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Traditional fluorescent dyes employed for the detection of nucleic acids are associated with significant
challenges and encounter environmental and economic obstacles, including high cost, toxicity, long
staining times, and insufficient sensitivity. Thus, efforts have been devoted to replacing the prevalent
ethidium bromide (EB) dye with safer and more stable dyes; however, some of the aforementioned
drawbacks continue to hinder progress in this field. In this work, we developed a novel neutral
fluorescent magnetic core—shell nanoparticle dye by synthesizing Fe,Oz nanoparticles and subsequently
coating them with a silica shell. The silica coating not only stabilized the magnetic core but also
facilitated the conjugation of the nanoparticles with 4-hydroxy coumarin (C4@NpFeSi), 7-hydroxy
coumarin (C;@NpFeSi), and fluorescein (Flu@NpFeSi). The samples were comprehensively characterized
via TEM, XRD, TGA, UV-vis absorption, and fluorescence spectroscopy, which confirmed their successful
synthesis, and thus, the resulting particles could be utilized for visualizing nucleic acids in the solid
phase. Fluorescence studies demonstrated that DNA-C,@NpFeSi exhibits an emission band centered at
458 nm (Aex = 325 nm), which represents an increase in FL intensity by 2-fold in comparison with
C,@NpFeSi. However, DNA-Flu@NpFeSi exhibited an emission peak at 650 nm (A¢x = 515 nm), which can
be attributed to the intercalation binding between Flu dye and DNA protonation, increasing the
fluorescence intensity by ~10 fold compared to the free Flu@NpFeSi. Agarose gel electrophoresis
confirmed effective DNA visualization with distinct bands resolved for 50 to 10000 bp fragments
crossing three distinct DNA ladders, indicating highly efficient magnetic separation. These results
highlight that DNA-Flu@NpFeSi is an efficient alternative to ethidium bromide due to its high sensitivity,
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electrophoresis remains one of the most efficient and effective
techniques for the separation and analysis of nucleic acids due
to its ability to leverage an electric field to separate DNA frag-
ments based on size.*” The global electrophoresis reagent
market has grown considerably to a valuable size, with
a compound annual growth rate (CAGR) of 4.47% forecasted for
the period from 2024 to 2031, driven by increasing demand for
genomics and clinical diagnosis.® The COVID-19 pandemic
further emphasized the significance of electrophoresis in
biomedical research, where it played a critical role in developing
effective therapies by enabling the precise labeling of DNA,
RNA, or protein molecules. This, in turn, spurred interest in

Introduction

The visualization of DNA plays a pivotal role in the early
detection, diagnosis, and monitoring of diseases, particularly in
identifying cancer biomarkers."® In the context of cancer
diagnosis, techniques with the ability to clearly visualize DNA
fragments are essential for facilitating the identification of
genetic mutations and abnormalities, thereby enabling precise
diagnosis and guiding therapeutic interventions.** Among the
available methods for nucleic acid separation, agarose gel
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developing safer and more environmentally friendly electro-
phoretic reagents.” This demand has driven researchers to
investigate new dye formulations that are more rationally and
scientifically sustainable from their inception. Consequently,
the electrophoresis reagent market is projected to achieve
a higher CAGR of 5.11% during the forecast period.'"

RSC Adv, 2025, 15, 24289-24303 | 24289


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra01931a&domain=pdf&date_stamp=2025-07-10
http://orcid.org/0000-0003-1407-4572
http://orcid.org/0000-0002-3480-343X
http://orcid.org/0000-0002-1972-6202
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01931a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015030

Open Access Article. Published on 11 July 2025. Downloaded on 1/20/2026 10:58:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

3
) (5]
= g I S o
@3| £ £ L= . B
= =] =] S O
= n (=3 N 5 7
= 2 = n o Sz =
= Z n O F Z S = =
3
z| £ £ g
2| 2 2w LB .8
= T o8
@5 v o SN 35 3
SR N I 15 10 S < = g
O Z o) <+ N Z S w2
3
15 9
S
A g E >3 ks bS]
L8| € EZE L E LB
@F| v g@mewmESSQ
OZ| w« ST 38&zZcw
5
o0 =
~
S £ g8
I
2 E E8 < g
=% (=] (=] ==
v i 2 892
821 8 89 S 3=
< M I} n S Z <=
5
5 2 9 &
z o 2 3
s E EQ s 3
S S = 9]
= =] (=] < =
] o N ]
gLl & B=< s 2
< O < n S T =
z E -
& 9 2 3
S g g8 5 32
< = &
= [=R-1] b=~ =
o % o i S}
S & 3 Qo < 2
a0 n n 1" T =
8
s v S
n 28
> 2 =i =] S 3
< g a 2 o0 o0 ==
2 54 Javie & T O
< O = = St
n > = S n o o S < =
K SHO) n I RNTo TS Z < &
< )
b Q
c ) 12} =
o e 9 R
3| 8 o| g = S 32
5 < w0 & = g
L [SErY = Cltéb = 5
£ Eaw| 2 9 N 1
© o O o S o =
o | T &E| « <+ — T =
el 5
c o
o w @ =
C oS =3 )
) - 4 S 2
° N = E >3 o 2
+ Q@ =} =R < =
< P - R-EeT S
= [T N S 3 Al =
2 o~ = < » I a8 T =
(%]
9] N 4
> 9 £ 2
© =8 S g S
c 28 =3 = o0 -
o) 29| & o8 o g
= 28| ® Fo ON%
3 O 5 14 O — Z <
= 2]
g (5] 3 (5]
[
2 2l g g 2mg 25
> & | £ 5555 B85
S| £%g gf253 3%
=\ =
2 2% 2 R584F BE
< 5
z g g 2] 8
Ia) ~ = S =] o
2 o « 0 —~ 0 o
S € S A »-F 8T 2
e} vy n =4+ o5 L
& s | = I ]
S B8l b SmEZN 5
£ 2l 8 SF58 S 23
5 0 ot = w4 3L T =2
O 5
7 5 g 2
o} il £ E E < 2
€ 2%, | E8 8, ‘.:;‘53
o ] ocxo & g N
® O < on
< 5 g Q3R Z.J:‘%::
N o
(o] N @
c S =]
o £y s}
2 22| & § s
o S g S S| =
= o0 g
g 521 8 &°¢ G
g e ® O — T %
v
o =) o &< =] =
Is] = <}
- = .9.22 o S
s A = = O
Y g 37 % 9.2
2 = 28 « 8 o=
Qo Q EGJ.» < B o
© % o = 5
ik &= SNV T (==

24290 | RSC Adv, 2025, 15, 24289-24303

or UV or UV

or UV

laser

light

scanners
Gold

excitation)
Green

Orang Blue

Green Blue Green Green Green Green Orang

Non-

Green

Orang

Colour

fluorescent

View Article Online

Paper

Historically, ethidium bromide (EB) has been the most
common and widely used reagent of choice for DNA staining
due to its high fluorescence upon intercalation with DNA.*>*?
However, it suffers from several drawbacks, especially given that
it poses significant health and environmental risks."* It is
known as an ionic compound, which leads to the formation of
a strong complex with nucleic acid.*>*® More importantly, EB is
considered mutagenic and genotoxic to humans, which causes
various alterations by affecting the biological processes of DNA
transcription and replication, and causing structural and
functional alterations in cells.'®* Consequently, there are
significant safety concerns regarding EB waste disposal for
laboratory staff, which is creating regulatory issues regarding its
disposal into the environment due to it contaminating both soil
and water."”'® Furthermore, EB is expensive, and it presents
significant economic drawbacks associated with hazardous
waste disposal. For example, a case study reported that annual
disposal costs of EB range from 5000 to 10000 $ (USD),
depending on the volume, packaging, and disposal
procedures.

These drawbacks have driven research on safer and more
efficient alternatives, where introducing nanotechnology offers
innovative solutions for DNA labeling and visualization.*
Nanotechnology is a highly promising field, enabling the
assembly, manipulation, and manufacturing of nanomaterials,
thereby translating nanoscience theory into practical applica-
tions with the potential to stimulate scientific innovation, while
greatly benefiting society.”*** Nanoparticles have introduced
innovative functionalities, increased efficiencies, and expanded
capabilities in numerous medical applications, including
medical sensing, cellular imaging, and DNA labeling.?*° For
instance, Zanoli et al. (2012) reported the use of functionalized
gold nanoparticles for DNA labeling based on PCR amplifica-
tion; however, their findings were based on the detection of
specific DNA sequences and only a few systems were applied to
real samples.*® Secondly, Prieto et al. (2014) described electro-
phoretic gels using methyl green (GM) for DNA labeling.*'
Furthermore, Li and group (2024) used CRISPR-Casl2a
complexes to detect colorectal cancer by identifying DNA
methylation features at the aM level.**

In this context, fluorescent dyes continue to play a crucial
role in DNA labeling due to their ability to provide high contrast
imaging of nucleic acids.**** Among the fluorescent dyes,
coumarin-based fluorescent probes have been reported to be
employed for the fluorescent imaging of live cells due to their
low cytotoxicity and reasonable cell permeability.*>*® Similarly,
fluorescein dye is one of the first labels that has been widely
employed in many different biological and biochemical appli-
cations.*” Recently, fluorescein has been used to assist with
lesion localization and visualizing the extent of tumor resection
in neurosurgical oncology due to its accumulation in areas of
blood-brain barrier breakdown.?®

Therefore, this study explored the development of
fluorescent-magnetic nanoparticles as alternatives to ethidium
bromide for DNA visualization. Specifically, coumarin and
fluorescein conjugated with superparamagnetic iron oxide
(Fe,O3) nanoparticles were synthesized and evaluated for DNA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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visualization. The resulting Flu@NpFeSi nanoparticles exhibi-
ted strong fluorescence, high stability, and effective super-
paramagnetic behavior in comparison with C,@NpFeSi and
C,@NpFeSi, making them suitable and cost-effective for DNA
detection. Overall, a comparison between these particles and
the most commonly used dyes is presented in Table 1, revealing
their optical properties and sensitivity with the detection
method. These findings not only highlight the potential of the
developed nanoparticles as an alternative to ethidium bromide
but also pave the way for the next-generation development of
DNA labeling and detection.

Materials and characterization

All chemicals were obtained from Merck and Sigma-Aldrich and
used as-received without purification. The reactants used were
iron(m) chloride anhydrous (99.9% w/w), iron(u) chloride tet-
rahydrate (98% w/w), tetraethoxysilane (98% w/w), (3-chlor-
opropyl)trimethoxysilane (97% w/w), 7-hydroxycoumarin (99%
w/w), 4-hydroxycoumarin (98% w/w), and fluorescein sodium
salt. All other chemicals and solvents were purchased from
various commercial sources.

IR spectra were recorded on a PerkinElmer Tensor 27 ATR
FT-IR spectrometer. Dried nanoparticles were subjected to
thermal gravimetric and differential thermal analysis (TG-DTA)
at a ramping rate of 20 °C min ‘. Transmission electron
microscopy (TEM) was performed on a Talos L120C operating at
120 kv with 0.2 nm resolution. Samples were prepared by
dispersing the nanoparticles in ethanol and sonicating for
5 min before deposition on an amorphous carbon-coated 300
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mesh copper grid, and then allowing the solvent to evaporate.
The surface morphology of the samples was analyzed by field
emission scanning electron microscopy (SEM) on an EI Quanta
400F field emission scanning electron microscope (FESEM)
equipped with an Oxford-Instruments INCA 400 X-Max detector
for energy-dispersive X-ray spectroscopy (EDX) measurement at
%300 magnification (spot size 1 mm x 1 mm) and an acceler-
ating voltage of 20 kv. A few milligrams of dried sample were
added to an FESEM cell, and subsequently scanned by the
electronic microscope. The XRD patterns of the particles were
recorded on a Bruker D8 Advance X-ray diffraction AXS using Cu
Ko radiation (d = 1.54 A) at a voltage of 40 kV and current of 40
mA at ambient temperature.

Synthesis of magnetic nanoparticle-supported dye
(dye@NpFeSi)

The core-shell magnetic nanoparticles were prepared via the
chemical co-precipitation of Fe** and Fe®" ions at a molar ratio
of 2:1, and then functionalization by (3-chloropropyl)triethox-
ysilane (CPTES) according to our previously reported
method.'**** The resulting silyl chloride-functionalized
magnetic nanoparticles (2.0 g) were dispersed in MeCN/MeOH
(50/20 mL) and ultrasonicated for 20 min. A nucleophilic dye
(1.0 g) (sodium fluorescein, 7-hydroxy coumarin, and 4-hydroxy
coumarin) was added dropwise with triethylamine (0.5 mL) and
the reaction mixture was stirred at 65 °C for 3 days. After cooling
to room temperature, the product was isolated by centrifugation
and magnetic decantation. It was washed with a mixture of
water/ethanol (3 x 20 mL) to ensure removal of the unreacted

Fig. 1 Ladder types: (A) SiZer™-50 plus DNA ladder: Korea, iNtRON, Inc., catalog number (24072), conc. (128 ng pL™Y), typical bands (100 ng/5
pl). (B) 100 bp plus DNA Ladder: China TransGen, Inc., catalog number (BM311-01). (C) 1 kb DNA ladder: USA Thermo Scientific™ Inc., catalog

number SM1163 O'GeneRuler 1 kb DNA Ladder.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dye, and then washed repeatedly with acetone (3 x 20 mL) and
dried for 6 h at 45 °C to obtain dye@NpFeSi (~2.4-2.6 g) as
a brown solid.

DNA interaction by the gel electrophoresis method

TBE buffer solution (1x) was used to prepare the (2% w/v)
agarose gel for gel electrophoresis. The agarose mixture was
heated in a microwave until fully dissolved with occasional
gentle swirling for mixing. The result solution was allowed to
cool to approximately 50 °C (until it was safe to handle), and
then poured into a gel tray. Five microliters of each Flu@Np-
FeSi, C;@NpFeSi, and C,@NpFeSi was individually added to
separate agarose solutions. A comb was placed in the gel tray to
create wells for the sample loading. The cooled agarose was
carefully poured into the gel tray, ensuring even distribution
and the probe comb placement. The gel was allowed to set for
15 min at room temperature. Then, the comb was carefully
removed, and 5 pL of each type of 1 kb, 100 bp and 50 bp ladder
(GoldBio, USA) (Fig. 1) was added to a separate well. The gel tray
was placed in an electrophoresis chamber, which was filled with
1x TBE buffer. Electrophoresis was performed at a voltage of
110V for 30 min. After that, to improve the band separation, the
voltage was adjusted to 75 V for one hour. The resulting
migration patterns were visualized under UV irradiation (G-
BOX, SYNGENE).

DNA release from nanoparticles

Particle purification was performed by adding 50 pL of AW1
elution buffer, which contained a high concentration of chaot-
ropic salt, and incubation at 70 °C for 10 min to dissociate the
bonded DNA from the magnetic nanoparticles. Subsequently,
the mixture was vortexed until the pellet was fully resuspended
visibly. Next, the sample was centrifuged for 30 s at approxi-
mately 14 000 rpm, and the supernatant was removed. The
particles were washed twice using a buffer solution containing
absolute ethanol and centrifuged for 1 min at 14 000 rpm. Then,
the solution was decanted, and the nanoparticles were collected
and dried in an oven at 60 °C for 6 h.

Computational study

The Chimera and AutoDock Vina programs were used to
perform the docking simulations. The interactions were visu-
alized using the Discovery Studio software. The docking was
carried out for the studied complexes formed between the
synthesized particles and DNA. The protein structure (PDB:
6VOY) was retrieved from the Research Collaboratory for
Structural Bioinformatics (RCSB) database. To ensure the reli-
ability of the results, at least five independent docking runs
were performed consecutively. Gasteiger charges and energy
minimization was also considered in the calculations.

Results and discussion
Nanoparticle characterization

According to Fig. 2, the XRD patterns of the produced powders
indicate the existence of an amorphous core-shell quartz and
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hematite modified with C4, C7, and Flu compounds. Our prior
investigation demonstrated that the precursor magnetic core-
shell (NpFeSi and NpFeSiCl) consists of a mixture of Fe,0; and
Si0,.** The peak width of the pattern peaks recorded in the
three modified materials (C,@NpFeSi, C,@NpFeSi, and
Flu@NpFeSi) did not exhibit any variations. According to the
comparison of NpFeSi and NpFeSiCl, the only minor variations
observed were in their crystallinity and particle sizes, which can
be related to the variable quantities of reactant (C,4, C, and Flu)
on the surface of NpFeSi. An interesting observation is that the
phase particles of C,@NpFeSi, C;@NpFeSi, and Flu@NpFeSi
exhibit diffraction peaks at 26.8°, 30.4°, 35.7°, 36.5°, 43.2°,
53.4°, 57.4°, 59.9°, and 62.9°. The Fe,O; percentages of 70%,
3.0%, 5.0%, 1.0%, and 30% on the (110), (202), (122), (211) and
(214) crystallographic planes, respectively, are consistent with
a 62% rhombohedral phase, as shown by the PDF Reference
Code 033-0664 (indexed in ICDDPDF2). Based on PDF Ref Cod:
033-1161 (indexed in ICDDPDF2), the diffractions of hexagonal
phase SiO, indicate the presence of (101), (202), (211), and (102)
crystallographic planes with percentages of 100%, 4%, 1%, and
8%, respectively, and the overall match percentage is 42%.
These values distinctly indicate the formation of Fe,O; hematite
core-shell silica nanoparticles, which reveals that the particles
possess super-paramagnetic behavior, as previously reported.*
It is important to note that the magnetic properties of these
particles have already been thoroughly investigated and docu-
mented in our earlier research.’>**

The particles were subjected to TEM analysis for compre-
hensive scrutiny. The TEM images demonstrated the presence
of a hematite core encased in a quartz shell, as shown in Fig. 3.
The electron diffraction of the particles indicated that their
outer shell (quartz) consisted of three distinct compositions,
i.e., C4, C;, and Flu, validating the development of core-shell
particles. The generation of particles featuring a high porosity
core-shell structure was confirmed by the TEM images, which
revealed different particle size distributions. The results ob-
tained from the TEM images indicate that the average

# FeyO3 - Rhombohedral

0004 Flu@NpFeSi ol

(110)(|(102)

& Si0, - Hexagonal

4000

u)

Intensity (a.

2000

26 ()

Fig. 2 XRD pattern of the dye-based magnetic core-shell
nanoparticles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of three core—shell nanoparticles C4@NpFeSi, C;@NpFeSi, and Flu@NpFeSi, with SAED of each NPs.

dimensions (area) of C;@NpFeSi, C;@NpFeSi, and Flu@NpFeSi attributed to the increased reaction between the C7 and Flu
were 165 nm, 42 nm, and 69 nm?, respectively. The decrease in molecules with NpFeSi particles or/and their agglomeration,
the dimensions of C,@NpFeSi and Flu@NpFeSi can be which could be due to the drying of the specimen on the grid for

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 24289-24303 | 24293
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the TEM observations. The relative contribution of the magne-
tostatic interaction appeared to increase, leading to ordering
and self-assembly.***® In agreement, the particles exhibited
varying diameters of around 10, 7.5, and 9.2 nm along the
longer axis for C,@NpFeSi, C;@NpFeSi, and Flu@NpFeSi,
respectively. They presented details regarding the atomic
structure and shape of the nanoparticles. The lattice fringes of
the magnetic core could be distinctly observed. The estimated
lattice d-spacing was ~0.33 and 0.29 nm for C,@NpFeSi; ~0.2
and 0.15 nm for C,@NpFeSi; and ~0.25 and 0.16 nm for
Flu@NpFeSi, corresponding to (101), (111), (202), (214), (110),
(102), (211), and (122), respectively.***” The SAED pattern
displays luminous rings indicating a substantial quantity of
hematite nanocrystals (polycrystalline phase) and spot reflec-
tions associated with individual particles of the three synthe-
sized core-shell (C4, C7, and Flu)@NpFeSi materials.

Upon analyzing the literature studies with the aid of the
FESEM images, it was noted that the morphology of the NpFeSi
and NpFeSiCl structures exhibited a uniform phase and
possessed irregular forms with rough surfaces.”**' Fig. 4
exhibits the FESEM images of the NpFeSi-modified material at
various magnification levels. The FESEM images demonstrate
a significant change in the morphology of the NpFeSi surface
after being treated with organic compounds. There was
a discernible disparity in the degree of surface roughness and
loading. The surface of C,@NpFeSi displayed a coarse texture
with bright aggregations after modification with 4-

M OKX EHT=3.00KV e _3006“
WD=7.1mm Signal A=SE2 ag=30-
WD=7.1 mm

N K
Mag=30.00
WD=7.1 mm

WD=7.1 mm __ Signal A=SE2

Mag=10.00KX EHT=3.00KV

WD=7.1 mm __ Signal A=SE2

Signal A=SE2
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hydroxycoumarin, as shown in Fig. 4(A). By changing the posi-
tion of the hydroxyl group on the initial compound 7-hydrox-
ycoumarin, a significant change in the structure of C,@NpFeSi
took place, as shown in Fig. 4(B). The surface of C,@NpFeSi
exhibited a smooth and undulating texture, with a greater
degree of loading in comparison to C,@NpFeSi according to the
TGA analysis. This observation is consistent with the visual
attributes of the organic substances, which were revealed using
FESEM.>>>*

The rough and rocky texture observed in these locations can
be attributed to the lower concentration of C7 reactants in this
particular area. According to the fluorescence results, it can be
suggested that they show consistent and regular distribution
patterns on the Flu@NpFeSi surface, while maintaining the
surface roughness, as shown in Fig. 4(C).

EDX analysis was performed to determine the elemental
percentage composition in the (C,, C7, and Flu)@NpFeSi
materials. The results demonstrate that the composition of the
resultant materials differs among the reactants (C4, C7, and
Flu). There was a noticeable alteration in the C,@NpFeSi
substance, with a reduction in the carbon content of 34% and
an increase in the chlorine content of 1.1%. In the case of C,-
@NpFesSi, its carbon content increased to 46%, while its chlo-
rine content decreased to 0.6%. This is because the C7
compounds have a stronger interaction with the surface of
NpFeSiCl, resulting in a reduction in the chlorine substitution
by the C7 compounds. The elemental composition of

EDX NpFeSi-C4
Elements Wt%
Fe 299
0 319
S1 24
C 347
Cl 1.1
WD=7.1 mm Signal A=SE2
EDX NpFeSi-C7
Elements Wit%
Fe 194
0 324
St 1.5
C 46.1
Cl 0.6
EDX NpFeSi-Flu
Elements Wt%
Fe 21.1
0 30.4
St 18
Cc 458
Cl 0.9

100 nm Mag=100.00KX EHT=3.00KV

Fig. 4 FESEM images of three core—shell samples: (A) C4@NpFeSi, (B) C;@NpFeSi, and (C) Flu@NpFeSi material with EDX analysis.
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Fig. 5 FT-IR spectra of NpFeSi-Cl, C4@NpFeSi, C;@aNpFeSi, and Flu@NpFeSi materials.

Flu@NpFeSi in the EDX Table was approximately comparable to
that of C,;@NpFeSi. The Flu@NpFeSi composition was
comprised of approximately 21% iron (Fe), 30% oxygen (O),
1.8% silicon (Si), 45.8% carbon (C), and 0.9% chlorine (Cl). The
positioning of the hydroxyl group on Flu in relation to C7 and
C4, as well as the molecular structure of Flu, are consistent with
these values.

FT-IR investigation was performed to verify the existence of
several functional groups after the modification processes on
the surface of the NpFeSi-Cl material. Fig. 5 presents the FT-IR
spectra of the NpFeSi-Cl, C,@NpFeSi, C,@NpFeSi, and
Flu@NpFeSi materials. The spectrum of NpFeSi-Cl exhibited
a distinct absorption peak at 3282 cm ™', which suggests the
presence of stretching vibrations from the remaining O-H
groups. Subsequently, a weak and sharp identifiable vibration
at 2925 cm ' appeared, which is ascribed to the sp*-C-H
vibration of the hydrocarbon chain. The presence of an
absorption peak at 1023 cm ™' indicates the occurrence of the
asymmetric stretching vibration of Si-O-Si. The band at
1624 cm ™' can be attributed to the bending vibration of water
molecules that are absorbed on the silica surface.”>*® The
findings provide evidence of the creation of a silica matrix on
the surface of NpFe, resulting in the synthesis of the NpFeSi
material. Then, this material was further modified into NpFeSi-
Cl through the immobilization process. The spectra of NpFeSi-
Cl, when treated with C4, C7, and Flu molecules, exhibited
a significant reduction in intensity. Although the C4 and C7
compounds share a similar structure, they displayed different
spectra because of the differing positions of the hydroxyl group.
The spectrum of C,;@NpFeSi displays clear peaks at 1697, 1519,
and 1126 cm ™', which correspond to the C=0, C=C, and C-O
functional groups, respectively.’” By contrast, the spectrum of

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

C,@NpFeSi displays a notable decrease in peak intensity,
accompanied by a substantial change in peak positions in
comparison to C;@NpFeSi due to the increased loading of C7
molecules compared to C3 molecules, as illustrated by the TGA
results. The heightened resonance effect in the aromatic ring
(C=C 1450 cm ") can be attributed to the close proximity of the
enol group to the carbonyl group (C=0 1603 cm™'); further-
more, the C4 reactant exhibits a low loading ratio on the NpFeSi
surface. The spectrum of Flu@NpFeSi indicates the presence of
hydroxyl and carbonyl groups, which correspond to the oscil-
lation of the carboxylic acid group at wavenumbers of 3359 and
1636 cm ™, respectively.®® This indicates that the Flu molecules
were successfully bound to the surface of the NpFeSi particles.
Thermogravimetric analysis (TGA) was employed to ascer-
tain the composition and organic content of the synthesized
magnetic nanocomposites, as shown in Fig. 6. A more
straightforward study was facilitated by mathematical data
processing utilizing differential thermogravimetry (DTG)
spectra. All the thermodynamic curves of the three new
compositions (C,, C;, and Flu)@NpFeSi exhibited three char-
acteristic zones of weight loss. The weight loss in the first region
below 200 °C can be attributed to the desorption of retained
moisture and residual organic solvent.” The following stage
(the second region) of mass reduction at 200 °C is linked to the
thermal oxidation and pyrolysis of the organic constituents.
The TGA-DTG curves of (Cy4, C;, and Flu)@NpFeSi exhibited
a significant decomposition stage at 160 °C, 139 °C, and 119 °C,
with the corresponding mass loss of 0.435 mg (4.344%),
0.248 mg (2.551%), and 0.256 mg (2.622%), respectively. The
first region in the TGA-DTG curve corresponds to the varying
percentages of water adsorbed inside the nanoparticle matrix of
the three product materials ((C4, C;, and Flu)@NpFeSi). The
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water loss temperature was higher in C,@NpFeSi and progres-
sively decreased in Flu@NpFeSi, which is attributed to the
greater availability of reactive organic compounds on the
nanoparticle surface in Flu@NpFeSi compared to C,@NpFeSi.
The increase in the content of Flu molecules resulted in
a reduction in the content of hydroxyl groups (-OH) on the
surface of SiO,, thereby diminishing the percentage of water
adsorbed within the nanoparticle. The mass loss in C;@NpFeSi

100 === 0.0005
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Fig. 6 TGA-DTA analysis of magnetic (C4, C5, and Flu)@NpFeSi.
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was lower than that in Flu@NpFeSi due to the higher concen-
tration of polar functional groups, particularly carboxylic group
(-COOH), in the Flu structure relative to C,. The existence of
these functional groups will enhance the adsorption of water
molecules on the surface relative to the matrix itself. Conse-
quently, the thermal measurement revealed a greater weight
loss at a lower temperature for Flu@NpFeSi.

The second mass loss region was seen at 270 °C (0.621 mg,
6.21%), 269 °C (0.606 mg, 6.24%), and 264 °C (0.429 mg, 4.4%),
corresponding to (C,, C;, and Flu)@NpFeSi, respectively, which
can be ascribed to the decomposition of the chloropropyl group
bonded to silica.

The third mass loss region was between approximately 300 °©
C to 600 °C and showed the characteristic weight loss at 330 °C
(0.59 mg, 5.9%), 374 °C (0.774 mg, 7.97%), and 453 °C
(1.288 mg, 13.2%), corresponding to (C,4, C;, and Flu)@NpFeSi,
respectively. The mass loss rates for C,@NpFeSi and C,-
@NpFeSi differed, exhibiting a variation in their TGA-DTG
curves. The disparity in the TGA-DTG curves of C,@NpFeSi
and C,@NpFeSi at approximately 300-400 °C arises from the
availability of C; molecules on the silica surface, while exhib-
iting identical decomposition profiles for both C, and C,.
Conversely, the Flu@NpFeSi particles exhibited a variation in
their TGA-DTG curve throughout the third principal region.
This region can be characterized as a non-sharp thermal
decomposition region, which is attributed to the elevated
molecular weight of Flu molecules, their abundance on the
silica surface, and the presence of polar carboxylic groups that
enhance the internal molecular forces. Consequently, the
thermal stability of Flu@NpFeSi surpassed that of both C,-
@NpFeSi and C,@NpFeSi.

Particle synthesis

The co-precipitation method, initially delineated by Massart,*
is the most prevalent methodology, which has subsequently
experienced extensive research and modification. This process
yields magnetic nanoparticles with exact size and outstanding
magnetic properties. The synthesis of the Fe,O; hematite
magnetic nanoparticles entails the co-precipitation of ferrous
and ferric salts in an aqueous medium, utilizing a strong basic
solution (aqueous ammonia at pH 9) at ambient tempera-
tures.®** Scheme 1 illustrates the primary framework for the
synthesis and modification of the core-shell magnetic nano-
particles. A modified Stober technique was utilized to synthe-
size SiO,, which was then coated via TEOS hydrolysis. Through
meticulous regulation of the conditions, the particles were
protected from oxidation and aggregation, leading to improved
surface functionalization.®*** This process involved the treat-
ment of CPTES for grafting an organic halide onto the nano-
particle surface, followed by the final coupling of the
nanoparticles with the designated chemicals including 4-
hydroxy coumarin (C4), 7-hydroxy coumarin (C7), and fluores-
cein (Flu). According to the results from the FESEM, FTIR, and
TEM analyses, the loading percentage of the C7 molecule
exceeded that of the C4 compound. This disparity can be
ascribed to the steric barrier of the C4 molecule and its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 General pathways for the synthesis of the core—shell magnetic nanoparticles and the grafting and modification of magnetic
nanoparticles NpFeSi with 4-hydroxy coumarin (C4), 7-hydroxy coumarin (C7), and fluorescein (Flu).

existence in three tautomeric keto-enol forms in aqueous
solution.®>*® The position of the hydroxyl group relative to the
carbonyl group on the C7 ring influences the resonance
phenomena, and subsequently impacts the formation of
tautomers. The deposition of Flu molecules on the surface of
NpFeSi-Cl resulted in a significant change in surface
morphology. The interactions between Flu molecules and alkyl
halides occurred seamlessly, which was not affected by steric
hindrance. However, the main novelty of this design lies in
introducing a spacer between the particles and the fluorescent
molecules to prevent their direct interaction, which can reduce
the solid-state quenching due to the interaction with the
particles. Additionally, this spacer provides flexibility to the
fluorescent molecules for more effective interaction with bio-
logical molecules. Moreover, the ether linkage will allow addi-
tional hydrogen bond interactions, which serve as a directing
and detecting agent for biological targets, thereby enhancing
the fluorescent properties and the polarity. As a result, the
design of the synthesized particles was intended for visualizing
nucleic acids in the solid phase.

Optical properties

Light absorption analysis. The optical properties of 4-hydroxy
coumarin combined with Fe,O; nanoparticles coated with a silica
shell were investigated. The C,@NpFeSi nanoparticles were
characterized using UV-visible spectroscopy. This analysis was
aimed at determining the absorption properties of the coumarin-
C, post-conjugated with magnetic nanoparticles. The absorbance
of C,@NpFeSi is shown in Fig. 7 at different concentrations. Here,
we observed that the spectra did not show any peak absorption
spectra. This indicates that the C,@NpFeSi nanoparticles do not
exhibit any absorption due to the substitution of a donor electron
group on position C-4 of coumarin, which inhibits the photo-
sensitivity to absorb light.® Therefore, considering these
results, we neglected to conduct further analysis.

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

Next, the light absorption properties of 4-hydroxy coumarin
(coumarin-C;) conjugated with Si-Fe,O; nanoparticles, both
pre- and post-incorporated with DNA, were investigated.
Fig. 8(a) shows the absorption spectra of aqueous C,@NpFeSi at
different concentrations. The absorption peak appears at
325 nm. However, the UV-vis absorption of DNA-C,@NpFeSi
nanoparticles was shown to have the same peak with a higher
intensity in comparison to that for the highest concentration of
C,@NpFeSi (0.1 mg mL™"), as shown in Fig. 8(b). The absorp-
tion results indicate that there is no possibility of intercalation
interaction with DNA, and thus no red-shift was recorded. The
observation of a higher intensity upon incorporation with DNA
could be caused by the hydrogen interaction, which also
increased the stability of the complex.*

Furthermore, the light absorption properties of fluorescein
(Flu) conjugated with Si-Fe,O; nanoparticles, both pre- and
post-incorporated with DNA, were investigated. Fig. 9(a) shows
the absorption spectra of aqueous Flu@NpFeSi. The absorption
shoulder with a peak appears at 460 nm. The low intensity of
this peak corresponds to the fluorescence quenching of fluo-
rescein, owing to the presence of oxygen molecular, which is
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Fig. 7 UV-vis absorption of C4@NpFeSi nanoparticles.
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Fig. 8 UV-vis absorption of the (a) C;@NpFeSi nanoparticle and the (b) DNA-C;@NpFeSi nanoparticle.

well known to be a good quencher, in addition to the weak
interaction between the two electron clouds of perpendicular -
7 system of phenyl and xanthene rings and/or interaction with
hydroxyl group on the particle surface, and this result in
agreement with previous research work.”””* However, the UV-vis
absorption peak of DNA-Flu@NpFeSi nanoparticles was shown
to shift to 515 nm with a higher intensity, as shown in Fig. 9(b),
due to the intercalation between Flu dye and DNA.*
Fluorescence (FL) emission analysis. The fluorescence
emission of the C,@NpFeSi nanoparticles was neglected
because they do not exhibit any absorption owing to the

{@)

—0.06 mg/mL
—0.05 mg/mL

Abs (a.u)

200 300 400 500 600 700 800
Wavelength (NM)

presence of a weak chromophore or absorbing species in their
structure, and therefore no excitation and emission
wavelengths.

However, the fluorescence emission of the C,@NpFeSi
nanoparticles and DNA-C,@NpFeSi nanoparticles was investi-
gated following UV-visible absorption measurement. The FL
emission spectra of the C,@NpFeSi nanoparticles at the
optimum excitation of 325 nm show an obvious emission band
peak centered at 456 nm, as presented in Fig. 10(a), which is
attributed to their large w-m conjugated system with electron-
rich and charge transfer properties.”” Also, the DNA-
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Fig. 9 UV-vis absorption of the (a) Flu@NpFeSi and the (b) DNA-Flu@NpFeSi nanoparticle.
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Fig. 10 Fluorescence emission of the (a) C;@NpFeSi nanoparticle and the (b) DNA-C;@NpFeSi nanoparticle.
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Fig. 11 Fluorescence emission of the (a) Flu@NpFeSi nanoparticle and the (b) DNA-Flu@NpFeSi nanoparticle.

C,@NpFeSi nanoparticles exhibited stable fluorescence at
325 nm excitation with an emission band centered at 458 nm.
They display similar fluorescence properties compared to that
of the C;@NpFeSi nanoparticles core but with a higher FL
intensity, as shown in Fig. 10(b). The increase in the FL emis-
sion intensity of DNA-C,@NpFeSi is due to a process driven by
collisions between DNA, which is already known as a fluores-
cence agent, and the C;@NpFeSi core, and by the strong intra/
inter hydrogen interactions affinity of the carbonyl groups with
the hydroxyl groups on the surface. Therefore, the synthesized
DNA-C,@NpFeSi is found to be a potential candidate for
assembly-based fluorescence enrichment.

Furthermore, the fluorescence emission spectrum of fluo-
rescein conjugated with manganic nanoparticles (Flu@NpFeSi)
was observed by employing their maximum absorbance wave-
length as the excitation wavelength. Fig. 11(a) shows that once
excited by light at a wavelength of 460 nm, the Flu@NpFeSi
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nanoparticles in a water medium emitted fluorescence light at
a wavelength of 511 nm and 650 nm due to the fluorescein
emission when conjugated with Fe,O; nanoparticles. These
results are attributed to the coexistence of different fluorescein
ionic forms in the solution, which can produce dual emission
peaks. This occurs due to light absorption, followed by proton
transfer in the excitation state, leading to equilibrium between
the protonated and deprotonated forms, which in agreement
with previously reported studies in the literature.”>”*
Compared to the DNA-Flu@NpFeSi nanoparticles, the FL
emission spectra at an excitation of 515 nm show an emission
band peaking at 650 nm, as shown in Fig. 11(b), which can be
attributed to the intercalation binding between Flu dye and
nucleotide. In addition, this is due to the possibility of the
protonation of DNA that occurs because of the protonation of its
purine bases. Subsequently, cytosine protonation is due to the
proton-induced conformational transition within the guanine/
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Fig. 12 Agarose gel electrophoresis performed using dye@NpFeSi mixed with 50 plus (1 ulL), 100 plus (1.3 L), and 1 kb (0.8 uL) DNA ladders.
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Fig. 13 Gel electrophoresis using dye@NpSiFe after three repeated
uses. Lanes Flu (Flu@NpFeSi), C7 (C;@NpFeSi), and C4 (C,@NpFeSi)
contained dyes mixed with 1: 1 kb (0.8 pl), 2: 100 Plus (1.3 pL), and 3:
50 Plus (1 ul) DNA ladders.
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cytosine pairs with the sequence proton transfer from (N-7) of
guanine to (N-3) of cytosine and/or protonation of cytosine by
transfer of the proton from the carboxylic acid part of the Flu
dye to cytosine.”* The DNA-Flu@NpFeSi nanoparticles also
exhibited stable fluorescence with a higher FL intensity. The
ionic interaction increased the FL emission intensity of DNA-
Flu@NpFeSi.*

Among the synthesized dye@NpFeSi nanoparticles, both
C,@NpFeSi and Flu@NpFeSi exhibit similar excellent optical
properties both pre- and post-interaction with DNA. The main
difference lies in their wavelength range (color), with C,-
@NpFeSi displaying a blue color and Flu@NpFeSi showing
a reddish-orange color.

Nanoparticle interaction with DNA

The agarose gel electrophoresis image illustrates effective DNA
band separation using three distinct DNA ladders, i.e., 50 bp plus
ladder, 100 bp plus ladder, and 1 kb DNA ladder, applied in lanes
Flu@NpFeSi, C;@NpFeSi, and C,@NpFeSi, as shown in Fig. 12.
The clear, well-defined bands ranging from 50 to 10000 bp
confirm the successful size resolution and high sample quality.

Fig. 14 Docking structure obtained from the interaction of the magnetic and DNA module complex. (A) and (B) C4@NpFeSi, (C) and (D) C-

@NpFeSi, and (E) and (F) Flu@NpFeSi.
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The prominent bands at 500 bp and 1000 bp reflect higher DNA
concentrations, validating both the accurate quantification and
proper ladder migration. The consistent and uniform migration
of bands across the gel indicates the optimal electrophoretic
conditions. Initially, the gel was run at 110 V for 30 min, a stan-
dard setting for resolving DNA fragments within this size range
and gel concentration. Subsequently, the voltage was reduced to
75 V and maintained for an additional hour to enhance the band
separation. This approach followed best practices for optimizing
the resolution in agarose gel electrophoresis.” The resulting band
clarity supports reliable verification of DNA markers and frag-
ment sizing. The minor smears or faint bands suggest potential
pipetting errors or DNA degradation, which can be addressed by
improving the sample preparation. These observations are
consistent with the common challenges in electrophoresis
experiments, as noted in molecular biology protocols.”” These
optimizations are crucial for reliable applications, including PCR
product validation and detailed fragment analysis. However, the
use of an external magnetic field facilitates the efficient extraction
of DNA-dye@NpFeSi from the mixture, representing a key
advantage in minimizing its environmental toxicity and reducing
its disposal-related costs. Also, a reusability test was performed
after releasing the DNA from the particle and activating it. A
similar efficacy was recorded up to three repeated uses, as shown
in Fig. 13.

Overall, the visualization of nucleic acid bands using the
dye@NpFeSi nanoparticle shows a promising result, enabling
clear band separation at high and low concentrations. Among
the synthesized nanoparticles, the most intense and brightest
band was displayed with the Flu@NpFeSi nanoparticles.

A simulation program was applied to give a principal idea
about the interaction. The cryo-EM structure of HTLV-1 insta-
some (6VOY) was the selected DNA model, and a simple struc-
ture of dye molecule with a trimethoxysilylpropoxyl spacer was
used as the ligand to reduce the complexity of the nanoparticle.
Fig. 14(A and B) show the C, dye ligand interaction with the
protein group around the nucleotides (DNA) only by hydrogen
and hydrophobic bonds. Although the C, dye ligand interacts
with the protein by multiple bonds and one hydrogen bond with
nucleotides via DT (p-threonine) on the open edge end of the
DNA, as depicted in Fig. 14(C and D). A significantly different
interaction by multiple hydrogen and hydrophobic bonds is
shown with the Flu dye ligand and both nucleotides and
protein. The main interaction was with two amino acids, DC (p-
cytosine) and DT (p-threonine) of nucleotides, also on the open
edge end of the DNA, but more deeply inside the helix structure
as shown in Fig. 14(E and F). This interaction could be
considered as an intercalator, which is in agreement with the
previous study.”” The corresponding binding energies for the
Cs; C; and Flu dyes were equal to —4.9, —6.1, and
—6.3 keal mol ™', respectively.

Conclusion

The synthesis of a new fluorescence magnetic nanoparticle dye
was facilitated by incorporating a covalently surface-modified
magnetic core-shell silica particle with 4-hydroxy coumarin, 7-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydroxy coumarin, and fluorescein as a dye. The propyl group was
used in the particle design as a spacer to increase the potential of
interaction along the particle surface. This spacer separated the
dye molecules from the particles, which could also reduce the
solid-state quenching caused by the particle interaction. This
combination was intended for visualizing nucleic acids in the
solid phase. An interesting fluorescence result was recorded for
Flu@NpFeSi after interacting with DNA. Excitation at 515 nm
resulted in an emission band peaking at 650 nm, which could be
attributed to the intercalation binding between the dye particles
and DNA protonation. Agarose gel electrophoresis was applied to
demonstrate the effectiveness of the dye in detecting DNA bands.
The distinct bands, ranging from 50 to 10000 bp, indicated
successful fragment sizing and good sample quality. Further-
more, cost-effective and simple separation using the proper
positioning of an external magnetic field minimized the envi-
ronmental toxicity. The simulation study for C,@NpFeSi showed
that it forms one hydrogen bond interaction with DNA, while
C,@NpFeSi exhibits multiple bonds and one hydrogen bond with
nucleotides via DT (p-threonine). A significantly different inter-
action via multiple hydrogen and hydrophobic bonds was shown
with Flu@NpFeSi, where its main interaction is with two amino
acids, DC (p-cytosine) and DT (p-threonine), of the nucleotides
deep inside the helix structure of DNA. The corresponding
binding energies for C,4, C;, and Flu dyes were equal to —4.9, —6.1,
and —6.3 keal mol ™, respectively.
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