanoparticles, i.e.
Fez0,@SiO,-NH,; MNPs, and FITC conjugated iron oxide magnetic nanoparticles, i.e. Fes0,@SiO,@FITC MNPs, at different pH values

DNA adsorption efficiency

DNA adsorption efficiency

pH of Fe;0,@Si0,-NH, MNPs (%) of Fe;0,@Si0,@FITC MNPs (%)
4.44 89.41 + 2.02 90.97 + 1.48

6.43 80.06 + 1.41 87.54 + 1.02

7.40 77.97 £ 3.02 75.73 £ 2.84

9.43 52.44 + 3.73 66.87 + 3.31

11.01 52.21 + 4.68 61.73 £ 3.38

attracts DNA onto the particle surface, the low adsorption of B (Co _ Cf) <V

DNA was achieved at pH 11.01. However, when the magnetic Q= m (1)

particles have a net zero charge at the IEP, there is a balance
between the negative and positive surface charges of the
magnetic seed, possibly causing an interaction between the
DNA and the nanoparticles due to hydrogen bonding.** It can,
thus, be inferred that the pH-regulated protonated amine group
is primarily useful for drawing DNA to the magnetic nano-
particles. The experimental values of the DNA adsorption effi-
ciency of Fe;0,@Si0,-NH, MNPs at different pH values can be
seen in Table 1.

The extent of DNA adsorption on the FITC conjugated MNPs
at different pH values was also evaluated. Similar approaches
can be attributed to the FITC-conjugated silica coated iron oxide
magnetic nanoparticles, i.e. Fe;0,@SiO,@FITC MNPs, which
can exhibit either a net positive or negative charge depending
on the pH of the dispersion medium as illustrated in Scheme
S2. Due to the cationic form of the FITC moiety and thiourea
group originating from the primary amine (-NH,) of APTES and
the isothiocyanate group, it can be seen that at an acidic pH,
a higher amount of DNA adsorption occurs for the FITC
conjugated MNPs compared to the amine functionalized
nanoparticles as shown in Fig. S5. Approximately 91% of the
DNA added was adsorbed at pH 4.44, decreasing with
increasing pH until dropping to a minimum value of approxi-
mately 61% at pH 11.01 regardless of temperature. The low
adsorption of DNA seen at a pH of 11.01 is attributed to the
formation of a di-anionic form of the FITC moiety, the primary
group responsible for attracting DNA the particle surface
through electrostatic interactions. However, there may always
be a better interaction between DNA and FITC-conjugated
particles because of the presence of the thiourea group. The
total DNA adsorbed (Q) was calculated using the mass balance
equation:

where, Q is the adsorption level (ug mg™ '), C, is the initial DNA
concentration (ug mL™"), C¢ is the final DNA concentration (ug
mL ™), Vis the volume of DNA solution (mL) and m is the mass
of adsorbent (mg).

Fig. 5b shows the results of the desorption percentages of
DNA at various pH values, conducted at 40 °C and at a 5 mM
ionic strength of the PBS buffer. As anticipated, it was discov-
ered that pH had a significant impact on DNA desorption; when
the pH changes from acidic to basic, desorption increases. This
behavior can be explained by the reduction of the positively
charged amino groups (-NH;") on the surface of the magnetic
nanoparticles because of the deprotonation of the amine
functionalized silica coated iron oxide magnetic nanoparticles
at basic pH. The results show that the highest DNA desorption
efficiency (approximately 91% of the adsorbed DNA) was seen at
pH 11.01, whereas pH 4.44 had a low DNA desorption efficiency
(approximately 51% of the adsorbed DNA). On the other hand,
the FITC on the magnetic nanoparticles may undergo a chem-
ical change under alkaline conditions as its carboxylic groups
become deprotonated, leading to lower desorption efficiencies.
The highest DNA desorption efficiency (approximately 76% of
the adsorbed DNA) was seen at pH 11.01. The experimental
values of the DNA desorption efficiency of Fe;O,@SiO,-NH,
MNPs and Fe;0,@Si0,@FITC MNPs at different pH values are
shown in Table 2.

2.3 DNA sensing and quantification by fluorescence study

2.3.1 Effect of adsorbed DNA. Since the Fe;0,@Si0O,@FITC
MNPs contain a highly pH sensitive fluorescent dye, they can
exhibit either a net positive or negative surface charge
depending on the pH of the dispersion medium, meaning

Table 2 The experimental values of DNA desorption efficiency (%) of amine functionalized silica coated iron oxide magnetic nanoparticles, i.e.
Fez04@SiO,-NH, MNPs, and FITC conjugated iron oxide magnetic nanoparticles, i.e. Fe30,@SiO,@FITC MNPs, at different pH values

DNA desorption efficiency

DNA desorption efficiency

pH of Fe,0,@8i0,-NH, MNPs (%) of Fe;0,@8i0,@FITC MNPs (%)
4.44 51.75 + 4.36 50.10 + 2.02
6.43 78.76 £ 2.16 52.88 + 2.84
7.40 86.93 + 3.15 64.65 + 3.94
9.43 90.33 + 4.02 70.79 + 1.73
11.01 91.05 + 3.05 76.85 + 3.56
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fluorescent labeled MNPs can serve as excellent probes for
investigating DNA adsorption. This study aimed to observe the
fluorescence quenching effect due to the adsorption of DNA
influenced by the pH of the medium. As Fig. 6 shows, the
absorption intensity at Amax) = 494 nm is significantly reduced
at each pH when DNA (Amay = 260 nm) is adsorbed by the
Fe;0,@Si0,@FITC nanoparticles, dropping to the lowest
intensity at pH 4.44 regardless of temperature. The high
adsorption of DNA seen at a pH of 4.44 results from the
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protonation of the FITC moiety, which is responsible for fluo-
rescence quenching in addition to the effect of pH on absorp-
tion intensity. It can be said that the adsorption of DNA
regulated by pH is secondarily responsible for fluorescence
quenching regardless of the pH of the medium. Beside this,
a Stern-Volmer analysis was conducted to investigate the fluo-
rescence quenching mechanism of Fe;0,@SiO,@FITC MNPs
upon interaction with DNA, by systematically varying the
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Fig. 6

(a—e) UV-Vis absorption spectra of FITC-conjugated iron oxide magnetic nanoparticles i.e., Fes0,@SiO,@FITC MNPs before DNA

adsorption (green curve), after DNA adsorption (red curve) and supernatant after magnetic separation (blue curve) at different pH values.
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Fig. 7 UV-Vis absorption spectra of FITC-conjugated iron oxide
magnetic nanoparticles, ie. Fez0,4@SiO,@FITC MNPs, after DNA
adsorption at different DNA concentrations (@ = 0.0 ugmL™% b =5.0
pgmL ™t c=60pgmL™, d=70pgmL™, e=80pugmL™% f=9.0 ug
mL™%, g =10.0 ug mL™% h =11.0 ug mL™Y at pH 7.40. Inset shows the
absorption spectra at lower DNA concentrations (@’ = 0.0 pg mL™* to
g’ = 5.0 pg mL™Y) for observing minimum detection limit (MDL).

concentration of the quencher (DNA), as discussed in a later
section.

However, as the pH of the medium decreases, the absorption
intensity of the fluorescent nanoparticles decreases by more
than 50% with the addition of DNA molecules as seen in the red
curves of Fig. 6(a-e), suggesting rapid DNA adsorption. The
secondary quenching effect may be due to formation of a DNA
adsorption layer around the nanoparticles, blocking electronic
transitions by potentially disrupting the electronic interactions
responsible for strong light absorption.””*® For example, the
electron transfer between the fluorophore and DNA bases such
as guanine, which have a low ionization potential, reduces the
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excited-state energy of the fluorophore, leading to the quench-
ing of both the absorbance and fluorescence intensities.**™>*
However, lower absorbance is observed due to the formation of
the stable anionic and di-anionic form of the FITC moiety as
illustrated in Scheme S2 and the lower DNA adsorption by the
fluorescent nanoparticles at higher pH as shown in Fig. 5a.

2.3.2 Effect of DNA concentration. The UV-Vis absorption
spectra of Fe;0,@Si0,@FITC MNPs were recorded after DNA
adsorption at different DNA concentrations ranging from 0.0 to
11.0 pg mL " at a pH of 7.40 as shown in Fig. 7. The Fe;0,@-
SiO,@FITC MNPs show a characteristic absorption peak at
Atmax) = 494 nm due to the fluorescein isothiocyanate (FITC)
fluorophore. As DNA concentration increases, a progressive
decrease in absorbance intensity is observed due to fluores-
cence quenching.

The inset graph in this figure focuses on lower DNA
concentrations (0.0 to 5.0 pg mL ") to determine the smallest
concentration at which a detectable change in absorbance
occurs. The minimum detection limit (MDL) is identified as the
lowest DNA concentration where a significant absorbance
compared to the baseline of 0.0 pg mL ' is observed. For
example, if a noticeable absorbance decrease begins at 1.0 pg
mL™' or 2.0 pg mL™', then this concentration would be
considered the MDL. The detection limit can be quantitatively
estimated using the signal-to-noise ratio (S/N = 3 rule), where
the absorbance change should be at least three times the
standard deviation of the baseline signal.

The adsorption isotherm depicted in Fig. 8a of Salmon
sperm DNA on FITC-conjugated iron oxide magnetic nano-
particles was conducted in 5 mM PBS buffer at pH 7.40. The
shape of the adsorption isotherm curve is comparable to
a typical Langmuir curve, illustrating that the amount of
adsorbed DNA increases with increasing DNA concentration. As
the adsorption isotherm curves show, 11.0 ug mL ™" equilibrium
DNA concentration in the feed yields the maximum adsorption.
The amount was found to be 33.87 pg per mg of magnetic
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(a) Adsorption isotherm at different DNA concentration at pH 7.40 (5 mM ionic strength of phosphate buffer solution, 25 °C temperature

and 30 min incubation time). (b) Linear regression of 1/Ns (mg ng~?) versus 1/Ceq (ML ng~Y) determined at pH 7.40 of the adsorption medium for
adsorption isotherm at different DNA concentration (5 mM ionic strength of phosphate buffer solution, 25 °C temperature and 30 min incubation

time).
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particles at pH 7.40. Based on this result, it is assumed that
a minimum of 47.0 pg mL~" equilibrium concentration of DNA
(derived from extrapolation of the adsorption isotherm model)
is sufficient to achieve surface saturation of the magnetic
particles with DNA at a given condition. Moreover, the large
polyanionic DNA macromolecules potentially have less access
to the particle surface due to their self-steric hindrance and
electrostatic repulsion at higher DNA feed concentrations.
Because of the good linear fit, the Langmuir model can be used
to interpret the adsorption isotherm of DNA on the fluorescence
magnetic nanoparticles indicating a monolayer adsorption,
where DNA molecules interact with specific binding sites on the
nanoparticle surface. The interaction involves electrostatic
attractions, hydrogen bonding, or - stacking. The adsorption
is reversible, meaning DNA can both adsorb and desorb from
the surface as described by the equilibrium between these two
processes. The Langmuir equation® can be written as follows:

11 1
Ns  KNso Cq Ngoo

(2)

where Ng is the amount of DNA adsorbed (ug mg™?), Ceq is the
equilibrium concentration (ug mL ') of DNA in the PBS buffer,
Nsoo is maximum amount of DNA adsorbed and K is the equi-
librium constant of this adsorption and desorption process. K is
defined as the affinity constant and equal to the ratio of
adsorption (k,) and desorption constant (kq) ie. K = ki/kq.
Fig. 8b shows the linear regression of 1/Ng versus 1/C.q deter-
mined at pH 7.40 in the adsorption medium. The experimental
results are well fitted with the Langmuir model described in eqn
(2). From the slope and intercept of the linear regression, we
determined the affinity constant, K = 0.04, and the adsorption
maximum, Ny = 78.1 ug mg ', indicating that at saturation,
each mg of nanoparticle can adsorb up to 78.1 ug of DNA. The
low affinity constant suggests weak binding between DNA and

the nanoparticle surface, implying that DNA molecules can
readily desorb.
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2.4 Fluorescence (FL) emission spectra analysis

Fluorescence emission spectra of FITC-conjugated iron oxide
magnetic nanoparticles (Fe;0,@SiO,@FITC MNPs) at varying
particle concentrations, prior to DNA adsorption, were recorded
in phosphate buffer (pH 7.40, 5 mM ionic strength) at 25 °C
(Fig. 9a). All spectra displayed a dominant emission peak
centered at ~521 nm, characteristic of FITC upon excitation at
494 nm. An additional peak centered at ~497 nm was observed
for nanoparticles in aqueous medium, arising from fluorescein
emission when conjugated to Fe;O,, consistent with the coex-
istence of different fluorescein ionic forms and excited-state
proton transfer processes reported in the literature.
Increasing nanoparticle concentration led to a progressive
enhancement of fluorescence intensity, attributable to the
greater number of FITC moieties within the optical path. The
near-linear trend at lower concentrations suggests minimal
reabsorption or concentration quenching. At higher concen-
trations, intensity enhancement plateaued, with a slight
decrease at 497 nm, likely due to inner filter effects and/or self-
quenching via non-radiative energy transfer between closely
spaced fluorophores.”>*® These results indicate that the fluo-
rescence output of the Fe;0,@SiO,@FITC MNPs system can be
tuned by nanoparticle concentration, although excessive
loading should be avoided to minimize quenching.

The fluorescence emission spectra of FITC-conjugated iron
oxide magnetic nanoparticles upon exposure to increasing
concentrations of DNA at physiological pH (7.40) in phosphate
buffer (5 mM) at 25 °C was illustrated in Fig. 9b. Following DNA
adsorption, Fe;0,@SiO,@FITC MNPs retained a stable fluo-
rescence excitation maximum at 494 nm, with an emission
band centered at ~521 nm. The spectral profile remained
similar to that of the Fe;0,@SiO,@FITC MNPs; however,
a notable increase in fluorescence intensity was observed. This
enhancement is attributed to interactions between DNA and the
FITC moieties, which may restrict fluorophore mobility, reduce

53,54
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(a) Fluorescence emission spectra of FITC-conjugated iron oxide magnetic nanoparticles (Fez0,4@SiO,@FITC MNPs) at varying particle

concentrations (0.01 to 1.00 mg mL™?Y) prior to DNA adsorption. (b) Fluorescence emission spectra of FITC-conjugated iron oxide magnetic
nanoparticles (Fes04@SiO,@FITC MNPs) after DNA adsorption at different DNA concentrations (0.0 to 10.0 pg mL™) recorded at pH 7.40 in

phosphate buffer (5 mM ionic strength, 25 °C; excitation at 494 nm).
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non-radiative relaxation pathways, or alter the local microenvi-
ronment to favor radiative decay.”” Notably, the secondary
emission peak at ~497 nm, present in the Fe;0,@SiO,@FITC
MNPs was markedly diminished upon DNA binding, likely due
to changes in the relative population of fluorescein ionic species
induced by electrostatic and hydrogen-bonding interactions
with DNA.?® The pristine Fe;0,@Si0,@FITC MNPs (0.0 ug mL
DNA) exhibit a strong fluorescence emission peak characteristic
of FITC. As the DNA concentration increases, a progressive
decrease in fluorescence intensity is observed, indicating
quenching of the FITC fluorescence. This quenching effect
suggests effective adsorption or interaction of DNA molecules
onto the nanoparticle surface, which likely leads to changes in
the local environment around FITC and possibly energy or
electron transfer processes causing fluorescence suppres-
sion.”*® The trend of fluorescence intensity reduction with
increasing DNA concentration confirms the sensitivity of Fe,-
0,@Si0,@FITC MNPs towards DNA binding, making them
suitable for biosensing applications.

2.5 Elucidation of fluorescence quenching mechanism by
Stern-Volmer Analysis

To investigate the fluorescence quenching mechanism of the
Fe;0,@Si0,@FITC MNPs with DNA, a Stern-Volmer analysis
was performed by systematically varying the concentration of
the quencher, in this case, low molecular weight salmon sperm
DNA (MW = 100 kDa). The fluorescence intensity of the FITC-
conjugated nanoparticles was recorded at a fixed excitation
wavelength (494 nm) while increasing the DNA concentration in
the solution. The Stern-Volmer equation® was used to analyze
the quenching behavior.

Fy

= 1+Ksy [DNA] (3)
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where, F, is the fluorescence intensity in the absence of
quencher at maximum emission wavelength 521 nm, F is the
fluorescence intensity in the presence of quencher, Kgy is the
Stern-Volmer quenching constant, and [DNA] is the concen-
tration of DNA.

The Stern-Volmer plot of Fy/F versus [DNA] was obtained
(Fig. 10a), showing a linear relationship at lower DNA concen-
trations, which suggests a predominantly dynamic quenching
mechanism due to collisional interactions between the FITC
fluorophore and DNA molecules. However, at higher DNA
concentrations, the plot deviated from linearity, indicating
a mixed quenching process involving both dynamic and static
quenching mechanisms. The static quenching likely arises from
the formation of non-fluorescent complexes between DNA and
FITC on the nanoparticle surface. These observations imply that
DNA binding alters the local environment of the FITC fluoro-
phore, reducing fluorescence via both transient collisions and
stable complex formation.®»*® The high Stern-Volmer quench-
ing constant (Ksy) value reflects effective interaction between
DNA molecules and FITC fluorophores on the nanoparticle
surface, likely facilitated by electrostatic attraction and close-
range energy or electron transfer pathways. The quenching
behavior confirms the effective interaction of the biosensor with
DNA, validating its potential for sensitive fluorescence-based
DNA detection. From the calibration curve obtained in
Fig. 10b, the limit of detection (LOD) for DNA was estimated
using the 3¢/|slope| criterion, yielding a value of 0.0785 pug mL ™"
(where standard deviation, ¢ = 5.729). This sensitivity aligns
well with the observed data in the UV-Vis absorption spectra
(Fig. 7), where measurable signal changes were evident even at
low DNA concentrations, confirming the suitability of the
developed nanoparticle-based system for trace-leve]l DNA
detection. The fluorescent on-off switching mechanism of Fe;-
0,@Si0,@FITC MNPs with bound and unbound DNA is illus-
trated in Scheme 3.
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(a) Stern—Volmer plots of Fo/F versus [DNA]/mM for fluorescence quenching of Fez04@SiO,@FITC MNPs by salmon sperm DNA. The

linear fit yielded a Stern—Volmer quenching constant (Ksy) from the slope of 5.6 + 0.389 mM™ with a high coefficient of determination (R? =
0.998), indicating strong and consistent quenching efficiency. (b) Fluorescence emission intensity versus DNA concentration (ug mL™2) for the
calculation of limit of detection (LOD). The linear fit yielded a |slope| = 201.685 + 13.74 with a high coefficient of determination (R>=0.977). The

limit of detection for DNA was found to be 0.0785 ug mL™.
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Scheme 3 Schematic representation of fluorescence on-off switching mechanism of FITC-conjugated iron oxide magnetic nanoparticles i.e.,

Fez04@SiO,@FITC MNPs with bound and unbound DNA.

2.6 Agarose gel electrophoresis

All samples yielded distinct, low molecular weight DNA bands
upon agarose gel electrophoresis (showed in Fig. 11), demon-
strating effective isolation. The DNA ladder in the rightmost
lane provided clear resolution of low base pair markers, con-
firming accurate size estimation.

The predominant bands across sample lanes migrated
consistently with DNA fragments in the low hundreds of base
pairs, reflecting a largely uniform fragment population with
minimal fragmentation. Minor smearing observed in some

e Ladder

base pairs
1200
900
700

600

500
400
300
200
150

Fig. 11 Agarose gel electrophoresis analysis of low molecular weight
salmon sperm DNA, magnetically separated by FITC-conjugated iron
oxide magnetic nanoparticles (Fes0,4,@SiO,@FITC MNPs) and subse-
quent redispersion in PBS buffer (pH 7.40). Sample wells contain DNA
at the concentrations ofa =05 ugmL™ b=1.0pgmL™%, c =2.0 pg
mL™%, d = 3.0 ug mL~tand e = 4.0 pg mL™. The rightmost lane shows
a molecular weight (base pair) DNA ladder for size reference.
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lanes indicates a small proportion of shorter fragments or slight
degradation; however, the overall electrophoretic profile
confirms that the isolated DNA maintains structural integrity
with low fragmentation, making it suitable for subsequent
analyses.

3 Experimental
3.1 Materials

Commercially available chemicals were utilized in the synthesis
of the oleic acid coated iron oxide magnetic nanoparticles, i.e.
Fe;0,@0A MNPs; the silica coted iron oxide magnetic nano-
particles, ie. Fe;O,@SiO, MNPs; the amine functionalized
silica coated iron oxide magnetic nanoparticles, i.e. Fe;0,@-
SiO,-NH, MNPs; and the FITC labeled silica coated iron oxide
magnetic nanoparticles, ie. Fe;0,@Si0,@FITC MNPs. All
chemicals, including the precursors: anhydrous Iron(um) chlo-
ride (FeCls, 99.99%) and iron(u) chloride tetrahydrate (FeCl,-
-4H,0) purchased from Sisco Research Laboratories (SRL),
India; the surfactants: oleic acid (OA, 90%), Igepal®CO-520
(90%), and tetraethyl orthosilicate (TEOS, 98%) purchased
from Sigma-Aldrich, USA; the coupling agent: 3-aminopropyl-
triethoxysilane (APTES, 90%) purchased from TCI, Japan; and
fluorescein isothiocyanate (FITC) and Salmon sperm DNA also
purchased from Sigma-Aldrich, USA, were stored in the refrig-
erator in the lab before being used. Ethanol was distilled before
use, and the n-hexane, NaOH and ammonium hydroxide (25%)
solutions were analytical grade and used without further puri-
fication. In addition, distilled deionized water was used
throughout the study.

3.2 Methods

3.2.1 Synthesis of Fe;0,@O0A magnetic nanoparticles.
Oleic acid coated iron oxide magnetic nanoparticles, ie.
Fe;0,@0A MNPs, were synthesized using a coprecipitation
method,*" with a little modification using anhydrous iron(m)
chloride (FeCl;) and iron(u) chloride tetrahydrate (FeCl,-4H,O)
salts at a Fe**/Fe®* molar ratio of 2: 1. The entire synthesis was
conducted under an oxygen-free condition by ensuring the
continuous flow of nitrogen gas. Briefly, the reaction equipment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was set up as prescribed, and 5.76 g of NaOH were dissolved in
100.0 mL of deionized (DI) water. The solution was then
transferred to a 250 mL three-neck round bottom flask, and the
temperature was raised to 90 °C with continuous stirring using
a mechanical stirrer at 400 rpm. Subsequently, 2.61 g of anhy-
drous FeCl; and 1.35 g of FeCl,-4H,0 were dissolved in 50.0 mL
of DI water under purging nitrogen gas and added dropwise to
the reaction from a burette for 60 min. The color of the solution
immediately turned dark black, and the pH of the solution was
maintained at approximately 10 to 11 throughout the reaction.
After 30 min of reaction, 2.0 mL of oleic acid were added, and
the reaction mixture was stirred for additional 1 h at the same
temperature. Finally, the solution was cooled to room temper-
ature and washed with DI water and ethanol 5 times using
magnetic separation. After washing, oleic acid coated iron oxide
magnetic nanoparticles, i.e. Fe30,@0A MNPs, were dispersed
in cyclohexane for storage. All the samples were dried before
conducting  structure, particle and  magnetic
characterization.

3.2.2 Synthesis of Fe;0,@SiO, magnetic nanoparticles.
Silica coated iron oxide magnetic nanoparticles, i.e. Fe;0,@-
SiO, MNPs, were prepared according to the procedure reported
in the literature.®* A reverse microemulsion (water-in-oil; w/o)
method was followed for preparing the silica coted iron oxide
magnetic nanoparticles, i.e. Fe;0,@SiO, MNPs. Briefly, 3.52 ¢
of Igepal®C0O-520 were dispersed in 41.0 mL of cyclohexane in
a 250 mL conical flask and ultrasonicated for 10 minutes. Then,
10.0 mg of oleic acid coated iron oxide magnetic nanoparticles,
i.e. Fe;0,@0A MNPs, were dispersed ultrasonically in 4.0 mL of
cyclohexane for 20 minutes. Next the MNP suspension was
added dropwise to the surfactant solution, followed by sonica-
tion and shaking for 30 minutes. Subsequently, 550 pL of
ammonium hydroxide (25%) solution were added to this
mixture, followed by 300 pL of tetraethyl orthosilicate (TEOS).
Finally, the mixture was gently shaken for 48 hours at room
temperature to introduce the silica layer onto the surface of
Fe;O, nanoparticles. The resulting Fe;0,@SiO, MNPs were
then thoroughly washed five times with an ethanol-water
mixture, collected through magnetic decantation to remove the
surfactants and then dispersed in ethanol for storage.

3.2.3 Surface modification of Fe;0,@SiO, nanoparticles.
The surface modification of Fe;O,@Si0O, MNPs was conducted
using amino-silane (APTES, 3-aminopropyltriethoxysilane) in
an ethanol-water mixture. For this purpose, 41.0 mg of Fe;-
0,@Si0, magnetic nanoparticles were dispersed in 25.0 mL of
ethanol-water mixture by applying ultrasonication for 2 h.
Subsequently, 100 ul of ammonium hydroxide (25%) and 100 pl
of amino-silane coupling agent (APTES) were added dropwise
into the dispersion. The solution was then heated to reflux for
4 h (e.g., 80 to 90 °C) and stirred at 300 rpm for an additional
24 h at room temperature. Finally, the nanoparticles obtained,
i.e. Fe;0,@Si0,-NH, MNPs, were separated magnetically; the
residual amino-silanes were removed by rinsing the sample in
ethanol three times with 30 seconds of ultrasonication and the
MNPs were re-dispersed in ethanol.

3.2.4 Fluorescein coupling with Fe;0,@SiO,-NH, nano-
particles. For this procedure, 1.0 mg of fluorescein

size
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isothiocyanate (FITC) was dissolved in 10.0 mL of absolute
ethanol. Then, 200 pl of ammonium hydroxide were added.
Subsequently, 10.0 mg of amine functionalized silica coated
iron oxide magnetic nanoparticles, i.e. Fe;0,@SiO,-NH, MNPs,
were added to the solution. The reactants were stirred for 16 h at
room temperature in a dark environment and solid products
were recovered through magnetic separation. The nanoparticles
obtained, FITC labeled silica coated iron oxide magnetic
nanoparticles, i.e. Fe;0,@SiO,@FITC MNPs, were rinsed three
times with ethanol and twice with DI water to remove the
physically adsorbed FITC molecules. Three minutes of sonica-
tion were applied to each cycle.

3.3 Characterizations

The structural functionality of the particles formed at different
stages was analyzed using an FTIR Spectrophotometer (Perki-
nElmer, FTIR-100, USA) across the 4000-200 cm™ " range. The
magnetic characteristics were investigated using a DXV-9000
series vibrating sample magnetometer manufactured by Xia-
men Dexing Magnet Tech. Co., Ltd, China. At 300.0 K, the
magnetic property of the dry powder particles was determined,
with H = 1318 Oe and m = 0.3326 emu. The XRD patterns were
obtained by using a Rigaku (Tokyo, Japan) Ultima IV RINT D/
max-kA diffractometer with Cu K, radiation (A = 1.54178 A)
under standard room conditions. TEM micrographs were ob-
tained at an accelerating voltage of 120 kv and a beam current
of 8 pA using a Hitachi 7839 (USA) instrument with different
magnifications. The surface nature and elemental study were
conducted using a scanning electron microscope (SEM) with
a ZEOL, JSM-IT800 SEM system applying a landing voltage
ranging from 1.00 kV to 30.00 kV and magnifications ranging
from 5x to 30 000x. UV-Vis absorption spectra of fluorescent
magnetic nanoparticles were recorded using a UV-1240 (Shi-
madzu Corporation, Japan), while fluorescence emission
spectra of the synthesized nanoparticles and the interaction of
fluorophore with DNA was conducted using a fluorescence
spectrophotometer F-7000 (Hitachi High-Tech Corporation,
Japan), using an excitation wavelength of 494 nm. Quartz
cuvettes (1 cm path length) were used for all optical measure-
ments. Gel electrophoresis analysis was performed using
vertical gel electrophoresis system CVS10CBS (Cleaver, UK).

3.4 Data analysis

All experiments were performed in triplicate (n = 3) unless
otherwise specified. The obtained data are presented as the
mean value + standard deviation (SD). Statistical analysis was
carried out using OriginPro 2019b and graphical data were
plotted accordingly. Where relevant, statistical significance was
assessed using Student's t-test with p < 0.05 considered statis-
tically significant.

3.5 DNA adsorption procedure

For the DNA adsorption study with chemically functionalized
MNPs at different pH values, 1.0 mg of amine functionalized
silica coated iron oxide magnetic nanoparticles, i.e. Fe;0,@-
SiO,-NH, MNPs, and 1.0 mg of fluorescent iron oxide magnetic
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nanoparticles, i.e. Fe;0,@SiO,@FITC MNPs, were added sepa-
rately to vials containing a 5.0 mL phosphate buffer solution
(5 mM PBS) at five pH values, specifically, 4.44, 6.43, 7.40, 9.43,
and11.01. After ultrasonication for 30 s, 50.0 ng of salmon
sperm DNA were added to the dispersions, which were then
incubated for 30 min at laboratory temperature (25 °C)
accompanied by stirring at 1000 rpm. Finally, the magnetic latex
particles with the adsorbed DNA were separated as quickly as
possible using an external magnet and centrifugation at 10
000 rpm for 5 min, with the resulting clear supernatant then
being collected. The concentration of nucleic acids in the
supernatant can be readily calculated by measuring the absor-
bance at 260 nm in a UV-Vis spectrophotometer using a stan-
dard calibration curve (plotting DNA concentration against
absorbance at different pH values). The amount of DNA
adsorbed by the magnetic nanoparticles (ug DNA per mg dry
particles) was calculated from both the initial and final DNA
concentrations in the clear supernatant.

3.6 DNA desorption procedure

For the DNA Desorption procedure, 5.0 mL of desorption buffer
(PBS) was added to the vial containing the DNA-adsorbed
magnetic latex particles. The particles were thoroughly
dispersed, and the vial was then placed in a temperature-
controlled oil-bath accompanied by stirring at 1000 rpm at
a temperature of 40 °C for 45 min. After incubation, magnetic
separation using an external magnet and centrifugation at 10
000 rpm for 5 min, the clear supernatant was collected for
absorbance measurement at 260 nm. Using a standard cali-
bration curve (plotting DNA concentration against absorbance
at different pH values), the percentage of DNA desorption was
determined based on the desorbed DNA amount and the initial
DNA adsorbed on the magnetic latex particles. A schematic
representation of the entire DNA adsorption and desorption
process of magnetic particles is illustrated in Scheme 4.

3.7 Sample preparation for UV-vis absorption study

For the absorption study at pH 7.40, 1.0 mg of FITC-conjugated
Fe;0,@Si0,@FITC MNPs was added to vials, each containing
a 5.0 mL phosphate buffer solution (5 mM PBS). After ultra-
sonication for 30 s, different amounts (25, 30, 35, 40, 45, 50, 55
ug) of Salmon sperm DNA were added to the dispersions, which
were then incubated for 30 min at 25 °C accompanied by stir-
ring at 1000 rpm. Finally, the MNPs with adsorbed DNA were

DNA
(in PBS)

Magnetic
Separation

DNA adsorption
(25°C, 1000 rpm)
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separated as quickly as possible using an external magnet and
centrifugation at 10 000 rpm for 5 min, and the clear superna-
tant was collected. The concentration of DNA in the supernatant
can readily be calculated by measuring the absorbance at
260 nm in a UV-Vis spectrophotometer using a standard cali-
bration curve (plotting DNA concentration against absorbance
at different pH values). The amount of DNA adsorbed (ug DNA
per mg dry particles) was calculated from both the initial and
the final DNA concentrations in the clear supernatant. A new
approach for adsorbed DNA sensing and quantification was
derived by taking continuous absorption spectra and measuring
the absorbance at 494 nm for the pH conditions of 4.44, 6.43,
7.40, 9.43, 11.01 in the UV-Vis spectrophotometer.

3.8 Sample preparation for fluorescence emission study

A stock suspension of FITC-conjugated iron oxide magnetic
nanoparticles (Fe;0,@SiO,@FITC MNPs, 5.0 mg) was prepared
in phosphate-buffered saline (PBS, pH 7.40, 5 mM ionic
strength) to a final volume of 5.0 mL, followed by sonication for
10 min to ensure uniform dispersion. The suspension was
serially diluted to obtain nanoparticle concentrations of 0.10,
0.20, 0.40, 0.60, 0.80, and 1.00 mg mL™'. A blank solution
containing only PBS was used for baseline correction. Fluores-
cence emission spectra of the Fe;0,@SiO,@FITC MNPs at
different particle concentrations, prior to DNA adsorption, were
then recorded. For the Stern-Volmer analysis, FITC-conjugated
iron oxide magnetic nanoparticles (Fe;0,@SiO,@FITC MNPs)
were dispersed in phosphate-buffered saline (PBS, pH 7.40,
5 mM ionic strength) to a concentration of 1.0 mg mL ™' by
sonication for 10 min. Equal volumes of this nanoparticle
suspension were mixed with DNA solutions of varying concen-
trations to obtain final DNA concentrations of 0.00, 0.02, 0.04,
0.06, 0.08, and 0.10 mM. The mixtures were incubated at room
temperature for 30 min to allow interaction between DNA and
the nanoparticles. Steady-state fluorescence emission spectra
were recorded using a fluorescence spectrophotometer with an
excitation wavelength of 494 nm and the fluorescence intensity
at the emission maximum (521 nm) was measured for each DNA
concentration for Stern-Volmer analysis.

3.9 Agarose gel electrophoresis

Low molecular weight salmon sperm DNA was magnetically
separated using FITC-conjugated iron oxide magnetic nano-
particles (Fe;0,@SiO,@FITC MNPs) in PBS (pH 7.4) following

Removal of supernatant Incubation

Redispersion 45 min

=

DNA desorption
(40 °C, 1000 rpm)

Magnetic
Separation

Scheme 4 Schematic illustration of the adsorption and desorption procedure of DNA using functionalized/modified iron oxide magnetic

nanoparticles.
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the previously described adsorption-desorption protocol. The
MNPs were collected with a permanent magnet, washed three
times with PBS, and redispersed. The final concentrations of the
recovered DNA were adjusted to 0.5, 1.0, 2.0, 3.0, and 4.0 pg
mL !, as determined by a NanoDrop spectrophotometer. Each
sample were loaded into separate wells of a 2% agarose gel
prepared in 1x TAE buffer. Electrophoresis was performed at
100 V for 40 min, and a 100 bp DNA ladder was included as
a molecular size marker.

4 Conclusion

This study demonstrates the successful synthesis and charac-
terization of multifunctional fluorescent iron oxide magnetic
nanoparticles (i.e. Fe;0,@SiO,@FITC MNPs) for dual applica-
tions in DNA separation and real-time visualization. We have
demonstrated that separation and visual quantification of DNA
using targeted fluorescent magnetic nanoparticles are possible
even without separation of the DNA from the medium con-
taining the biomolecules. The UV-Vis absorption and fluores-
cence emission intensity of the prepared nanoparticles
dramatically decreasing through the adsorption of DNA mole-
cules. Targeted DNA visualization, therefore, seems possible
when using DNA solutions and is more effective than proce-
dures requiring a separation technique. These findings high-
light the promise of these nanoparticles as a versatile platform
in molecular biology, paving the way for further advancements
in disease diagnostic applications. Future research may focus
on exploring their application in complex biological samples,
functionalizing the nanoparticle surface for sequence-specific
DNA detection, and integrating the system into point-of-care
diagnostic devices. Such developments could expand their
utility across diverse biomedical and analytical applications.
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