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ABSTRACT The excellent performance of biosensor generally depends on the high
signal-to-noise ratio, and the superquencher plays dominant role on the fluorescent
sensors. Novel nanoquenchers exhibited high quenching efficiency in various
fluorescent assays of bio/chemical molecules. Here, we developed a novel
nanobiosensor using Fe;O4@C yolk-shell nanoparticles (YSNPs) and studied their
quenching effect. We found the Fe;04@C YSNP was a superquencher and exhibited
an ultrastrong quenching ability, up to almost 100% quenching efficiency, toward
fluorophores. Also, the Fe;04@C YSNPs possessed the most superior fluorescence
restoration efficiency, due to biomolecular recognition event, to the other
nanoquenchers, including gold nanoparticles (AuNPs), graphene oxide (GO), and
single wall carbon nanotubes (SWCNTs). On the basis of that, a fluorescent sensing
platform to potassium ion (K") analysis with guanine (G)-rich oligonucleotides was
designed. As a result, the Fe;04@C YSNP-based fluorescent sensors demonstrated
excellent performance, with an ultrahigh sensitivity of a detection limit as low as 1.3
1M, as well as a wide dynamic range from 50 uM to 10 mM. The proposed method is
fast, simple, and cost-effective, suggesting the great potential for practical

applications in biomedical detection and clinical diagnosis.
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INTRODUCTION

There has been an increasing interest in the development of new tools for
fluorescent assaying bio/chemical molecules owing to their intrinsic merits, such as
high sensitivity, rapid response, and especially in vivo imaging'* properties. A typical
design of fluorescent sensor usually consists of a fluorescent dye/quencher pairs to
form Forster resonance energy transfer (FRET) through energy transfer and/or
electron transfer.” The fluorescent quenching is closely dependent on the distance
between the dye/quencher pairs, which is coupled with structural switching due to
biomolecular recognition event, e.g., DNA base pairing and target-aptamer binding.
Also importantly, the molecular probes greatly influence the fluorescent quenching
efficiency based upon the signal-transduction mechanism, such as the selection and
parametric optimization of dye/quencher pairs.

Over the past decades, advances of nanotechnology have brought forth great

10,11 12,13

. . . 6.7 .. 89 1 - - . .
impacts on biosensing,”’ nanomedicine, ~ bioimaging, and drug delivery.

Recently, a variety of nanomaterials (NMs) have exhibited remarkably high
quenching ability towards a wide spectrum of fluorophores. These nanoquenchers are
beneficial for elimination of the selection issue of a dye/quencher pairs thanks to their
quenching ability towards different fluorophores with a wide range of emission

frequencies, Up till now, zero-dimensional (0D) nanostructures such as gold

14-16 17,18

nanoparticles (AuNPs), polydopamine (PDA) nanospheres, ID carbon

nanotubes (CNTs),'*?' and 2D nanosheets such as graphene oxide (GO),***

molybdenum disulfide (M0S,),”*° have been employed as effective nanoquenchers to
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construct fluorescent biosensors>’ for nucleic acids, proteins, small molecules and
metal ions.”*>° Nevertheless, the preparation of these materials is also considered to
be elaborate, labor-intensive and time-consuming (e.g., GO preparation by Hummers
method®"), and especially some of these materials have nanotoxicity for in vivo

studies;**> *

accordingly, much scientific effort should be directed toward designing
and fabricating of new nanoquenchers for fluorescent assays.

Recently, yolk-shell nanoparticles (YSNPs)** with movable cores inside hollow
shells have drawn a great deal of attention due to their unique and appealing
properties such as low density, large specific surface area, and the tailorability and
functionality in both the cores and shells. Given these advantages, many efforts have
been made to employ in nanoreactors,”>~° drug delivery,’””® lithium-ion batteries,*
and biocatalysis.40’ I Nevertheless, yet to date there has been no report on
fluorescence quenching abilities of YSNP, which can be used to develop a novel
strategy for FRET-based fluorescent sensor.

In this work, the fluorescent quenching ability of Fe;O4@C YSNPs, with Fe;O,4
cores inside carbon shells, was first studied. Fe;O4 cores, as an essential quality,
enable easy separation from reacted solution under an external magnetic field without
centrifugation or filtration. Due to the large surface area and microporous morphology,
the quenching ability of Fe;04@C YSNP was found to be higher than that of other
NMs (e.g. bare Fe;O04 NPs, SWCNTs). Also, the Fe;04@C YSNPs exhibited the

highest fluorescence restoration efficiency among the nanoquenchers. This was then

adopted as a sensing platform to potassium ion (K') analysis with the assistance of
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guanine (G)-rich oligonucleotides based on the fluorescence restoration resulting from
binding-induced conformational change. The Fe;04@C YSNP-based fluorescent K"
sensor exhibited excellent performance with a very high sensitivity and a wide
dynamic range, suggesting this proposed method has great potential in practical

applications.

MATERIALS AND METHODS

Chemicals and reagents.The carboxyfluorescein(FAM)-labeled oligonucleotides
with G-rich human telomere sequence and random sequence were synthesized from
Sagnon Biotech. Co. Ltd. (Shanghai, China). The oligonucleotides were purified by
HPLC and verified by mass spectra. Tris(hydroxymethyl)aminomethane (=99.0%)
were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Dopamine hydrochloride was obtained from the Alfa Aesar (China) Chemical Co.,
Ltd. Tetracthoxysilane (TEOS, 95%) was obtained from Energy Chemical Company
(Shanghai, China).All chemicals were used without further purification. All solutions
were prepared with ultrapure water produced by a Mill-Q Purification System
(Millipore, USA).

Instrumentation. Fluorescence spectra were measured on Hitachi F-7000
Fluorescence spectrophotometer (Hitachi High-Technologies Corporation/Hithachi,
Ltd., Japan). Absorption spectra for DNA quantification were performed on a
Nanodrop 2000 spectrophotometer (Thermo-Fisher Scientificc, USA). The
concentrations of DNA were determined using the corresponding extinction

coefficients. The microstructures of Fe;O4@C YSNPs were characterized by
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Transmission electron microscopy (TEM, JEOL-1011).
Synthesis of Fe;O4@C YSNPs. Fe;04@C YSNPs were prepared by using a one-step
facile approach, as reported in the previous work.** Firstly, 300 pL of TEOS in the
ethanol solution was dropwise added into the mixture of 0.1 g of Fe;0,4 nanoparticles
(NPs) and 2 mL of ammonium hydroxide (NH4OH). After being stirred for 12 h, 50
mg of dopamine (DA) was introduced and reacted for 24 h under stirring, and thus
polydopamine (PDA) layer was formed to obtain Fe;O4@SiO,@PDA NPs. Next,
Fe;04@Si0,@C NPs were obtained by annealing Fe;04@SiO,@PDA NPs at 500 °C
for 4 h. Finally, Fe;04@C YSNPs were prepared through chemical etching of SiO,
template with ammonium hydroxide in ethanol/water solution.
Optimization. To investigate the effect of ionic strength, 50 nM of the fluorophore
(FAM)-labeled single-strand DNA (ssDNA) with random sequence of
5’-FAM-ACCTGGGGGAGTAT-3’(termed as DNA-F*) was firstly heated at 95° C for
5 min and then cooled to room temperature. Then DNA-F* and Fe;O04@C YSNPs
were mixed containing varied concentration of NaCl (0, 25, 50, and 100 mM) and
incubated for 10 min. After removing Fe;O4@C YSNPs by external magnetic field,
samples were excited with 488 nm laser light, and the emission was measured at 518
nm.

In the time- and concentration-dependent experiments, 50 nM of FAM-labeled
DNA with a sequence of 5’-FAM-GGTTGGTGTGGTTGG-3’ (termed as G4-F*) was
used. In the time-dependent experiments, the incubation time of G4-F*/Fe;04@C

YSNPs were 0, 1, 2, 3, 4, 5, 7.5, 10, and 15 min, respectively. In the
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concentration-dependent experiments, the final concentrations of Fe;O4@C YSNPs
were 0, 10, 20, 30, 40, and 50 ug mL", respectively. The measuring steps were the
same as described above.

In a typical procedure, 50 nM of G4-F*dissolved in Tris-HCI solution (50 mM,
pH7.2) was denatured at 95°C for 5 min, followed by quickly cooling to room
temperature in an ice water bath to ensure single-stranded form. Subsequently, a
Tris-HCI buffer solution containing different concentrations of K ranging from 0 to
10 mM was added into the G4-F* solution, and incubated for 10 min to induce the
formation of G-quadruplex. After then, 20 ug mL™ Fe;04@C YSNPs were introduced
into the above mixed solution and reacted for 10 min. Finally, the reaction solutions
after removing Fe;O4@C YSNPs were transferred to a quartz cuvette and recorded
with a fluorescence spectrometer.

RESULTS AND DISCUSSION

In this study, we prepared monodisperse Fe;O4@C YSNP by a simple and versatile
method, according to our previous report.** Polydopamine (PDA), as a nontoxic
carbon precursor, was prepared through self-polymerization of dopamine (DA) to
deposit controlled conformal films on any surface. Fe;04@C YSNP was synthesized
by coating double layers of SiO, and PDA on Fe;O4 core by a one-step method,
followed by carbonization and removal of SiO, template (Figure 1A). In Figure 1B,
scanning electron microscopy (SEM) image clearly reveals that Fe;04@C YSNPs are
monodisperse and uniform nanospheres, which has an average diameter of ~200 nm

with a void size of ~40 nm. Transmission electron microscopy (TEM) image shows
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that Fe;O4 cores were encapsulated in hollow carbon shells with a several nanometer

thickness full of microporosity (Figue 1C).*

Page 8 of 29
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Figure 1. (A) Scheme for the synthesis of Fe;04@C YSNPs. (B, C) Typical SEM (B)

and TEM images(C) of as-prepared Fe;O4@C YSNPs.

K -induced folding of human telomeric DNA into G-quadruplex was utilized as the
model system in the proof-of-concept study of the quenching ability of YSNP and
fluorescent sensing platform. Figure 2A illustrates the scheme of Fe;04@C YSNP as a
quenching probe and fluorescent analysis of K* by using G-rich DNA oligonucleotide.
A carboxyfluorescein (FAM)-labeled oligonucleotide for K" in the single-stranded (ss-)
state with soft coil-like structure gave a strong fluorescence in the buffer solution.
When Fe;04@C YSNPs were added, ssDNA could bind Fe;O04@C YSNPs with high
affinity or insert into the micropores on the carbon shells, and the fluorophores were

pulled to the surface of YSNP and quenched efficiently, resulting in an effective
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quenching of fluorescence. While K' induced the structural variation of G-rich
sequence into a tertiary structure of four-stranded tetraplex structure with low affinity
or inability to being arrested and which produced a strong fluorescence recovery.
These formed the foundation of fluorescent sensors for K.

To verify the feasibility of the design, an aptamer for K with a sequence of
5’-FAM-GGTTGGTGTGGTTGG-3" (termed as G4-F* in the following text) was
used in the experiments. The quenching efficiency (QE) of Fe;O4@C YSNP for
G4-F*and FR after target-binding were first studied. Here, QE was calculated
according to the formula: QE = (1-Fy/F},) x 100%, where F and Fy, are fluorescence
intensities in the presence and absence of Fe;04@C YSNPs, respectively. Initially, 50
nM of G4-F* ssDNA displayed a strong fluorescence in Tris-HCI buffer solution (pH
7.2) (curve a in Figure 2B). Upon addition of 20 ug mL" of Fe;04@C YSNPs, there
was a conspicuous decline in G4-F* fluorescence after collecting the magnetic
Fe;04@C YSNPs under an external magnetic field with the help of magnetic
properties of Fe;04 cores (curve b in Figure 2B).The QE continuously increased with
the amount of Fe;O04@C YSNPs, which was almost totally quenched in the
concentration of 50 pg mL™" (Figure 3C). For bare Fe;O; NPs, the QE for
FAM-ssDNA was reported to be ~75%.% In contrast, Fe;04@C YSNPs exhibited
higher fluorescence QE than that of other NMs, such as bare Fe;O4 NPs, GO, and
SWCNTs in the same ratios of fluorescent DNA to NM probes.*

Also, fluorescence restoration (FR) of the Fe;O4@C YSNP plays vitally important

role in the fluorescent sensors. Curve c¢ in Figure 2B shows a noteworthy
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enhancement in fluorescence intensity (FI) in the presence of K. We defined the FR =
(F-Fo)/(Fp-F)*x100%, where Fy, is the initial value before adding Fe;O4@C YSNPs,
F) is the intensity in the absence of K, and F is the intensity in the presence of K.
The FR for different samples were presented is Figure 2C. The FR for blank sample
containing only G4-F* was set as 100%. When Fe;04@C YSNPs were introduced,
the fluorescence was quenched with maximum efficiency and the FR for
G4-F*/Fe;04@C YSNP was zero. In the presence of K" (10 mM), the FR for
G4-F*/Fe;0,@C YSNP/K" was calculated to be as high as 62%, while that of AuNPs,
GO, and SWCNTs was only 3.1%, 34%, and 29%, respectively (Table SZ).45 It is
clearly shown that the YSNP has the highest restoration efficiency among the

nanoquenchers, implying their potential use in Y SNP-based sensors.
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Figure 2. (A) Schematic illustration of Fe;O4@C YSNP as an efficient nanoquencher
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and fluorescent analysis of K’ using G-rich oligonucleotides. (B) Fluorescence
spectra of G4-F* (a), G4-F*/Fe;04@C YSNPs (b), and K'+G4-F*/ Fe;04@C YSNPs
(c). (C) The fluorescence restoration (FR) for G4-F* (blank), G4-F*/Fe;04@C YSNP
(0 mM K"), and G4-F*/Fe;04@C YSNP/K' (10 mM K'). The concentrations of

G4-F*, Fe;04@C YSNs, and K are 50 nM, 20 pg mL™", and 10 mM, respectively.

It is well known that ionic strength plays an important role that can modulate
electrostatic interactions in many biosensors. Especially for nanoparticle-based
biosensor, a high ionic strength is prerequisite to stabilize nanoparticle suspensions to
prevent them from aggregation.***® Besides, the detecting sensitivity of field effect
transistor (FET) device in a high salt solution is fundamentally hindered by Debye
screening.49’50 To study the influence of ionic strength, we used a FAM-labeled DNA
with random sequence of 5’-FAM-ACCTGGGGGAGTAT-3’ (termed as DNA-F* in
the following text) which cannot fold into G-quadruplex in high salt solution. As
shown in Figure 3A, fluorescence spectra of DNA-F*/Fe;04@C YSNPs were
measured in Tris-HCI buffer solutions containing varied concentrations of salt (NaCl).
Interestingly, it must be noted that a dramatic fluorescence decrease still produced
even in a no/low NaCl solution after incubation with Fe;O04@C YSNPs, which almost
equaled to the changes of that with high salt. It suggested that efficient quenching can
take place in solutions with no/low NaCl.

In addition, we investigated the effects of several other experimental conditions,

such as incubation time of G4-F*/Fe;04@C YSNPs, and the concentration of
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Fe;04@C YSNPs. Figure 3B shows the influence of time on the fluorescence
response of G4-F*/Fe;04@C YSNPs. The fluorescence intensity continuously
decreased along with the time. After 10 min, ~80% of initial fluorescence intensity
was quenched and it remained nearly constant. Hence, we selected 10 min as the
optimized incubation time for fluorescence assays. The concentration of Fe;O4@C
YSNPs also significantly affected the fluorescence of G4-F*. It was observed that
there was gradual reduction in the fluorescence response with the increasing amount
of Fe;04@C YSNPs (Figure 3C). The fluorescence response plotted as a linear
function of the concentration of Fe;O4@C YSNPs (Figure 3D), which was totally
quenched at the concentration of 50 pg mL™”, suggesting that multifunctional

Fe;04@C YSNPs can be employed as an excellent probe in fluorescence assays.
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Figure 3. (A) Fluorescence spectra of DNA-F*/Fe;04@C YSNPs with varied
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concentration of NaCl. (B) Time-dependent fluorescence responses of
G4-F*/Fe;04@C YSNPs. (C) Fluorescence spectra of G4-F* with different
concentration of Fe;O4@C YSNPs. (D) The relationship between fluorescence

intensity of G4-F* and the concentration of Fe;04@C YSNPs.

To obtain a high sensitivity and a wide dynamic range, we also explored the
optimal concentration of Fe;O,@C YSNPs on fluorescent K sensor. Experiments
were carried out at a fixed concentration of 50 nM G4-F* with varied concentration of
K", incubating with different amount of Fe;0,@C YSNPs, respectively. When 25 pg
mL" of Fe;0,@C YSN was added, K" at the concentration of 1 mM, 10 mM, and 30
mM exhibited different fluorescence enhancement and the FR were 16%, 20%, and
40%, respectively (Figure 4A). Whereas, almost no obvious fluorescence
enhancement was found with 50 g mL™of Fe;04@C Y SNs, even if the concentration
of K™ was as high as 100 mM (Figure 4B). The reason might be that a higher
concentration of YSNPs could interact with more DNA molecules on their surface and
leave very few DNA molecules free the aqueous solution. When K is introduced at
the concentration of 1 mM and 10 mM, it shows that the FR respectively reached
approximate 40% and 62% with 20 ug mL™ of Fe;0,@C YSNPs, which has a much
larger fluorescence change than that at the amount of 25 pg mL™ and 50 pg mL™”
(Figure 4C). Hence, 20 ng mL" of Fe;04@C YSNPs was selected as the optimal

concentration in the fluorescent sensing of K.
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Figure 4. (A, B) Fluorescence spectra of 50 nM G4-F* incubated with 25 pg mL™ (A)
and 50 pg mL™! (B) of Fe;0,@C YSNPs in the presence of different amounts of K.
Blank represents the sample without Fe;04@C YSNPs and K. (C) Comparison of FR
in the presence of 1 mM and 10 mM of K’ under different concentrations of

Fe3;04@C YSNPs.

To investigate the feasibility of the fluorescent sensor based upon Fe;04@C YSNP
as a superquencher and DNA aptamer, we have explored the quantitative analysis of
this sensor toward K" under the optimal conditions. As shown in Figure 5A, typical
fluorescence spectra corresponding to a series of concentrations of K™ (0 mM, 0.05
mM, 0.1 mM, 0.5 mM, 5 mM, and 10 mM) has been tested in assay solutions. With
the addition of the target, fluorescence response is gradually going up with the
increase of K" concentration. It shows a FR of almost 30% when the concentration of
K" is as low as 50 uM (Figure S1). As can be seen from Figure 5B, the calibration
plot showed there was a good linear relationship between fluorescence intensity and
the logarithm of K" concentration. The dynamic range is suitable for the physiological
potassium level (3.50-5.30 mM). A limit of detection (LOD) as low as 1.3 uM could
be obtained according to the assumption of a signal greater than that of three times of

the measurement standard error (3c) of a non-target blank sample. As illustrated in
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Table S1, our sensor has very excellent performance with a much higher sensitivity
and a wider dynamic range comparing with that of other reported K" sensing platform.
Besides that, our method has several additional advantages of cost-effectiveness,
easier to operation, and rapid detection, indicating that it is applicable to detect K' in
various fields. To further examine the selectivity of the Fe;O4@C YSNP-based
fluorescent sensor, some other different anions were chosen as potentially interfering
substances and their fluorescent responses have been investigated. As shown in Figure
5C, 10 mM K" induced a strong fluorescence intensity, whereas the presence of other
interfering anions produced little signal responses even if their concentrations (50 mM)
were 5 times higher than that of K'. This excellent selectivity may be attributed to the
high specificity between G-rich aptamer and its target (K'), as well as interfering
anions with larger charger intensity resulting in much higher binding affinities

between ssDNA and Fe;O4@C YSNP so that the fluorescence can not be recovered.
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Figure 5. Fluorescence spectra (A) and calibration curve (B) for K detection using
20 pug mL" of Fe;04@C YSNPs as nanoquenchers and 50 nM G-rich
oligonucleotides. (C) The fluorescence intensity of Fe;O4@C YSNP/G4-F* complex
in the presence of K" (10 mM) and other interfering anions (50 mM). The error bars

represent the standard deviation of three measurements.

As described above, Fe;04@C YSNP demonstrated superquenching abilities and
the highest FR efficiency with ssDNA molecules. Consequently, the Fe;O4@C
YSNP-based fluorescent sensors exhibited a greatly enhanced sensitivity and a wide
dynamic range required in biomedical research and practical diagnosis. In view of
their structural features and component, we believe that the excellent performance of
the fluorescent sensors is highly related with the physical and chemical properties of
Fe;04@C YSNPs as well as their distinctive nanostructures. What’s more, the
occupied space of ssDNA on the Fe;O4@C YSNP surface was analyzed and
compared with other NMs. The surface area of Fe;O4@C YSNPs, the surface density
and the surface coverage of ssDNA were listed in Table S2. Under optimal conditions
(20 pg mL'l), Fe;04@C YSNPs had a surface area of 80.4 cm’, and the ssDNA
surface density and the surface coverage were 7.5 10'%cm? and 0.13%, respectively.
Notably, Fe;04@C YSNPs possess the lowest surface density and surface coverage
among the listed NMs, implying that all DNA molecules have more space to occupy
or anchor on the surface and thus result in an ultrahigh quenching. The ultralow

surface coverage may attribute to the porous carbon shell with extremely large surface
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area (2006 m* g").”' Moreover, the Fe;04 cores are encapsulated protected by the
outer carbon shell protected from aggregation and poisoning. Multifunctional
Fe;04@C YSNPs possess excellent magnetic properties, in which nanomaterials
quickly separated to the side of the vial within seconds. The magnetic nature can be
applied for effective separation and concentration in complicated matrices, such as in
living systems.

Additionally, we deemed that the fluorescence quenching of Fe;O4@C YSNPs for
ssDNA may be realized through two ways (Figure 6). Electroactive pyridinic N and
graphitic N has been reported to be detectable in PDA-based carbon shells.”® DNA
strands are composed of monomer units, consisting of positively charged nitrogenous
bases and negatively charged phosphate backbone. One way is that the binding
between Fe;O4@C YSNP and ssDNA is likely to be occurred through non-covalent
interactions, including n-m stacking, hydrogen bonding, or energy/electron transfer
between the unit of nucleotide and YSNP. Moreover, Fe;04@C YSNPs possessed the
morphology with both micropores (< 2 nm) and mesopores (2~50 nm) on the surface
of the carbon shells, in which micropores were in the majority.”® Therefore, the other
quenching way is, due to size effect, ssDNA (1.5 nm) was arrested by micropore and
thus led to a high-efficiency fluorescence quenching even in low salt solution, which
is consistent with the forgoing phenomena. Nevertheless, the detailed mechanism has

not been fully understood still.
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Figure 6. Two quenching ways of Fe;04@C YSNP for ssDNA.

Previous literature has reported that sodium ions (Na") also can drive the folding of
oligonucleotide models of human telomere DNA into G-quadruplex structures.>
Therefore, an “OR” logic gate system was constructed by utilizing K™ or Na" as inputs
that were based on a combination of Fe;O4@C YSNPs and G-quadruplex DNA
sequences. Figure 7A outlines the schematic illustration to construct the “OR” gate.
We used either K™ or Na" as inputs to activate the self-assembly of G-quadruplex,
which yielded the fluorescence of G4-F* as output and readout signal. That is, the
fluorescence is excited when any of the ions inputs was present in the system, K or
Na', (1, 0), (0, 1) or the coexistence of both the two ion-inputs (1, 1), as shown in the
truth table (Figure 7B). Figure 7C displays the experimental results upon activating by
the input-ion. The fluorescence has a low intensity in the absence of any ion-input (0,
0) (curve a, Figure 7C), while the system is subjected to either K" or Na" yields high
intensity of fluorescence (curve b, ¢, Figure 7C). Also, as the system is activated by

both inputs, a “true” output is observed in curve d. The relative fluorescence change
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(defined as (F-F()/Fy) of the “OR” gate system in the form of bars are illustrated in

Figure 7D.
~~— B inputt | Input2 | Output (OR)
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Figure 7. (A) An “OR” logic gate system consisting of Fe;04@C YSNPs and
guanine-rich aptamer that are activated by K" or Na" as inputs. (B) Truth table of the
“OR” logic gate system. (C) Fluorescence spectra of the “OR” logic gate system
activated by the following inputs: (a) no K, no Na', (b) K*, (¢) Na", and (d) K'+Na".
(D) The relative fluorescence change in the form of bars presentation. The error bars

represent the standard deviation of three measurements.

CONCLUSION

In summary, it has been demonstrated for the first time that Fe;0,@C YSNPs
showed superstrong quenching abilities and ultrahigh FR efficiency towards
FAM-labelled ssDNA. It was found that the quenching efficiency was up to almost
100%. Additionally, Fe;04@C YSNPs possessed a much higher FR efficiency in the

presence of K than other nanoquenchers, such as AuNPs, GO, and SWCNTs. Based
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on these findings, Fe;04@C YSNPs were used as a fluorescent sensor toward K with
G-rich oligonucleotides, exhibiting excellent performance of a much higher sensitivity
and a wider dynamic range. Moreover, an “OR” logic gate system with multiplex
detection capability for K" and Na" was built. The proposed method is fast, easy to
operate, low-cost, and easy separation under an external magnetic field without
centrifugation or filtration. In view of these advantages, this sensing platform could
offer a promising tool for practical applications in molecular diagnosis and

point-of-care test (POCT).
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