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Abstract

Purpose: Early diagnosis of cancer enables extended survival and reduced symptoms. To this end, a
“three-in-one” nanohybrid of MOF@AuUNP@GO is designed as synergistic nanoquencher to develop a
novel fluorescence biosensor for rapid and sensitive detection of cancer-related biomarkers.

Methods: The ssDNA absorption affinities and fluorescence quenching abilities of the
MOF@AuUNP@GO were evaluated using FAM-labeled single-stranded DNA (ssDNA). Then, two
specific dye-labeled ssDNA and aptamer probes were designed for the recognition of p53 gene and
prostate specific antigen (PSA), respectively. Fluorescence spectra were recorded and ratiometric signal
processing was performed.

Results: The designed nanohybrids exhibit enhanced ssDNA binding affinities and fluorescence
quenching abilities, which significantly decrease the background signal and increase the signal-to-noise
(S/N) ratio, thus lowering the detection limit (LOD). Accordingly, with ratiometric measurement, this
developed nanosensor can sensitively measure p53 gene and PSA with LODs of 0.005 nM and 0.01 ng
mL™!, respectively. Besides, this method also displays excellent performances with respect to universality,
multiplexed detection, specificity, and practicality in human serum.

Conclusion: The designed MOF@AuNP@GO-based fluorescence biosensor can serve as a promising
platform for washing-free, rapid and sensitive measurement of cancer biomarkers, making this method
well-suited for point-of-care (POC) diagnosis.
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Introduction

Early diagnosis of cancer can significantly and provide good outcomes for cancer patients,
improve the chances of successful early treatment, including extended survival and reduced
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symptoms.[1-4] Among the existing strategies that
have been employed for early detection of
cancer-related biomarkers, fluorescence-based
biosensors with high sensitivity and multiplex
detection capacity have been extensively explored
and proposed.[5-7] Among the developed biosensors,
nanoquencher-based fluorescence biosensors have
been widely applied for measuring various tumor
biomarkers, such as nucleic acids and proteins,
because of their strong fluorescence quenching and no
wash workflow.[8-11] Currently, the most commonly
used nanoquenchers include gold nanoparticles
(AuNPs),[12, 13] carbon nanotubes (CNTs),[14, 15]
graphene oxide (GO),[16, 17] MoS; nanosheets,[18, 19]
and g-C3N4 nanosheets.[20-22] These nanoquenchers
exhibit high binding affinity to dye-labeled
single-stranded DNA (ssDNA) or aptamer molecules
to bring dye molecules and nanoquenchers into close
vicinity, thereby causing strong fluorescence
quenching of dye molecules through energy transfer
and electron transfer processes. Despite the great
progress made in this field, there still remain several
challenges, including suboptimal sensitivity and
relatively low reliability with single-intensity signal
output.

Metal-organic frameworks (MOFs) are highly
ordered crystalline materials with fascinating
structures and intriguing features of flexible porosity,
high surface area, and uniform open cavities.[23, 24]
MOFs have been explored for gas storage,
separations, catalysis, nanoscale reactors, as well as
bioimaging and drug delivery.[25-30] Recently, MOFs
have also been used as nanoquenchers for rational
design of fluorescence biosensors.[31, 32] Similar to
traditional nanoquenchers, MOFs can directly adsorb
dye-labeled ssDNA molecules through electrostatic,
-1 stacking, or hydrogen bond interactions. The
attached dye molecules encounter strong fluorescence
quenching based on the photoinduced electron-
transfer (PET) process.[33] Several MOEF-based
nanoquenchers, such as zeolitic imidazolate frame-
work (ZIF)-8,[34] HodtoaCu,[35, 36] UiO-66-NH,[37]
MIL-101,[38] and MIL-88B,[39] have been designed
and fabricated to develop fluorescence biosensors for
target DNA detection. In these developed MOFs, the
ligands with a rich n-electron system were chosen to
allow for binding between dye-labeled DNA probes
and the metal ions, whereas these metals were
designed as coordination centers and exhibited
intrinsic fluorescence quenching ability via PET
processes. Nevertheless, these reported MOEF-based
nanoquenchers presented insufficient fluorescence
quenching efficiency towards dye molecules that
resulted in relatively low detection sensitivity. As
signal-to-noise (S/N) ratio determines the detection

sensitivity of fluorescence biosensors, how to design
new MOF nanostructures with higher fluorescence
quenching ability to decrease background noise signal
and augment the S/N ratio is thus of significance to
increase detection sensitivity.

Compared with single-component nano-
materials, hybrid nanomaterials provide more
advantages of enhanced physicochemical and optical
properties that can serve as promising platforms for
improved biosensing, imaging, and therapeutic
applications.[40] In this work, we designed and
applied a “three-in-one” nanohybrid system as a
synergistic = nanoquencher to  develop a
highly-sensitive fluorescence biosensor for cancer
biomarker detection (Scheme 1). The proposed
nanohybrid, namely, MOF@AuNP@GO, consists of
three common quenching nanomaterials, including
zirconium (Zr)-based MOF nanostructures for
quenching wvia PET process[35-37, 41, 42] and
meanwhile offering a reference signal to realize
ratiometric measurements, gold nanoparticles
(AuNPs) for quenching by plasmonic resonance
energy transfer (PRET), and graphene oxide (GO) for
quenching based on fluorescence resonance energy
transfer (FRET) and endowing higher colloidal
stability, respectively. The designed hybrid
MOF@AuNP@GO nanocomposites are constructed
using Zr-based MOF as a template for in situ growth
of AuNPs to form the MOF@AuNP nanostructure,
and then an ultrathin GO layer is coated onto the
MOF@AuNP surface to produce MOF@AuNP@GO
via strong 1-m stacking and hydrogen bond
interactions. The as-prepared MOF@AuNP@GO
demonstrates significantly increased binding affinity
and quenching ability for dye-labeled ssDNAs or
aptamers based on n-11 stacking, van der Waals force,
or hydrogen bonding, which can largely shorten the
overall detection time and reduce the background
noise for improved detection sensitivity. Also, the
MOF@AuNP@GO can provide a stable NIR emission
from tetrakis(4-carboxyphenyl)porphyrin (TCPP)
ligand that is unchanged with altering target
concentrations, which can act as a reference signal to
the sensing signal from the dye molecules to allow for
ratiometric measurement. With ratiometric strategies,
the biosensor sensitivity and reliability are further
improved owing to the increased S/N ratio and
decreased susceptibility against analyte-independent
interference factors, including inhomogeneous
excitation and emission, background light scattering,
as well as photobleaching.[43-47] In brief, the
proposed MOF@AuNP@GO nanohybrid can serve as
a promising alternative for the development of
nanoquencher-based fluorescence biosensors with
high sensitivity and reliability.
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Scheme 1. (A) Schematic representation for MOF@AuUNP@GO synthesis, and (B) Schematic diagrams for fluorescence recovery-based ratiometric no-wash biosensor for
target DNA and protein detection by using MOF@AuNP@GO as synergistic nanoquencher.

Results and Discussions

Synthesis and characterization of
MOF@AuUNP@GO

To prepare the MOF@AuNP@GO nanohybrid,
Zr-based MOF nanostructures were first synthesized
by using TCPP as a ligand, and Zr** as a metal
coordination center and open site due to the strong
coordination between Zr#* cations and COO- anions.
As shown in Figure 1A and 1D, the as-synthesized
Zr-based MOF nanoarchitectures exhibit a rod-like
single «crystal structure, with a length of
approximately 500 nm. The powder XRD
characterization of Zr-based MOF presents three
typical diffraction peaks at 4.8°, 7.1°, and 9.8° (Figure
2A), which is in accordance with the previous
reports.[48] Besides, the XPS spectrum for Zr-based
MOFs indicates the presence of C, N, O, and Zr
(Figure 2B). Collectively, these results confirm
successful preparation of the Zr-based MOF
nanostructures.

Then, the Zr-based MOF nonostructures were
applied as a template for in situ growth of AuNPs to
form MOF@AuNP nanostructures by the classical
NaBHj reduction, with solution color changing from
green to red brown. UV-Vis absorption spectra show a
shift of the S and Q-band peaks (Figure 2C and Figure
S1), further confirming the formation of Au(Ill)

TCPP.2# TEM images show that Zr-based MOFs
contain a high density of round Au cross sections, and
the AuNP density increases as the amount of HAuCly
increases (Figure S2). TEM images of the as-prepared
MOF@AuNP nanocomposites in Figure 1B and 1E
show a high density of uniform AuNPs with average
size of ~45 * 11 nm in the Zr-based MOF
nanocrystals. As shown in Figure 2D, zeta-potential
analysis reveals a decrease of potential from -40.5 mV
(MOF) to -55.4 mV (MOF@AuNP). Additionally, the
XRD data of the resulting MOF@AuNP
nanostructures in Figure 2A indicate the retention of
Zr-based MOF structures and appearance of two
typical gold peaks, reflecting the formation of
crystalline AuNPs, which is further confirmed by XPS
spectrum (Figure 2B and Figure S3). These above
findings demonstrate the successful nucleation and
growth of AuNPs in the Zr-based MOFs, and the
synthetic MOF@AuNP nanostructures maintain the
crystallinity and structural integrity of original
Zr-based MOFs. Later, an ultrathin GO layer was
coated onto the surface of MOF@AuNP to prepare the
MOF@AuNP@GO nanohybrid based on strong n-m
stacking and hydrogen bond interactions. An obvious
GO layer with filaments coated on individual
MOF@AuNP surface can be clearly seen in the TEM
images, as indicated by the red arrows (Figure 1C and
1F), whereas no any thin GO layer was observed on
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Figure 1. TEM imaging analysis of Zr-based MOF, MOF@AuNP, and MOF@AuNP@GO. (A and D) TEM images of Zr-based MOF, (B and E) TEM images of MOF@AuNP, and
(C and F) TEM images of MOF@AuUNP@GO, in which the GO layer with filaments was indicated by the red arrows. (G) EDS mapping analysis of the MOF@AuNP@GO

nanohybrid.

bare MOF@AuNP (Figure 1E). Zeta-potential analysis
of the resulting MOF@AuNP@GO showed a
significant increase from -55.4 to -30.2 mV after GO
coating (Figure 2D). In addition, energy dispersive
spectroscopy (EDS) mapping analysis demonstrates
the presence of Zr, Au, N, C, and O in the synthetic
MOF@AuNP@GO nanocomposite (Figure 1G). Thus,
these above results indicate the successful preparation
of the designed MOF@AuNP@GO nanohybrid.

Characterization of fluorescence quenching
property of MOF@AuUNP@GO

The fluorescence quenching ability of the
prepared MOF@AuNP@GO was investigated using
FAM-labeled ssDNA as a fluorescence probe. To
better validate the synergistic quenching effects, MOF
alone, MOF@GO, and MOF@AuNP were prepared
and used for comparison. Fluorescence quenching
capacities of these four MOF-based nanostructures
were evaluated by simply incubating FAM-labeled
ssDNA (1 nM) with these four nanoquenchers at
diverse concentrations, respectively, in which the
FAM-labeled ssDNAs can tightly bind onto the

nanoquencher surface to cause strong quenching of
dye fluorescence. Quenching efficiency (QE) was
applied to estimate the quenching capacities, which is
calculated based on the following equation: QE (%) =
(Fo- F)/Fo x 100%, where Fy and F correspond to the
fluorescence intensity of FAM-labeled ssDNA in the
absence and presence of nanoquenchers, respectively.
Figure S4 indicated the similar fluorescence
quenching phenomena in these four MOF-based
nanoquenchers, where the QE greatly increased with
increasing nanoquencher amount. In following, the
value of QEsg was adopted to compare the
fluorescence quenching ability, where QEso is the
required nanoquencher amount with fluorescence QE
at 50%. As shown in Figure 54, the MOF@AuNP@GO
nanohybrid shows the lowest used amount at 1.5 pL
for QEs) compared to the other three nanomaterials
(MOF at 9.2 pL, MOF@GO at 4.9 pL, and MOF@AuNP
at 2.7 pL, respectively), which indicates that the
MOF@AuNP@GO exhibits the strongest quenching
ability. Moreover, the maximum QE was evaluated,
and results show that the Zr-based MOF alone
exhibits a high QE of 81.08 + 3.07%. The high QE was
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Figure 2. Characterization of MOF-based nanostructures. (A) Powder XRD patterns of Zr-based MOF and MOF@AuNP, (B) XPS survey spectrum of Zr-based MOF and
MOF@AuUNP, (C) UV-Vis absorption spectra of Zr-based MOF and MOF@AuNP, and (D) Zeta-potential analysis of Zr-based MOF, MOF@AuNP and MOF@AuNP@GO.

derived from the combined quenching of TCPP
ligand, Zr ions, and the MOF structure itself, which is
consistent with the previous work.[37] Higher QEs
were obtained at 89.29 + 1.86% for MOF@GO, 92.87 +
251% for MOF@AuNP, and 98.84 + 2.81% for
MOF@AuNP@GO, respectively. These results show
that the presence of AuNP or GO can largely augment
the fluorescence quenching ability of MOF. Especially,
the coexistence of AuNP and GO in the MOF
nanostructure can result in almost complete
quenching with the QE nearly 100%, further
confirming  superior  binding  abilities  of
MOF@AuUNP@GO for ssDNA and improved
quenching abilities towards dye fluorescence. The
Stern-Volmer equation is further applied to describe
the fluorescence quenching properties of these four
nanoquenchers. By plotting the curve of Fo/F values
against nanoquencher concentrations, the
Stern-Volmer relationship was acquired with the
following equation: Fo/F =1 + Ksv % [Q], where Fo and
F represent the fluorescence intensity of FAM-labeled
ssDNA in the absence and presence of
nanoquenchers, respectively; Ksy is the Stern-Volmer
quenching constant; and [Q] is the nanoquencher
concentration. As shown in Figure S5, an excellent
linear  relationship between  nanoquencher
concentrations and Fo/F values was obtained for all
four MOF-based nanoquenchers. The Ksy value from

the curve slope can act as an indicator of fluorescence
quenching efficiency, and results in Figure S5 showed
that among these four mnanoquenchers, the
MOF@AuNP@GO nanohybrid possessed the largest
Ksv value, suggesting the strongest fluorescence
quenching ability relative to the other three
MOF-based nanomaterials. These results illustrate the
MOF@AuUNP@GO nanocomposites exhibit higher
quenching ability than the other three MOF-based
nanoquenchers, further demonstrating the enhanced
fluorescence quenching effects in the
MOF@AuNP@GO nanohybrid. The enhanced
quenching capacities led to reduced background
fluorescence signal and increased S/N ratio to achieve
highly sensitive detection. In brief, the proposed
MOF@AuNP@GO is well-suited as a synergistic
nanoquencher to increase detection sensitivity of
traditional MOF-based fluorescence biosensors.

Development of no-wash fluorescence
biosensor

In general, there are two strategies that can be
used to construct no-wash fluorescence biosensors:
one depends on target-induced fluorescence recovery,
and the other rests on target-induced fluorescence
retention. For the former, the presence of target can
induce the specific hybridization between target DNA
and  dye-labeled ssDNA  pre-adsorbed on
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nanoquencher to form double-strand DNA (dsDNA)
that can detach from the nanoquencher surface to
trigger fluorescence recovery of dye molecules due to
the lower affinity of dsDNA for nanoquencher than
that of ssDNA. For the latter, the target DNA first
hybridizes with dye-labeled ssDNA to generate
dsDNA, and thus the dye fluorescence can be
effectively retained in the presence of nanoquencher.
Nonetheless, a growing number of studies have
demonstrated higher detection sensitivity was
realized by using the fluorescence recovery-based
strategy due to the lower background fluorescence
signal and higher S/N ratio.[3,39] Thus, in this work,
the former is selected to realize a highly sensitive
no-wash fluorescence biosensor for target detection.

p53 is an important tumor suppressor gene. Its
mutation has been observed in various human
cancers, and it is considered to be an indicator of
tumor progression.[49] Thus, p53 gene was chosen as
a target DNA in this study. The complementary
FAM-labeled ssDNA sequence was designed as a
detection probe for p53 gene, and the details of all
DNA sequences used can be found in Table S1. The
developed MOF@AuNP@GO was applied as a
nanoquencher to develop a fluorescence biosensor for
p53 gene detection. For comparison, the same
procedures were carried out with three other
MOF-based nanomaterials, including MOF alone,
MOF@GO, and MOF@AuNP, respectively. The
fluorescence spectra of FAM-labeled ssDNA probe at
different experimental conditions were recorded
under excitation at 485 nm. Figure 3D indicates the
FAM-labeled ssDNA probe exhibits a strong
fluorescence emission at 516 nm. With the addition of
MOF@AuNP@GO, the dye fluorescence at 516 nm
was remarkably quenched and caused very low
fluorescence emission signal, close to that of
MOF@AuUNP@GO itself. The completely quenched
fluorescence emission is due to the strong binding and
quenching  ability of MOF@AuNP@GO to
FAM-labeled ssDNAs. In contrast, with the
hybridization of target p53 gene and FAM-labeled
ssDNA probe to form dsDNA complex, the
pre-quenched fluorescence by MOF@AuNP@GO
exhibited an obvious recovery with an efficiency of
above 90%. Similar fluorescence quenching and
recovery results were observed by using the other
three MOF-based nanoquenchers, including MOF
alone (Figure 3A), MOF@GO (Figure 3B), and
MOF@AuNP (Figure 3C), respectively. These findings
demonstrate our designed fluorescence biosensor can
accurately detect the presence of target DNA
according to the affinity difference of ssDNA and
dsDNA with nanoquenchers.

The quenching and recovery kinetics of various
nanoquenchers were investigated by recording
time-dependent fluorescence changes of FAM-labeled
ssDNA in the absence or presence of target DNA,
respectively. As shown in Figure S7, all four
nanoquenchers rapidly absorbed FAM-labeled
ssDNA, and then reached equilibration within 5 min.
In particular, the quenching equilibrium of
MOF@AuUNP@GO was attained within 1 min, much
faster than the other three nanoquenchers, such as 2
min for MOF@GOQO, and 5 min for MOF alone and for
MOF@AuNP (Figure S7A). A possible explanation for
the rapid quenching is that the MOF-based
nanostructures have conjugated m-system ligands of
TCPP and Zr metal center, as well as rich pores on
their surface for significantly increased surface areas,
attributing to the adsorption of FAM-labeled ssDNA
via strong m-stacking interactions between the TCPP
ligand and the wunpaired nucleobases. More
importantly, the presence of AuNP or GO largely
improves the fluorescence quenching ability
compared with bare MOF nanostructures. On the
other hand, upon the addition of target DNA, the
specific hybridization of target DNA and
FAM-labeled ssDNA can trigger the rapid release of
dsDNA from the nanoquencher surface to induce the
fluorescence recovery, and the release and recovery
processes could be rapidly completed within 5 min for
all four MOF-based nanoquenchers (Figure S7B). This
is because the formed dsDNA complex with a rigid
structure can effectively shield the nucleobases within
the negatively charged dsDNA phosphate backbone,
which leads to reduced binding affinity between
nanoquenchers and dsDNA, thereby causing rapid
release of dsDNA from the MOF-based nanoquencher
surface. In brief, the fast responses of quenching and
recovery strongly supported the requirements for
rapid detection. Thus, to maximize the quenching and
recovery efficiencies for allowing higher reliability
and reproducibility of our designed fluorescence
biosensors, 10 min was selected as the overall
detection time for all four nanoquenchers in
subsequent experiments, including 5 min for
quenching and 5 min for target-induced fluorescence
recovery, respectively.

Analytical performance of no-wash
fluorescence biosensor

Encouraged by these results, the MOF@AuNP@
GO-based fluorescence biosensor was applied to
quantify target p53 gene concentrations. The standard
curve was established by simply mixing different
concentrations of target DNAs with the complex of
FAM-labeled ssDNA probe and MOF@AuNP@GO.
For comparison, similar detection procedures were
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performed by using MOF alone, MOF@GO, and
MOF@AuUNP as controls. The concentration-
dependent fluorescence signal changes were collected
at different target concentrations ranging from 0 to
120 nM. Figure 4A-D showed the corresponding
fluorescence spectra of these biosensors at different
target concentrations. For these four MOF-based
nanoquenchers, a similar fluorescence signal change

intensity at 516 nm gradually increased with
increasing target concentrations. Interestingly, an
unchanged fluorescence emission at 704 nm was
observed from TCPP ligand that could work as a
reference  fluorescence signal for ratiometric
measurement (Figure S6), further improving the
detection sensitivity and reliability of our proposed
fluorescence biosensor due to the increased S/N ratio.
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Figure 3. Fluorescence spectrum assay under different experimental conditions, including FAM-labeled DNA probe, FAM-labeled DNA probe + nanoquenchers, FAM-labeled
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fluorescence signal vs. target DNA concentration were
recorded in Figure 4E-H, and an excellent linear
relationship was achieved between the ratio of
Ist6nm/ I704nm and target concentrations (Figure 4I-L),
respectively. According to these developed standard
curves, the corresponding linear detection ranges and
LODs were obtained and summarized in Table S3.
Compared with MOF alone, the increased analytical
sensitivities ~were observed by MOF@GO,
MOF@QAuNP, and MOF@QAuNP@GO (Table S3),
which was mainly attributed to lower background
signal and higher S/N ratio. Here, the
MOF@AuNP@GO nanohybrid exhibited the lowest
detection limit (LOD) of 5 pM (S/N = 3), which was
approximately a 40, 16, and 4-fold improvement over
those of MOF alone (LOD: 0.2 nM), MOF@GO (LOD:
80 pM), and MOF@AuNP (LOD: 20 pM), respectively.
Besides p53 gene, the ratiometric fluorescence
detection of another important cancer suppressor
gene, BRCA1, that is associated with breast cancer,
was performed by using MOF@AuNP@GO as a
nanoquencher,[50] and the experimental details can
be found in Supporting Information. Results in Figure
S8 and Figure S9 indicated that similar to p53 gene,
our developed fluorescence biosensor can be used for
sensitive analysis of BRCA1 gene, and the LOD also

=

-] o
=3 o
o o
-
o
=]
=]

@
=]
=]

-3
=3
S

Fluorescence intensity
z

——o0.4nm
0.20M
——o0anm

»
e
=)

e oy
NI (I TR ]
‘Wavelength {nm) o

[
660 680 700 720 T40
Wavelength (nm)

—o1nm

® ——o.08nM
S, ——0.04nM
S——01M

700

N
o
S

00N
550 600 650 700
Wavelength (nm)

>

750

550 600

650
Wavelength (nm)

750

Fluorescence intensity (a.u.)
Fluorescence intensity (a.u.)

reached 1 pM (S/N = 3), with a linear detection range
from 0.001 to 5 nM. These results demonstrated the
generality of our designed fluorescence nanosensor.
Additionally, our developed fluorescence quenching-
based biosensor was superior or comparable to most
of the previously reported fluorescence biosensors
based on MOF and other common nanoquenchers in
terms of sensitivity and detection time (Table S3).
Furthermore, the practicality of our method in
biological samples was evaluated by using p53-spiked
serum samples at the final concentrations of 0, 0.1, 1,
5 and 10 nM, respectively. Later, these spiked
samples were diluted with the reaction buffer for
subsequent analysis. Results in Table 54 showed high
recoveries of 92% to 103.4% with low relative
standard deviation of less than 11% (Table S4),
demonstrating the potential of accurately measuring
p53 gene in real samples. Such excellent sensing
performances make the proposed biosensor
well-suited for rapid and sensitive detection of target
DNA even in real biological samples.

Besides gene biomarkers, protein biomarkers
also play an important role in early diagnosis of
cancer. For example, prostate specific antigen (PSA) is
a glycoprotein specifically secreted by prostatic
tissues, which has become a well-defined marker for
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Figure 4. Fluorescence spectra and the corresponding standard curves of four MOF-based nanoquenchers in the presence of different concentrations of target p53 gene.
Fluorescence spectra of MOF alone (A), MOF@GO (B), MOF@AuNP (C), and MOF@AuUNP@GO (D), the corresponding relationships between the ratio of Isignm/l704nm and
target concentrations from A to D, and the corresponding calibration curves at low target concentrations (1, ], K, and L) from E to H, respectively. All experiments were carried
out at 37 °C in 10 mM Tris-HCI buffered (pH 7.4, containing 100 mM NaCl, 5 mM KCI and 5 mM MgCl,) with concentrations of MOF, MOF@GO, MOF@AuNP, and
MOF@AUNP@GO at 5, 3.75, 2 and 2 pg mL™! in the final solution, respectively. Fluorescence spectra were recorded with the excitation of 485 nm. Error bars were obtained
from three repeats.
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prostate cancer diagnosis.[3] Recently, no-wash
fluorescence biosensors have been considered as a
promising platform for protein biomarker detection
based on the combination of dye-labeled aptamer
probe and nanoquenchers. Here, to realize rapid and
sensitive detection of PSA, the FAM-labeled aptamer
against PSA was designed as a fluorescent probe, and
MOF@AuNP@GO was applied as a nanoquencher.
Figure S10 shows the fluorescence spectra of
FAM-labeled aptamer probe at different experimental
conditions with an excitation at 485 nm. A strong
fluorescence emission at 516 nm was observed in the
FAM-labeled aptamer probe. However, with the
addition of MOF@QAuNP@GO, the fluorescence
emission at 516 nm was nearly completely quenched.
Conversely, the presence of target PSA led to an
obvious fluorescence recovery owing to the formation
of aptamer and target PSA complex that could cause
the aptamer probes to be released from the
nanoquencher  surface. These observations
demonstrate the possibility of our developed
nanosensor for detecting cancer-related protein
biomarkers. The fluorescence spectra of FAM-labeled
aptamer probe at different PSA concentrations were
depicted in Figure S11A. Results found the
fluorescence emission intensity at 516 nm gradually
rose with increasing PSA concentrations, whereas an
unchanged fluorescence emission at 704 nm could act
as a reference fluorescence signal for ratiometric
detection. By recording the ratio of Isienm/I704nm, the
relationship between ratiometric fluorescence signal
and PSA concentration was described in Figure S11B,
and a linear detection range from 0.01 to 10 ng/mL
was attained, with a LOD of 0.01 ng/mL (Figure
S11C), which is better than most other reported
nanoquencher-based fluorescence biosensors (Table
S5). Moreover, compared to these widely used
commercial ELISA kits, our biosensor also exhibits
comparable detection sensitivity with simpler
operation and shorter analysis time (Table S5).
Subsequently, the selectivity of our prepared
fluorescent biosensor was further confirmed with
other common disease protein biomarkers in serum,
such as human serum albumin (HSA), C-reaction
protein  (CRP), alpha  fetoprotein  (AFP),
carcinoembryonic antigen (CEA), as well as
procalcitonin (PCT). Results in Figure S12A shows
that compared with the negative control, a specific
increase in the ratio of Isignm/I70anm was observed
when PSA was presented in serum sample, whereas
no obvious changes were seen in the presence of other
proteins, indicating high selectivity of our biosensor
for PSA against other interfering substances. Owing
to the advantages of rapidity, sensitivity and
specificity, this proposed biosensor was further

extended to clinical detection of PSA in real blood
samples. A correlation analysis of our developed
nanosensor with a commercial ELISA kit method was
performed to evaluate the reliability and acceptability
in 30 PSA-spiked independent human serum samples.
These serum samples were first diluted with the
Tris-HCl reaction buffer for subsequent analysis. As
revealed in Figure S12B, the results obtained by the
two methods were highly consistent with a linear
correlation coefficient (R?) of 0985 at PSA
concentrations ranging from 0 to 120 ng mL7,
indicating the robustness of the designed fluorescence
biosensor in the sensitive and reliable detection of
cancer-related biomarkers from complex biological
samples.

Simultaneous detection of multiple biomarkers
in a single clinical sample is critical for reliable cancer
diagnosis since it can provide much information from
limited volumes. In this work, a multiplexed no-wash
fluorescence nanosensor platform based on
MOF@AuNP@GO as a nanoquencher was established
for simultaneous detection of two cancer-associated
gene biomarkers, including p53 and BRCA1 gene, by
using FAM-labeled ssDNA probe against p53 and
Cy5-labeled ssDNA  probe against BRCALI,
respectively. Figure 5 showed the corresponding
fluorescence spectrum changes for simultaneous
detection of p53 and BRCA1 genes. Results indicated
that our designed nanosensor provides specific
responses to the corresponding target DNA
molecules, and exhibits an increased fluorescence
signal at the corresponding wavelengths. The
presence of p53 gene can only cause a specific
fluorescence emission at 516 nm (Figure 5A), whereas
the presence of BRCA1 gene can also only induce an
obvious fluorescence emission at 662 nm (Figure 5B).
Only the coexistence of p53 and BRCA1 gene in the
samples can result in two significantly increased
fluorescence emissions at 516 and 662 nm (Figure 5C).
These results proved that our proposed
MOF@AuNP@GO-based fluorescence nanosensor is
very suitable for simultaneous detection of multiple
target analytes in mixed samples.

Moreover, the specificity of our proposed
nanosensor was determined by using complementary
target p53 gene (T), single-base mismatched target
p53 gene (T1), double-base mismatched target p53
gene (T2), triple-base mismatched target p53 gene
(T3), and non-complementary target. The ratio of
Isi6nm/I704nm  was employed to estimate the
target-induced fluorescence signal changes. As shown
in Figure 513, only the addition of T, T1, and T2 could
cause a distinct increase in the ratio of Isienm/I704nm,
whereas a negligible change in the ratio of Isisnm/ I704nm
was observed in the presence of T3 and
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non-complementary target compared with the control
group. These findings suggest the excellent selectivity
of our developed no-wash nanosensor using
MOF@AuNP@GO against target analytes, even with a
single nucleotide mismatch, providing great potential
for target quantitative detection in real samples.
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Figure 5. Fluorescence spectra for simultaneous detection of two different DNA
targets, including p53 and BRCAI genes. The concentrations of FAM-labeled p53
probe and Cy5-labeled BRCAI probe were 1 nM. These two probes were mixed in
the presence of different target combinations: (A) p53 gene without BRCAI gene, (B)
BRCAI gene without p53 gene, and (C) p53 and BRCAI gene. Fluorescence spectra
were collected with the excitation/emission wavelengths of 485 nm/516 nm for FAM,
and 633 nm/662 nm for Cy5, respectively.

Conclusions

In this work, we synthesized a “three-in-one”
nanohybrid of MOF@AuNP@GO that exhibited
improved absorption affinities to ssDNA molecules
and quenching capacities to dye fluorescence. Due to

its outstanding discrimination ability against ssDNA
and dsDNA, the as-prepared MOF@AuNP@GO with
ultrahigh QE was proposed as a synergistic
nanoquencher to develop a no-wash fluorescence
biosensor for rapid and sensitive detection of cancer-
related biomarkers. The designed strategy effectively
reduced the background fluorescence signal, and
significantly magnified the S/N ratio, further
improving detection sensitivity. On the other hand, by
using ratiometric fluorescence signal, the sensitivity
and reliability were further enhanced. Accordingly,
the LODs of our developed nanosensor are as low as
0.005 nM for target DNA, and 0.01 ng/mL for target
protein. The LODs are superior or comparable to most
of the previously reported fluorescence biosensors
based on various nanoquenchers. In addition, the
designed nanosensor exhibits excellent performance
with respect to universality, multiplex detection,
selectivity, as well as practicality. More importantly,
the reported fluorescence biosensor does not require
the wash step, making this method well-suited for
point-of-care (POC) diagnosis. In summary, the
designed MOF@AuUNP@GO nanohybrid can serve as
a promising and competitive alternative for the
fabrication of nanoquencher-based biosensing
platforms, providing a new perspective for designing
nanomaterial-based fluorescence quenchers with high

QE.
Experimental Section

Materials

Gold(Ill) chloride hydrate, N'N-dimethylform-
amide (DMF), hydrazine monohydrate (NH>NH,-
H>0), zirconium(IV) chloride (ZrClL), sodium
borohydride (NaBH4), and benzoic acid were
obtained from Sigma-Aldrich. TCPP was purchased
from Fisher Scientificc. GO was prepared and
characterized according to our previous work.[51]
Commercial ELISA kits for human PSA were obtained
from Abnova Corporation. All DNA strands listed in
Table S1 (Supporting Information) were synthesized
and purified by Integrated DNA Technologies
(Coralville, IA, USA). All chemicals were of analytical
grade and were used without further purification.
Milli-Q water was utilized throughout this work.

Synthesis of Zr-based MOF nanostructures

The Zr-based MOF was prepared through a
previously reported method with slight modifica-
tion.[52] Briefly, ZrCly (75 mg), TCPP (30 mg), and
benzoic acid (1750 mg) were first ultrasonically
dissolved in 10 mL DMF solution in a 20 mL Pyrex
vial. Then, the resulting mixture was heated to 95 °C
by oil bath and reacted for 24 h. After slowly cooling
down to room temperature, the as-prepared
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reddish-brown product was washed twice with
ethanol and once with water by centrifugation at 4500
rpm for 10 min. The final product, with bright green
color, was re-dispersed in aqueous solution. To
measure the concentrations of Zr-based MOF crystals
in aqueous solution, after drying a certain amount of
Zr-based MOF solution at 100 °C, the weight of dry
Zr-based MOF was recorded by an analytical balance
(Mettler-Toledo, LLC).

Synthesis of MOF@AUNP@GO
nanostructures

To prepare the hybrid GO@AuNP@MOF
nanostructures, we first prepared the MOF@AuNP
nanostructures through in situ growth of AuNP on the
Zr-based MOF surface as previously described.[53]
Briefly, 80 pL of HAuCls (10 mg mL-") was added into
10 mL aqueous solution containing Zr-based MOF
nanostructure at a final concentration of 0.1 mg mL.
Later, the resultant mixture was stirred, and then 25
pL of freshly prepared NaBH, solution (3.8 mg mL1)
was rapidly added. Then, with the solution color
change from green to red brown, the formed mixture
was washed with water twice to remove the
unreacted chemicals through centrifugation at 4500
rpm for 10 min. Finally, the obtained MOF@AuNP
nanostructures were collected and re-dispersed in
water.

After the synthesis of MOF@AuNP, ultrathin GO
was coated onto the surface of MOF@AuNP based on
a previous report.[51] In a typical synthesis procedure
of MOF@AuNP@GO, 100 pL of the resulting
MOF@AuUNP solution (0.1 mg mL™) was slowly
added dropwise into 2 mL of GO solution (0.25 mg
mL1) containing a small amount of NH>NH, H>O
under ultrasound assistance. Subsequently, the
mixture continued to react at 60 °C for 72 h with
ultrasonic  treatment. Finally, the synthetic
MOF@AuNP@GO nanocomposites were washed with
water twice to remove excess chemicals, and then
re-dispersed in water.

Characterization

Fluorescence spectra were recorded by using a
Hitachi F-7000 fluorescence spectrophotometer. The
UV-Vis absorption spectra were recorded via a
Genesys 10s UV-Vis spectrophotometer (Thermo
Scientific). Dynamic light scattering (DLS) measure-
ment was carried out on a scientific nanoparticle
analyzer (SZ-100, Horiba). Powder X-ray diffraction
(XRD) patterns were observed on a Rigaku
Dmax2550PC polycrystal X-ray diffractometer using
Cu Ka radiation (Rigaku Co., Tokyo, Japan).
Transmission electron microscopy (TEM) images
were recorded on a Tecnai TF30 transmission electron

microscope (FEI, Hillsboro, OR) equipped with a
Gatan Ultrascan 1000 CCD camera (Gatan, Pleasaton,
CA). Scanning electron microscope (SEM) imaging
was performed on a Hitachi SU-70 Schottky field
emission gun scanning electron microscope.

Fluorescence DNA assays

No-wash fluorescent biosensor for target DNA
detection was performed according to a previous
method.[39] Tris-HCl buffered solution (10 mM, pH
7.4) containing 100 mM NaCl, 5 mM MgCl,, and 5 mM
KClI was prepared and selected as the reaction buffer
solution. The details of the detection assay were as
follows: 10 pL of MOF@AuNP@GO (50 pg mL-") was
added into 20 pL of reaction buffer solution
containing FAM-labeled DNA probe (1 nM) and
incubated at 37 °C for 5 min. Next, 20 pL of target
DNA with different concentrations ranging from 0 to
120 nM was added into the mixture, which then
hybridized with FAM-labeled DNA probe over 5 min.
For kinetic studies of the fluorescence quenching and
recovery of FAM-labeled DNA probe, the
fluorescence spectra of FAM were collected after
addition of MOF@QAuNP@GO or target DNA,
respectively. The excitation/emission for FAM was
set at 485 nm/516 nm, respectively. No-wash
fluorescent biosensor detection of BRCA1 using
Cy5-labeled DNA probe was carried out through a
similar procedure, in which the fluorescence spectra
were recorded with the excitation at 633 nm and the
emission at 662 nm, respectively.

For multiplexed DNA detection based on our
developed no-wash biosensor, 20 pL of MOF@
AuNP@GO (50 pg mL™1) was added into 10 pL of
reaction buffer solution containing FAM-labeled p53
probe (1 nM) and Cyb-labeled BRCA1 probe (1 nM),
and incubated at 37 °C for 5 min. Subsequently, target
p53 gene (20 pL, 2 nM), target BRCA1 gene (20 pL, 1
nM), or the mixture of target p53 gene (10 pL, 4 nM)
and target BRCA1 gene (10 pL, 2 nM), were added
into the mixed solution, and allowed to hybridize
with FAM or Cyb5-labeled DNA probes for another 5
min. The fluorescence spectra were collected at the
excitation/emission wavelengths of 485 nm/516nm
for FAM, and 633/662 nm for Cy5, respectively.

Fluorescence PSA assays

No-wash fluorescence biosensor for PSA
detection was conducted as previously described.[16]
Briefly, FAM-labeled PSA aptamer probe (1 nM) was
prepared in 20 mM pH 7.4 Tris-HCl buffered solution
containing 100 mM NaCl, 5 mM MgCl, and 5 mM
KCl, and then mixed with MOF@AuUNP@GO (50 pg
mL™1) at 37 °C for 5 min before the addition of PSA.
Later, target PSA at concentrations ranging from 0 to
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100 ng mL™! was added into the above mixed
solutions. After reaction for another 30 min at 37 °C,
fluorescence spectra were detected and recorded at
the excitation/emission wavelengths of 485 nm/516
nm, respectively.
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