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Abstract

Background: Breast cancer (BC) remains one of the most prevalent
malignancies among women worldwide. Early detection of BC is crucial as it
significantly increases the chances of successful treatment and reduces mortality
rates. Fluorescence imaging holds significant promise for the early detection of
BC.

Methods: DNA-Imidazole dots (DI-dot) were synthesized through the facile
hydrothermal method using DNA and imidazole as a heterocyclic function
group. The physicochemical, structural, and fluorescent characteristics of DI-dot
were analyzed by Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy, transmission electron microscopy, and energy-dispersive
X-ray spectroscopy (EDAX). Spectroscopic features were investigated by the
ultraviolet absorption and fluorescence spectra. Analysis of FTIR spectroscopy,
size, and zeta potential verified the synthesis and modification of DI-dot. The
UV-visibility and fluorescence intensity of the DI-dot showed great optical
properties under a radiation of 360 nm.

Results: The DI-dot was synthesized with high yields (~34%). Average
diameter of monodispersed DI-dots was within the range of 6-10 nm. The EDAX
results determined the preservation of DNA moieties within the secondary
structure of the DI-dot modified by imidazole. The FTIR analysis further
identified the NH and C-N bonds, corresponding to the enhanced fluorescence
efficiency of the DI-dot. The DI-dot showed two distinctively sharp fluorescence
peaks at 400-500 nm, with maximum absorption at 260 nm. The cytotoxicity
assay ensured the high viability (~88%) of the MDA-MB-231 breast cancer cell
line.

Conclusion: The DI-dot represented superior fluorescent properties and
significant stability under strange conditions, including long-term UV exposure,
different pH solutions, and high ionic concentrations. Ultimately, DI-dots can be
used for fluorescence imaging of MDA-MB-231 breast cancer cells due to their
enhanced fluorescence properties and high biocompatibility.
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Introduction

Breast cancer is a major global health challenge,
with about 2.3 million new cases diagnosed
each year. This underscores the urgent need for
better early detection methods to improve
treatment outcomes and reduce mortality rates
(1). In this context, fluorescence imaging
presents a non-toxic probe for breast cancer
(BC) detection, offering high sensitivity and
specificity in the identification of cancerous
tissues at early stages. However, current
methods face various challenges, such as
autofluorescence interference, photostability
issues, and limited performance in aqueous
environments (2).

To address these limitations, the present study
aimed to introduce DNA-Imidazole dots (DI-
dots) as a novel fluorescent nanomaterial. The
DI-dots combine the biocompatibility of DNA
with the fluorescence-enhancing properties of
imidazole, resulting in superior photostability.
Additionally, the dual emission peaks that
reduce interference  from  endogenous
autofluorescence outperform many
conventional fluorophores. Carbon dots are
valuable tools in bioimaging due to their unique
optical properties, biocompatibility,
hydrophilicity, low cytotoxicity, and ease of
surface modification (3). These features make
them ideal for designing optical probes,
biosensors, and systems capable of tumor
targeting, drug delivery, and monitoring
therapeutic effects (4). However, many
fluorescent nanomaterials, including metal
nanoparticles, quantum dots, and magnetic
nanoparticles, suffer from limitations, such as
poor photostability and solubility in aqueous
media, which can restrict their therapeutic
effectiveness.

This study introduced DI-dots, synthesized
through a facile hydrothermal method using
DNA and imidazole as a heterocyclic function
group. The DI-dots are presented as a novel
fluorescent nanomaterial that leverages the
inherent properties of DNA combined with the
fluorescence-enhancing potential of imidazole,
a five-membered heterocyclic molecule known
for its remarkable biological and chemical
characteristics and its high fluorescence
potential, particularly in combination with ions.
This builds on the previous work of the authors,
where it was noticed that the fluorescent
intensity of bio-dots seemed higher when
accompanied by imidazole. The present study
aimed to modify the structure of bio-dots,

evaluate the role of imidazole in the enhanced
fluorescent properties of DI-dots, and
investigate the potential of the modified DI-dots
for cellular imaging, thereby exploring a new
approach to improve BC detection and
treatment methodologies.

Materials and Methods

The synthesis of DI-dots involved a
hydrothermal method where double-stranded
DNA from salmon fish and imidazole were used
as a nitrogen precursor mixed in distilled water
at a 1:1 ratio, stirred until a transparent yellow
solution formed, and then heated in a sealed
glass bottle at 160 °C for 4 h (5). Subsequent
physicochemical characterization included
Fourier-Transform  Infrared  Spectroscopy
(FTIR) to identify functional groups present in
DNA, bio-dot, and DI-dot samples prepared via
the KBr pellet method, Transmission Electron
Microscopy (TEM) to determine the size
distribution and morphology of the DI-dots,
Dynamic Light Scattering (DLS) and zeta
potential measurements to analyze
hydrodynamic diameter and surface charge, and
Scanning Electron Microscopy (SEM) with
Energy-Dispersive =~ X-Ray  Spectroscopy
(EDAX) to examine surface composition and
elemental analysis. Optical analysis
encompassed  ultraviolet-visible (UV-Vis)
spectroscopy to record absorption spectra and
Fluorescence  Spectroscopy to  measure
emission spectra at 400—700 nm with persistent
excitation at 360 nm and calculate quantum
yield using quinine sulfate as a reference. /n
vitro studies involved culturing MDA-MB-231
breast cancer cells in Dulbecco's Modified
Eagle Medium supplemented with FBS and
pen-strep, assessing DI-dot cytotoxicity using
the MTT assay with various concentrations of
DI-dots (0.25, 0.50, 0.75, and 1 mg/ml) and
performing fluorescence imaging to observe
intracellular fluorescence after incubation with
DI-dots. Additionally, stability analysis was
conducted to evaluate photostability after UV
exposure for different time intervals, pH
stability using pH solutions ranging from 2 to
14, ionic stability using NaCl, KCl, and MgCl»
solutions, and long-term storage stability at -4
°C and in the dark, all by measuring
fluorescence absorbance at 360 nm. All
statistical tests were analyzed using GraphPad
Prism with a t-test (»<0.05, n=3), and the DI-
dots size study was conducted using Imagel.

18(2):87-104


https://ijbd.ir/article-1-1145-en.html

[ Downloaded from ijbd.ir on 2025-07-19 ]

18(2):87-104

Results

The synthesized DI-dots exhibited a consistent
spherical formation of well-separated and
monodispersed structures, as revealed by TEM
analysis, with an average size distribution
within the range of 6—10 nm estimated using
Image] software. The SEM images yielded the
composition and stacked surface of the DI-dot,
and EDAX analysis verified the presence of
carbon, nitrogen, phosphate, and oxygen,
confirming that DNA precursors were
maintained within the DI-dot structure (Fig.1).
The DLS measurements indicated an average

10 pm ENT - 1000 4% Signal A - SE2 Date-9 fan 2003

WD ddmm

Iranian Journal of Breast Diseases | Imani M et al_

Frequency

hydrodynamic diameter of 46.18 nm and a zeta
potential of 0 mV (Fig.2). The FTIR spectrum
of the DI-dot represented a peak at 1700 cm'!
related to the stretching of C=0O (6,7), two
distinctive bands at 1,423 and 1,580 cm’!
representing the sp2 carbon (G-band) and sp3
(D-band) in DI-dot (8), and a peak from 3,400
to 3,200cm™ attributed to the stretching
vibration of the N-H and O-H groups (Fig.3)
(9). The UV-Vis spectroscopy showed a distinct
absorption peak at 260 nm, and fluorescence
spectroscopy revealed two sharp emission
peaks between 400 and 500 nm when excited at
360 nm (Fig.4).
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Fig 1: Characterization of the DI-dot. (a) TEM images and (b) a comparable size distribution histogram of
the bio-dot. (c) SEM image of aggregated DI-dot (d) EDAX analysis and elemental composition of the DI-

dot.
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Fig 2: Determination of the average hydrodynamic diameter and surface zeta potential of DI-dot. (a) The
average hydrodynamic diameter and (b) the surface zeta potential of the DI-dot
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Fig 3: Characterization of the dsDNA, bio-dot, and DI-dot. FTIR spectrum of dsDNA, bio-dot, and DI-

The DI-dots demonstrated high
biocompatibility, maintaining approximately
88% cell viability (n=3) in MDA-MB-231
breast cancer cells (Fig.5) (10). Stability
analysis showed consistent performance under
UV exposure, varying pH levels, and high ionic
concentrations, highlighting their potential for

dot.

biological applications. The observed decrease
in absorbance after 20 min of UV exposure was
minimal, and no further significant decrease
was observed after 2 h (Fig. 6), confirming the
photostability of DI-dots under prolonged
irradiation.
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Fig 4: Optical properties of the DI-dot. (a) UV-Visibility at 360 and (b) fluorescence intensity, excitation
at 360 nm, emission range of 200-600 nm.
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Fig 5: Cell viability and fluorescence imaging. (a) The effect of DI-dot at different concentrations (20, 40,
80, 160, and 200 mg.ml-1) on the viability of MDA-MB-231 breast cancer cell line analyzed by MTT
assay, (b) MDA-MB-231 breast cancer cells emitting green fluorescent after 24 h of treatment with 1

mg.ml-1 of DI-dot, (c) MDA-MB-231 cells emitting blue fluorescent after 24 h of treatment with 1 mg.ml-

1 of DI-dot, (d) blue fluorescent emission of DI-dot solution under UV exposure.
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Fig 6: Stability of the DI-dot. (a) UV-Visibility of the DI-dot under UV exposure, (b) in different ionic
strengths, (c) in different pH values, and (d) after 60 days of storage at -4 °C and darkness.

Discussion

Combination of DNA and imidazole enhances
fluorescence due to their complementary
properties. The DNA provides a biocompatible
and hydrophilic matrix, which stabilizes the
fluorescent core and minimizes quenching
effects. Imidazole, a heterocyclic compound,
contributes through its ability to participate in
proton transfer and m-conjugation, which
enhances fluorescence intensity. Previous
studies have shown that imidazole-
functionalized nanomaterials exhibit
suppressed photoinduced electron transfer
processes, leading to increased fluorescence
emission (11). This synergy between DNA
structural stability and imidazole fluorescence-
enhancing properties results in superior optical
performance of DI-dots, compared to
conventional nanomaterials.

The DI-dots demonstrated high fluorescence
stability and biocompatibility, making them
promising  candidates  for  bioimaging
applications in breast cancer detection;
however, their efficacy has so far been
validated only in in vitro studies. Additionally,
incorporating appropriate controls, including
non-imidazole-functionalized dots or
alternative fluorophores, would strengthen the
interpretation of results by isolating the
contributions of imidazole to fluorescence
signal enhancement. This safe DI-dot with
increased intensity will be conjugated to
biomolecules, such as antibodies, for specific
cancer cell imaging.

Conclusion
The DI-dots synthesized in this study, with a
high yield of approximately 34%, demonstrate
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enhanced fluorescent properties, strong
biocompatibility, and considerable stability
under diverse conditions. These characteristics
position them as a promising material for
fluorescence imaging in MDA-MB-231 breast
cancer cells due to their ability to emit
intracellular green fluorescence when excited at
260 nm. Combination of superior fluorescence
and biocompatibility highlights the potential of
DI-dots as a novel fluorescent nanomaterial for
the early detection and imaging of breast
cancer, warranting further investigation into in
vivo applications for targeted drug delivery and
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Fig 1: Characterization of the DI-dot. (a) TEM images and (b) a comparable size distribution histogram of
the bio-dot. (¢) SEM image of aggregated DI-dot (d) EDAX analysis and elemental composition of the DI-

dot.
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Fig 2: Determination of the average hydrodynamic diameter and surface zeta potential of DI-dot. (a) The
average hydrodynamic diameter and (b) the surface zeta potential of the DI-dot
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Fig 3: Characterization of the dsDNA, bio-dot, and DI-dot. FTIR spectrum of dsDNA, bio-dot, and DI-dot.
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Fig 4: Optical properties of the DI-dot. (a) UV-Visibility at 360 and (b) fluorescence intensity, excitation at
360 nm, emission range of 200-600 nm.
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Fig 5: Cell viability and fluorescence imaging. (a) The effect of DI-dot at different concentrations (20, 40,
80, 160, and 200 mg.ml!) on the viability of MDA-MB-231 breast cancer cell line analyzed by MTT assay,
(b) MDA-MB-231 breast cancer cells emitting green fluorescent after 24 h of treatment with 1 mg.ml! of
DI-dot, (¢) MDA-MB-231 cells emitting blue fluorescent after 24 h of treatment with 1 mg.ml"' of DI-dot,

(d) blue fluorescent emission of DI-dot solution under UV exposure.
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Fig 6: Stability of the DI-dot. (a) UV-Visibility of the DI-dot under UV exposure, (b) in different ionic
strengths, (c) in different pH values, and (d) after 60 days of storage at -4 °C and darkness.
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