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Fluorescence nanoprobes bearing low
temperature-derived biochar nanoparticles as
efficient quenchers for the detection of single-
stranded DNA and 178-estradiol and their analytical
potentialf
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Bagasse-derived biochar nanoparticles obtained under a low pyrolysis condition (400 °C) were first revealed
to be capable of highly efficiently quenching the fluorescence of 6-carboxyfluorescein, with a significantly
improved quenching rate constant over that of other quenchers and high-temperature prepared ones, and
were designated as bagasse-derived quencher nanoparticles (BQNPs). The BQNPs are suitable for the
construction of fluorescence nanoprobes, taking advantage of their various beneficial properties,
including low cost, environmental friendliness, high dispersibility, and rich functional groups that allow
their easy and versatile molecular modification. They were demonstrated to be capable of stably binding
single-stranded oligonucleotides through both adsorption and covalent interactions and were utilized for
the construction of both BQNPs/DNA and BQNPs/aptamer probes. The BQNPs/DNA probe had strong
resistance against degradation by deoxyribonuclease | and showed high precision and selectivity for the
detection of single-stranded DNA, with a limit of detection of 1.04 nM. Moreover, the BQNPs/aptamer

probe demonstrated the rapid and sensitive detection of 178-estradiol (E2) with a limit of detection of
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-1 . .o . . . .
Accepted 19th August 2024 0.4 ng mL™" with no cross-reactivity with the analogues, and it was also applied for real environmental

sample detection and demonstrated reasonable signal recoveries. Benefiting from their strong
quenching ability, low cost, and great dispersibility, the BQNPs show great potential for the development
of cost-effective and sensitive fluorescence sensors.
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Introduction

Nucleic acid fluorescent probes are known to be sensitive and
reliable and are widely used in biological and environmental
analyses, as well as in clinical and medical diagnostics.' These
sensors typically use fluorescence resonance energy transfer
(FRET) or quenching mechanisms to detect signals.* They
consist of a DNA probe molecule with a fluorophore and
quencher molecule.®* Nowadays, various kinds of nanomaterials
have been employed to serve as quenchers, including carbon
nanomaterials, gold nanoparticles, metal-organic frameworks,
upconversion nanoparticles, and polymer nanostructures.>*®
Nevertheless, it would still be worthwhile to explore novel
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fluorescence nanoquenchers, featuring excellent quenching
ability, good biological stability, easy preparation, and low cost,
for constructing high-performance and cost-effective fluores-
cence sensing platforms.

As an emerging green and environmentally friendly carbo-
naceous material, biochar obtained from the pyrolysis of waste
biomass has the properties of good source abundance from
a wide range of sources, extremely low cost, easy synthesis, large
specific surface area, porous structure, rich functional groups,
and good stability. Recently, some additional promising char-
acteristics of biochar have improved its attractiveness, such as
high level sp> carbon structure representative of a good graphite
structure, great defect structure, and electron transfer ability,
which have broadened its application potential to not only soil
amendment and chemical adsorption but also to advanced
oxidative catalytic processes, electrocatalytic reactions, and
capacitor and electrode constructions.”*® Based on its physical
and chemical properties, it is likely that rationally synthesized
biochar may present fluorescence-quenching capabilities, yet, to
the best of our knowledge, this has been rarely examined to date.
Accordingly, it would be constructive and meaningful to explore

RSC Adv, 2024, 14, 28077-28085 | 28077


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra03168g&domain=pdf&date_stamp=2024-09-03
http://orcid.org/0000-0001-6804-9677
https://doi.org/10.1039/d4ra03168g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03168g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014038

Open Access Article. Published on 03 September 2024. Downloaded on 12/14/2025 9:33:11 PM.

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

(cc)

RSC Advances

the fluorescence-quenching properties of biochar to develop low-
cost and alternative fluorescence nanoquencher probes.

In the present study, bagasse-derived quencher nano-
particles (BQNPs) obtained from the pyrolysis of bagasse with
a lower temperature setting (400 °C) were first demonstrated to
have an outstanding fluorescence-quenching ability toward 6-
carboxyl fluorescein (FAM). The quenching efficiency of the
BQNPs was evaluated by the quenching rate constant, and this
was also compared to other well-known carbonyl nano-
quenchers. Since BQNPs are greatly dispersible, have a large
surface area, and rich functional groups, they are ideally suit-
able for various modifications with biomolecules. As a proof of
concept, the BQNPs were utilized to construct nucleic acid-
based fluorescence nanoprobes and their detection perfor-
mances toward single-stranded target DNA (tDNA) and 17p-
Estradiol (E2) were assessed, as shown in Scheme 1. It is
considered that the precise analysis of nucleic acids is signifi-
cant for the diagnosis of cancer, infections, and genetic
abnormalities," and E2 is the most toxic estrogenic compound
that is frequently found in varying water bodies, which can
cause serious health problems.">'* The single-stranded oligo-
nucleotides could be attached on the BQNPs by either adsorp-
tion or covalent interactions. The fabricated hybridization
probe and aptamer probe were demonstrated to be capable of
the sensitive detection of single-stranded DNA and E2 with
a low detection limit and high selectivity. Hence, the BQNPs
have great potential for developing low-cost quencher sensors.

Materials and methods

Chemicals and reagents

17p-Estradiol (E2, =98%), bisphenol A (BPA, =99%), Trizma
hydrochloride (Tris-HCl), sodium chloride (NaCl), potassium
chloride (KCl), magnesium chloride hexahydrate (MgCl,-6H,-
0), fluorescein, DNase I (deoxyribonuclease I), and N-(3-
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dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC, =99%) were obtained from Sigma-Aldrich (Shanghai,
China). The other endocrine disrupter chemicals (EDCs),
including ethinyl estradiol (EE, =98%), were purchased from
Aladdin Industrial (Shanghai, China). Estrone (=99%) was ob-
tained from Bailingwei (Beijing, China). Testosterone (=98%)
was purchased from Yuanye Biology (Shanghai, China).

All the DNA oligonucleotides labelled with or without 6-
carboxyl fluorescein (FAM) were synthesized by Sangon
Biotechnology Co. Ltd (Shanghai, China). The sequences of
oligonucleotides used in this work were:

DNA probe: 5-(FAM)-
AAGGGATGCCGTTTGGGCCCAAGTTCGGCATAGTG-%¥

Target DNA: 5-CACTATGCCGAACTTGGGCCCAAACG
GCATCCCTT-3¥

One-base mismatched target DNA:

T1: 5-CACTATGCCGAACTTG
GCCCCAAACGGCATCCCTT-3¥

T2: 5¥-CACTATGCCGAACTTGGTCCC
AAACGGCATCCCTT-3¥

T3: 5-CACTATGCCGAACTTGGACCCAA
ACGGCATCCCTT-3¥

Non-complementary target DNA:

T4: -TAATACTGCCACTTCAAGACCTGGCGGCC
ACCCGT-%

Signal off

(&)

BQNP/
DNA probe

Signal on

WV
—_—

Target DNA

BQNP + dsDNA

BQNP/
aptamer probe

BQNP/
aptamer/E2 complex

Scheme 1 Schematic showing the procedure for synthesizing bagasse-derived quencher nanoparticles (BQNPs) and their utilization for con-
structing nucleic acid-based fluorescence nanoprobes to detect single-stranded tDNA and E2, respectively.
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E2 aptamer probe: 5-(FAM)-AAGGGATGCCGTTTGGGCC-
CAAGTTCGGCATAGTG-(NH,)-3' (35 mer)

The stock solution of 100 uM oligonucleotides was dissolved
in deionized water and stored at —20 °C before use. All the
reagents were of analytical grade and used without further
treatment. Deionized water, obtained from a Milli-Q water
purification system (Millipore), was used in all the experiments.
All the measurements were performed at room temperature in
100 mM Tris-HCI buffer (pH 8.0) containing 200 mM NacCl,
25 mM KCl, and 10 mM MgCl,.

Characterization measurements

Fluorescent emission spectra were recorded using an RF-
5301PC luminescence spectrometer (Shimadzu, Kyoto, Japan)
with 1.0 cm micro quartz cells at room temperature. Absorp-
tion spectra were recorded on a 2600 UV-vis spectroscopy
instrument (Shimadzu, Tokyo, Japan). Biochar samples were
prepared in a tubular furnace (OTF-1200X, Hefeikejing Mate-
rials Technology Co., Ltd China). A planetary ball mill (Nan-
chang City Hengshun Chemical Equipment Manufacturing
Co., Ltd) was used to grind the biochar. The zeta potential and
size of the biochar were measured using a NANO ZS90 Zeta-
sizer (Malvern Panalytical, UK). Transmission electron
microscopy (TEM) images and high-resolution transmission
electron microscopy images of the biochar were obtained by
field emission transmission electron microscopy (FESEM,
JEM-2200FS, Japan) on a super-thin carbon support film at an
acceleration voltage of 200 kV. Fourier transform infrared
spectroscopy (FTIR) was performed on an FTIR spectrometer
(VERTEX-70, USA). Circular dichroism (CD) spectroscopy was
performed using a J-810 circular dichroism system (JASCO,
Japan), and the Raman spectra were recorded using a confocal
microscope Raman spectrometer (LabRAM HR Evolution,
HORIBA, France). The powder X-ray diffraction (XRD) patterns
were recorded on a D8 advance diffractometer (Brucker, Ger-
many) equipped with Cu Ko radiation (A = 1.54 A) over the 26
range of 10-80°.

Preparation of the bagasse-derived quencher nanoparticles
(BQNPs)

The raw biomass from agricultural waste bagasse was used to
prepare the biochar nanoparticles. The bagasse was washed
with deionized water three times to remove residual sugar and
then exsiccated for 12 h at 80 °C in a vacuum drying oven. The
dried bagasse was pyrolyzed at 400 °C in a tubular furnace with
a flow of N, gas to prevent organic materials from igniting. **
The heating rate for pyrolysis was 7 °C min~", and the residence
time was 2 h. The produced rough carbon material (biochar)
was ground into fine powder using a planetary ball mill for 2 h
at 300 rpm, and then dispersed in deionized water, followed by
ultrasonication for 10 min. Afterwards, the mixture was centri-
fuged at 13 000 rpm for 3 min, and the nanoparticles in the
liquid supernatant were collected by filtration through
a membrane (cut-off size of 0.22 um). After drying in a vacuum

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oven, these nanoparticles were ready for usage and denoted as
bagasse-derived quencher nanoparticles (BQNPs).

Preparation of the BQNPs/DNA probe and tDNA detection

A solution of BQNPs (100 ug mL ") prepared in 100 mM Tris-
HCI buffer (pH 8) was incubated with 30 nM of DNA probe for
5 min at room temperature. After thoroughly washing off the
unbound DNA with Tris-HCI buffer, the produced composites
of BQNPs and DNA probe (BQNPs/DNA probe) were ready for
tDNA detection.

For DNA sensing, the BQNPs/DNA probe was incubated with
various concentrations of tDNA ranging from 2 to 400 nM in
100 mM Tris-HCI buffer (pH 8.0) for 60 min at room tempera-
ture. The fluorescence intensities were measured with the
excitation and emission wavelength of 492 nm and 518 nm,
respectively.

The stability of the sensing system was tested by treating the
BQNPs/DNA probe with DNase I (2 U mL ") for 10 min at room
temperature, and after inactivating the activity of the DNase for
10 min at 80 °C, the fluorescence profile and the target analyte
detection ability were evaluated.

Preparation of the BQNPs/aptamer probe and E2 detection

Conjugates of the BQNPs/aptamer probe were synthesized by
coupling the amino group (-NH,) at the 3’ termini of the FAM-
labelled E2 aptamer probe to the carboxyl group (-COOH) of
BQNPs for E2 detection. Briefly, the carboxyl groups were first
activated by EDC (10 mg mL ") in MES buffer (100 mM, pH 5)
for 20 min at room temperature. Upon activation, the solution
was washed three times with deionized water to remove excess
EDC. Subsequently, the activated BQNPs (200 ug mL ') were
reacted with FAM-labelled E2 aptamer probe (200 nM) in
deionized water for 2 h at room temperature with gentle
shaking (200 rpm). This was followed by centrifugation (10 min,
13 000 rpm) and thoroughly washing with deionized water to
remove free aptamers. Then the obtained BQNPs/aptamer
probe was stored at 4 °C for further use.

For E2 detection, a stock solution of E2 was prepared in
ethanol and diluted with the binding buffer (100 mM Tris-HCl
buffer) to various concentrations. Next, 50 puL of BQNPs/
aptamer probe (10 pg mL™") dispersed in the binding buffer
was incubated with specific concentrations of E2 ranging from 1
to 500 ng mL ™" with shaking (200 rpm) for 15 min at room
temperature. Then the fluorescence intensities of the solution
were measured in a micro quartz cuvette cell with the excitation
and emission wavelengths of 492 and 518 nm, respectively.

For real-sample environmental water detection, the sensor
was applied to the analysis of E2 levels in three real water
samples (tap water, lake water, and ground water). The tap
water was obtained from the laboratory water tap. The lake
water was obtained from Nanhu Lake, Changchun, China. The
groundwater sample was obtained from the Changbaishan
Hotel, Changchun, China. Before detection, the real water
samples were filtered with a 0.22 um filter membrane to remove
the suspended microorganisms and solid matter. Then the
water samples were spiked to attain specific concentrations of
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E2 (5, 8, 10, 20 ng mL "), followed by quantitative sensing with
the proposed method. All the measurements were performed in
triplicate.

Results and discussion
Structural properties of the BQNPs

BQNPs were prepared from the biomass resources by the
pyrolysis of bagasse at 400 °C under nitrogen protection, fol-
lowed by grinding and size screening. The BQNPs were highly
dispersive and presented nanosized and irregular structures
(see TEM images in Fig. 1A). From the TEM image analysis, the
average size of the BQNPs was 117.1 + 38.4 nm (Fig. 1E). The
particles from two further random batches exhibited a similar
size distribution and average size value (Fig. S1t), indicating
that the particle-generating approach was dependable and
could be replicated. Upon further magnification under HR-
TEM, many black dots smaller than 3 nm with an average size
of 2.2 nm could be observed on the surfaces of the BQNPs
(Fig. 1B), and almost each of them showed crystalline stripes
representing a graphene-like nanosheet. Also, on the surfaces of
BQNPs, aromatic cluster-like structures were visible (Fig. 1C and
D), which was in accordance with the findings in rice-straw-
derived biochar.”® These structural characteristics would
contribute to an easy and strong attachment of single-stranded
DNA to the BQNPs.

The structural properties of the BQNPs were also character-
ized by means of Raman spectroscopy, FTIR, and XRD. The
Raman spectra of the BQNPs (Fig. 1F) displayed D
(~1343.2 em™') and G (~1595.4 cm ') bands, which were
assigned to local defects/disorders and stretching vibrations of
the graphitized structure of the carbon atoms, indicating the
crystallinity of the graphene nanosheets. *® The intensity ratio of
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the D and G bands (R = Ip/Ig) was calculated as 0.57. The FTIR
spectra of the BQNPs were obtained in the range of 400-
4000 cm ™" (Fig. 1G). The broad band at 3405 cm ™' represented
the band stretching of the hydrogen-bonded hydroxyl group (-
OH), and the peaks at 1704 and 1600 cm™ " were characteristic
peaks of the aromatic C=C and C=O0 groups, respectively,"”*
which contribute to the excellent water solubility and further
modification capability. The XRD profile of the BQNPs exhibited
two broad diffraction peaks around 26 = 27° and 20 = 43°
(Fig. 1H) attributed to the crystal planes of parallel stacked gra-
phene sheets and the presence of a honeycomb structure formed
by sp” hybridized carbons,®* consistent with the results from
the HR-TEM analysis, and which could contribute to -7 stack-
ing interactions of single-stranded DNA. After DNA adsorption on
the BQNPs, there was a negligible change in the corresponding
diffraction peaks (Fig. S2Bt), indicating there was no significant
structural alteration cause by the DNA attaching.

Fluorescence-quenching ability of the BQNPs

Fluorescence quenching denotes the process of decreasing the
fluorescence intensity of a fluorophore by a quencher,*** and it
requires molecular contact between them. To investigate the
quenching ability of the BQNPs, the fluorescence intensities of
FAM after incubating in varying concentrations of BQNPs
solution were examined. As shown in Fig. 2B, the fluorescence
of FAM gradually decreased with the increase in BQNPs
concentration. This observation demonstrates that the BQNPs
could act as an efficient fluorescence quencher of FAM. Fluo-
rescence quenching can occur through a static process,
dynamic process, or a combination of both. Static quenching
creates a non-emissive ground-state complex between the fluo-
rophore and quencher, while dynamic quenching occurs when

E F
G-band

@20 D=117.1£384nm|

e_’ :.

e 15 S D-band

@ 2

=10 ‘@

e 8

E 5 E

0

50 100 150 200 250
Diameter (nm)

1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Transmittance (%) ®
P
Intensity (a.u.)
H
e

08 o,
06 | 1C=0 CHI-OH ‘NMM
04 =C
02+ - - - -
1000 2000 3000 4000 10 20 30 40 50 60 70 80

Wavenumber (cm-1) 26 (Degree)
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Fig. 2 (A) UV-vis adsorption spectrum (blue line) of BQNPs, and fluorescence emission spectrum of fluorescein (orange line). (B) Fluorescence

spectra of fluorescein (1.3 x 10™8 M) in water with different concentrations of BQNPs (0, 2, 5, 10, 20, 30 pg mL™2, from top to bottom). (C) Stern—
Volmer plots of BQNPs (2, 5, 10, 20, 30 pg mL™Y) prepared at varying temperatures, 400 °C (curve a), 600 °C (curve b), and 800 °C (curve c).

the quencher deactivates the excited state of the fluorophore,
often through a collisional mechanism. **

The Stern-Volmer plot is a graphical representation used to
study the quenching of fluorescence and evaluate the
fluorescence-quenching mechanism. The Stern-Volmer equa-
tion is given by: **

Iy

T= 1+ KsvQ =1+ kq10Q

where I, and I are the fluorescence intensities of a fluorescein
dye in the absence and presence of a quencher, respectively, Q is
the quencher concentration (g L), Kgy is the Stern-Volmer
quenching constant (L g~ '), kq is the quenching rate constant (L
(g s)™"), and 1, is the lifetime of the fluorescein dye in the
excited state (s). **

If fluorescence quenching is due to a purely static or purely
dynamic mechanism, the Stern-Volmer plot of /I vs. Q will be
linear. Based on the nonlinear nature of Stern-Volmer plot, it is
possible that both dynamic and static quenching may be
involved. ** An upward curve in the Stern-Volmer plot of the
system, as shown here in Fig. 2C, illustrates a complex
fluorescence-quenching process, which consists of both static
and dynamic processes for quenching fluorescence.

FRET is a non-radiative process in which energy is trans-
ferred from the excited state of a donor to an acceptor through
dipole-dipole interactions.”® The prerequisites for its occur-
rence are that the distance between the donor and acceptor is
within the nanometre scale (smaller than 10 nm), and there is
spectral overlap between the donors and acceptors. ***”

To investigate whether FRET could occur between BQNPs and
FAM, the UV-vis absorption spectrum of the BQNPs and the
fluorescence emission spectrum of the fluorescein FAM were
obtained. As shown in Fig. 2A, the BQNPs absorption spectrum
(blue line) exhibited a wide absorption spectrum from 200 to
700 nm, which indicates a good spectral overlap with the fluo-
rescence emission spectrum (orange line) of FAM, which has an
emission peak at about 518 nm. This suggests that FRET could
occur between the BQNPs and FAM, in which the BQNP could be
a fluorescence acceptor and FAM could be a fluorescence donor.

In addition, the quenching efficiencies of BQNPs prepared at
varying pyrolysis temperatures (400 °C, 600 °C, and 800 °C) were
investigated by Stern-Volmer analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry

According to the Stern-Volmer plots (Fig. 2C), the kq of
BQNPs prepared at 400 °C (33.08 x 10° L (g s)~') was higher
than that prepared at 600 °C (12.14 x 10° L (g s)~') and 800 °C
(10.31 x 10° L (g s) "), indicating that BQNPs obtained at lower
temperature present the highest quenching ability towards
FAM. This was supposed to be related to the greater amounts of
carboxyl groups distributed on the surface of BQNPs obtained at
lower temperature (see Fig. 1G and S2At), since the carboxyl
groups are generally considered good electron acceptors in the
non-resonance energy-transfer process by deprotonating and
negatively charging. Moreover, it was found that the k, of BQNP
was also higher than that of other reported quenchers, such as
graphene sheets (1.25 x 10° L (g s)™"), single walled carbon
nanotubes (0.233 x 10° L (g s)~'), and graphene oxide (0.03 x
10° L (g s)~").?® This was a possibility related to the high dis-
persibility and large surface area of the BQNPs, which enable
more sites for access to FAM and fluorescence quenching.”**°
This result highlights that the BQNPs would be a good choice as
an alternative nanoquencher, and their great quenching ability
would be significant for enhancing the fluorescence sensing
signal through the increment of the signal to background ratio.
Here, BQNPs usually refer to those prepared at 400 °C, unless
otherwise explained.

Feasibility of the BQNPs/DNA probe for DNA detection

Synthesis of the BQNPs/DNA probe. BQNPs derived from
bagasse are good alternatives for developing fluorescent probes
used in nucleic acid detection due to their excellent dis-
persibility, nanometre-sized properties, and high quenching
ability. The schematic design of a tDNA detection system based
on BQNPs as a fluorescent nanoquencher is shown in Scheme 1.
Upon incubation, the FAM-labelled DNA probe specific to the
target nucleic sequence would be readily adsorbed onto the
surface of BQNPs through w-m stacking between the oligonu-
cleotide base ring structures and the honeycomb structures of
the BQNPs (see XRD spectra in Fig. 1H) and through the
hydrophobic interactions. These noncovalent physisorption
interactions guarantee the close proximity of FAM to the BQNP
surface, resulting in the quenching of the FAM signal by BQNP
(signal off). When there is a tDNA, the DNA probe would
specifically hybridize with the tDNA, forming a double-stranded
structure (dsDNA), which would release from the surface of the

RSC Adv, 2024, 14, 28077-28085 | 28081
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BQNPs due to the DNA bases being hidden inside the helical
structure and no longer available for surface binding, and so
only the negatively charged phosphate groups are exposed,
causing negative charge repulsion between the phosphate
groups and BQNP surface, allowing fluorescence signal recovery
(signal on).

The feasibility of BQNPs as nanoquenchers for the fluores-
cence detection of nucleic acid was thus firstly demonstrated.
As indicated in Fig. 3A, a strong fluorescence emission was
presented at around 518 nm in the case of the FAM-labelled
DNA probe (curve a), and the intensity did not change with
the addition of the tDNA (curve b). It was found that when
adding BQNPs to the DNA probe, more than 98% of the fluo-
rescence was reduced (curve c), and when the tDNA was incor-
porated, approximately 63% of the fluorescence signal was
recovered (curve d). This suggested that the DNA probe could
attach to the surface of BQNPs, which brought the FAM mole-
cules close to BQNPs, causing fluorescence quenching, and with
the presence of the tDNA, the double-stranded DNA formed by
the hybridization should be detached due to the lower binding
force, resulting in the recovery of the fluorescence signal. The
incomplete signal recovery may be related to the binding of
a certain part of the tDNA to unoccupied surface areas on the
BQNPs resulting in a decreased hybridization and recovery
efficiency.

The possible mechanism for the binding of DNA probe to the
BQNPs was assessed by isoelectric point (pI) analysis (Fig. S37).
By the pH analysis method, the pI of BQNPs was measured to be
7.2, suggesting that the BQNPs should be negatively charged in
the detection solution (pH 8), which means that the BQNPs
should not be electrostatically attracted to the DNA probe due to
its negatively charged backbone. Instead, considering the
presence of sp® hybridized carbon in the BQNPs (XRD in
Fig. 1H), the 77 interaction between the aromatic ring in the
nucleotide bases of DNA and the BQNPs would be primarily
responsible for the attachment of the DNA probe.

In order to more in-depth confirm the binding of the DNA
probe to the BQNPs, the structural change of DNA was investi-
gated using circular dichroism analysis. As shown in Fig. 3B, the
probe DNA presented characteristic ellipticity positive peaks at
267 and 289 nm, and a negative peak at 246 nm (curve b). Also in
case of the BQNPs/DNA probe, the positive peaks were reduced,

Fluorescence Intensity
n B
8 8
/ \
Ellipticity (mdeg)

= ¥
0 o=
520 540 560 580 600 620 640 240 260 280 300

Wavelength (nm) Wavelength (nm)

Fig. 3 (A) Fluorescence emission spectra of the DNA probe under
various conditions: (a) DNA probe, (b) DNA probe + tDNA, (c) DNA
probe + BQNPs, and (d) DNA probe + BQNPs + tDNA. The concen-
trations of BQNPs, DNA probe, and tDNA were 20 ng mL™%, 2 nM, and
2 nM, respectively. (B) Circular dichroism spectra of (a) BQNP, (b) DNA
probe, (c) BQNPs/DNA probe, and (d) BQNPs/DNA probe + tDNA.
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while the negative peak disappeared, suggesting a structural
alteration of the DNA probe, which occurred due to the
attaching of the molecular backbone to the BQNPs (curve c).
Moreover, after addition of the tDNA, there was a slight
conformational change of the DNA probe caused by the
hybridization (curve d).

Factors affecting the DNA-detection performance. To ach-
ieve optimal assay performance with the BQNPs/DNA probe,
several experimental parameters, including concentration of
BQNPs and incubation time for maximum quenching effi-
ciency, along with incubation duration and temperature for
optimal tDNA detection, were investigated.

The quenching efficiency was determined as (F, — F)/F,,
where F, and F represent the fluorescence intensities of the DNA
probe in the absence and presence of BQNPs, respectively.
Fig. S4AT shows the fluorescence intensity changes of the DNA
probe (30 nM) when reacted with different concentrations of
BQNPs. The fluorescence intensity decreased as the concen-
tration of BQNPs increased from 0 to 500 ug mL™", and the
highest quenching efficiency (99%) was achieved at 100 pg
mL " of BQNPs (Fig. S4B7).

A study of the fluorescence-quenching kinetics was next
conducted to determine the time required to completely quench
the fluorescence of the DNA probe by the BQNPs. The quench-
ing kinetics was assessed by monitoring the changes of the
fluorescence intensities immediately after the addition of the
BQNPs. As shown in Fig. S4C,t the fluorescence decrease was
swift within the first 1 min (quenching efficiency of 95%), and it
gradually reached equilibrium within 5 min (quenching effi-
ciency of 99%). Apparently, the BQNPs were very effective at
quenching FAM labelled on the DNA probe, which was attrib-
uted to the rapid and strong attachment of the DNA probe.
Therefore, to obtain the optimum sensing performance, 5 min
was used for quenching the fluorescence of the DNA probe.

The effect of the incubation time for the hybridization of
tDNA in the detection process was evaluated, and 60 min was
found to be optimal to achieve the highest signal recovery
(Fig. S4Dt). The effect of the incubation temperature during
tDNA detection was also investigated, since temperature
changes may affect the buffer conditions and the stability of
DNA. As shown in Fig. S4E,T the fluorescence sensing signal was
extremely weak when the incubation temperature was 4 °C. In
contrast, the response signals increased significantly to nearly
the same levels in the cases of 25 °C and 40 °C, showing that the
proposed probe has a wide range of working temperatures. In
the subsequent investigation, the incubation temperature was
set at 25 °C.

Sensitivity, stability, and specificity of the BQNPs/DNA
probe. The quantitative detection of single-stranded tDNA was
performed using the BQNPs/DNA probe under optimal condi-
tions. As shown in Fig. 4A, the fluorescence intensities
increased gradually with the increment in tDNA concentrations.
Also, the change in fluorescence intensity could be expressed as
(F — Fy)/Fy x 100%, where F, and F represent the fluorescence
intensities in the absence and presence of tDNA, which was
linearly correlated with the concentration of tDNA in the range
of 2 to 50 nM, with a correlation equation of y = 0.6344x —

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Fluorescence emission spectra of DNA probe after incu-

bation with different concentrations of tDNA (0, 2, 5, 10, 20, 30, 50,
100, 150, 200, 250, 300, 350, and 400 nM, from bottom to top). (B)
Calibration plot for the quantitative detection of tDNA at different
concentrations. Inset: Calibration curve for the low-concentration
detection of tDNA. (C) Fluorescence emission profiles of the BQNPs/
DNA probe (formed by the DNA probe (2 nM) and BQNPs (20 pg mL™3)
(a) without and (c) with tDNA (2 nM), and the fluorescence emission
profiles of the BQNPs/DNA probe after treating with DNase | (b)
without and (d) with tDNA (2 nM). (D) Selectivity of the BQNPs/DNA
probe for DNA analysis. The concentrations of tDNA, T1, T2, T3, and T4
were all 30 nM and the concentration of BQNPs/DNA probe was 200
ng mL~1. The error bars illustrate the standard deviations from triplicate
measurements.

0.6696 and R> = 0.9988. The detection limit was 1.04 nM as
calculated by the signal to noise ratio of three, which is
comparable or superior to the previously reported methods (see
Table S17). Moreover, the relative standard deviation for tDNA
detection was less than 7%, suggesting a reasonable reproduc-
ibility of the method.

The stability of the BQNPs/DNA probe was evaluated by
treating it with DNase I. According to Fig. 4C, the BQNPs/DNA
probe showed negligible changes in fluorescence signal after
treatment with DNase I (see curves a and b), while after adding
tDNA, the fluorescence signal recovered to almost its original
level (see curves c and d). Clearly, the DNA probe on the BQNPs
was resistant to DNase I cleavage and even remained normally
functional with its adsorption to the BQNPs.

This sensing platform is based on the high selectivity of the
single nucleotide chain, which contributes to its specificity.
Therefore, we also evaluated the selectivity of the designed
BQNPs/DNA probe in response to irrelevant DNA, such as mis-
matched single-base DNA (T1, T2, and T3) and non-
complementary DNA (T4). As shown in Fig. 4D, the fluores-
cence signal increased significantly after incubation with tDNA,
whereas the responses to the non-complementary DNA and one-
base mismatched DNA were negligible. Based on these results,
the proposed BQNPs/DNA probe demonstrated sufficient
selectivity towards tDNA and potentially could be used for single
nucleotide polymorphism analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Feasibility of the BQNP/aptamer probe for E2 detection

Preparation of the BQNP/aptamer probe. To achieve specific
E2 detection, a BQNPs/aptamer probe was additionally
proposed by conjugating the FAM-labelled E2 aptamer (also
called E2 aptamer probe) attached with an amino group (-NH,)
at the 3’ termini to the carboxyl groups (-COOH) of BQNPs, thus
forming a BQNPs/aptamer probe. The feasibility of the BQNPs/
aptamer probe for E2 detection is shown in Scheme 1. In the
absence of E2, covalent conjugation ensures the close proximity
of FAM labelled on the E2 aptamer to the BQNPs, resulting in
a quenching of the FAM signal by the BQNPs. The presence of
the target E2, on the other hand, causes the aptamer probe to
change its secondary structure and form an aptamer/E2
complex after selectively capturing E2, which has a relatively
weak affinity for BQNPs and separates from the BQNPs, thereby
restoring FAM fluorescence.

To investigate whether the E2 aptamer probe was covalently
bonded to BQNPs, FTIR spectral profiles of the original BQNPs,
E2 aptamer probe, and BQNPs/aptamer probe after removing the
unbound aptamers were analyzed. As shown in Fig. 5B, the
characteristic peaks of BQNPs were observed at 1600 cm ™' (C=
C), 1700 cm ™' (C=0), and 3370 cm ™" (-OH)."”*® The character-
istic peaks of the E2 aptamer were observed at 965, 1084, and
1229 cm™', corresponding to phosphate asymmetric and
symmetric vibrations, while the vibration at 1649 cm™" was due
to the presence of both C=N double bonds and N=N double
bonds.** In the BQNPs/aptamer probe, there was another char-
acteristic peak of the E2 aptamer at 3416 cm ', which was
ascribed to the nucleic acid bases of NH stretching,"”*® indicating
that the E2 aptamer was successfully combined with BQNPs.

The viability of a fluorescent probe-constructed using BQNPs
and E2 aptamers was first established for E2 detection. As
shown in Fig. 5A (curve a), the free FAM-labelled E2 aptamers
exhibited a strong fluorescence emission at 518 nm, and after
adding the target E2, the fluorescence signal was not changed
(curve b), demonstrating that the fluorescence intensity of free
aptamers was not affected by E2. In contrast, the BQNPs effec-
tively quenched FAM fluorescence by more than 98% in the case
of the BQNPs/aptamer probe (curve c). Furthermore, the
quenching efficiency was higher than that of most reported
nanoquenchers.**** In the presence of the target E2, the
aptamer changes its secondary structure upon the selective

>
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©
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520 540 560 580 600 620 640 1000 2000 3000 4000
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Fig. 5 (A) Fluorescence emission spectra of the E2 aptamer probe
under different conditions: (a) E2 aptamer probe; (b) E2 aptamer probe
+ E2; (c) BQNPs/aptamer probe; (d) BQNPs/aptamer probe + E2. The
concentrations of BQNPs/aptamer probe, E2, and E2 aptamer were 10
ng mL™Y 500 ng mL™%, and 10 nM, respectively. (B) FTIR spectra of
BQNPs (red colour), E2 aptamer probe (green colour), and BQNPs/
aptamer probe (black colour).
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Fig. 6 (A) Fluorescence emission spectra of the BQNPs/aptamer probe without or with E2 added at varying concentrations (1, 2, 5, 8, 10, 20, 50,

80, 100, 150, 200, 300, 400, and 500 ng mL™%, from bottom to top). (B) E2 concentration calibration plot for the proposed fluorescence probe.
Inset: Calibration curve for E2 detection. (C) Specificity of the BQNPs/aptamer probe for E2 (100 ng mL™) detection. As much as 200 ng mL™* of
irrelevant chemicals were detected, including estrone, ethinyl estradiol, testosterone, and bisphenol A. F and Fq are the fluorescence intensities in
the presence and absence of E2, respectively. The error bars illustrate the standard deviations of three replicate measurements.

Table 1 Detection of E2 in water samples

Spiked E2 concentration Mean found Recovery
Sample sources (ng mL™) (ng mL™) (%) RSD (%)
Tap water 5 4.86 97.2 2.8
8 8.51 106.4 6.4
10 10.38 103.8 3.8
20 19.36 96.8 3.2
Lake water 5 4.76 95.3 4.7
8 8.5 106.1 6.1
10 10.37 103.7 3.7
20 19.3 96.4 3.6
Underground water 5 4.76 95.2 4.8
8 8.46 105.7 5.7
10 10.4 104.1 4.1
20 19.4 96.9 3.1

capture of the target E2, leading to the formation of aptamer/E2
complexes with weak affinities to BQNPs, which allows the E2
aptamers to move away from the BQNPs surface, hence allowing
the FAM fluorescence to be recovered (curve d). The achieve-
ment of a partial signal recovery was possibly due to the binding
of some E2 to unoccupied surface areas of BQNPs, thereby the
amount of E2 captured by the aptamer was reduced. In addi-
tion, it may possibly be related to incomplete detachment of the
aptamers from the BQNPs following E2 capture.

Sensitivity and specificity of the BQNPs/aptamer probe. To
explore the sensitivity of the sensing probe, varying concentra-
tions of E2 were reacted with the BQNPs/aptamer probe, and the
fluorescence recoveries were monitored. Fig. 6A shows that the
fluorescence intensity increased gradually with increasing the
E2 concentration. With a linear equation of y = 0.0084x + 0.0074
(R* = 0.9933), the fluorescence intensity change ratio (where F
and F represent the fluorescence intensities without and with
E2, respectively) was linearly correlated with the concentration
of E2 (1-20 ng mL™") (Fig. 6B). Furthermore, this assay is
portable, cost-effective, easy to operate, and has a limit of
detection of 0.4 ng mL™" based on a signal to noise ratio of
three, which is comparable to other methods (Table S27).

Several irrelevant endocrine disrupting chemicals, including
estrone (E1), ethinyl estradiol (EE), testosterone, and bisphenol

28084 | RSC Adv, 2024, 14, 28077-28085

A (BPA), were considered in order to test the specificity and
selectivity of the proposed fluorescence probe. In Fig. 6C, it can
be seen that the irrelevant chemicals exhibited negligible fluo-
rescence responses despite their concentrations being 2-fold
higher than the target molecules (E2). Consequently, the
BQNPs/aptamer probe demonstrated excellent specificity for
detecting the target molecules due to their high affinity for the
target molecules (E2).

Practical applications of the BQNPs/aptamer probe. A prac-
tical evaluation of the proposed BQNPs/aptamer probe was
carried out by monitoring E2 in tap water, lake water, and
underground water samples. For the three environmental water
samples spiked with E2 at four different concentrations (5, 8, 10,
20 ng mL™"), high recoveries were achieved between 95.2% and
106.4% with RSDs of 2.8% and 6.4%, as shown in Table 1.
Consequently, the BQNPs/aptamer probe designed for water
pollution monitoring was validated and is a reliable alternative to
conventional methods to detect E2 in practical water samples.

Conclusions

Bagasse-derived quencher nanoparticles (BQNPs) obtained via
low-temperature (400 °C) pyrolysis were demonstrated to
possess a remarkable quenching ability towards the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fluorescence of 6-carboxyfluorescein. These nanoparticles
exhibited a significantly higher quenching rate constant
compared to those prepared at high temperatures and also
compared to other typical quenchers. Taking advantages of the
distinctive characteristics of BQNPs, including their high
quenching efficiency, rich functional groups, and excellent
dispersibility, as a proof of concept, BQNP/DNA and BQNP/
aptamer probes were successfully constructed by adsorption
and covalent interactions of single-stranded oligonucleotides.
Both probes were capable of the selective and sensitive detec-
tion of single-stranded DNA and 17f-estradiol, with satisfactory
detection limits of 1.04 nM and 0.4 ng mL™', respectively.
Because of the outstanding quenching performance, extremely
good cost-effectiveness, great dispersibility, and environmental
friendliness, the BQNPs have significant potential for the
development of low-cost and sensitive fluorescence sensors.
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