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ARTICLE INFO ABSTRACT

Keywords: Simultaneous multiple-target detection is essential for the prevention, identification, and treatment of numerous
Simultaneous multiple-target detection diseases. In this study, a novel strategy based on target-modulated competitive binding and exonuclease I (Exo I)-
Ui0-67 . powered signal molecule release was established with the advantages of rapid response and high selectivity and
i};nuclease I-Powered signal molecule release sensitivity. The strategy holds substantial potential for the development of versatile platforms for the simulta-
oyte neous detection of biological targets. To mitigate the low load capacity and time-consuming responsive process

of the Zr-MOF system, UiO-67 was chosen to replace UiO-66 (a typical Zr-MOF) as the nanocarrier for encap-
sulating more signal molecules, whereby the assembled double-stranded DNA (dsDNA) structures of UiO-67
acted as gatekeepers to form dsDNA-functionalized MOFs. Additionally, Exo I was introduced into the system
to accelerate the release of the signal molecules. In the presence of biological targets, the competitive binding
between the targets and aptamers caused the hydrolysis of the free DNA sequence by Exo I, promoting the release
of signal molecules and leading to a rapid and significant increase in the fluorescence intensity. For adenosine
triphosphate (ATP) and cytochrome c (cyt c¢), which were chosen as model biological targets, this sensor dis-
played detection limits as low as 5.03 and 6.11 fM, respectively. Moreover, the developed biosensor was suc-
cessfully applied to the simultaneous detection of ATP and cyt ¢ in spiked serum samples. Therefore, this strategy
provides guidance for further research of biosensors for simultaneous multiple-target detection and propels the
application of MOF carriers in biomedicine.

1. Introduction measuring multiple biological targets in parallel.

Metal-organic frameworks (MOFs) have been extensively applied in

Simultaneous multiple-target detection is essential for the preven-
tion, identification, and treatment of numerous diseases, because diag-
nostic processes are fundamental in the effective treatment of various
diseases (Cheng et al., 2017; Shi et al., 2021). Hence, the exploitation of
tools for simultaneous detection is critically important. To date, various
nanomaterials, such as magnetic nanoparticles, quantum dots, and gold
nanoparticles, have been used in biosensing structures for simultaneous
multiple-target detection (He et al., 2019; Wang et al., 2020a,b; Wu
etal., 2021). Considering the need to analyze an ever-increasing number
of biological targets in complex mixtures, current studies have focused
on the development of a general biosensor platform capable of

the biomedical field, owing to their ultrahigh surface area, unique
porosity, chemical tenability, and functional biodegradability (Bai et al.,
20165 Cai et al., 2019; Ricco et al., 2018). At an early stage, molecular
imaging probes and drug delivery carriers are the dominant applications
of MOFs in biomedicine (Horcajada et al., 2010; Wang and Astruc,
2020). MOFs have chemical moieties, such as amino or azide groups,
which allow the generation of novel biofunctional materials by the ac-
curate grafting of biomolecules such as enzymes (Doherty et al., 2013),
nucleotides (Morris et al., 2014), antibodies (Qi et al., 2017), and pep-
tides (Bonnefoy et al., 2015). Hence, biofunctional MOFs have great
potential to realize signal transduction and selective recognition
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(Doonan et al., 2017; Meng et al., 2020a,b; He et al., 2017), which can be
used to establish biosensors for simultaneous multiple-target detection.
UiO family comprises typical MOFs, of which UiO-66 is considered the
prototype and most prominent member (Eddaoudi et al., 2002). UiO-66
possesses well-defined porosity and a very high surface area, allowing it
to encapsulate a mass of signal molecules (Zhou et al., 2012). Moreover,
signal molecules can be controlled and released in response to external
chemical or physical stimuli. Based on these advantages, UiO-66 has
been widely applied to target detection (Bai et al., 2019; Du et al., 2019;
Gao etal., 2021; Guo et al., 2017; Huang et al., 2021; Meng et al., 2020a,
b; Wang et al., 2020a,b; H. S. Wang et al., 2017b; Z. Wang et al., 2017a;
Yan et al., 2018). However, as a supporting platform for encapsulating
signal molecules, UiO-66 usually encounters the limitations of low load
capacities and time-consuming responsive processes (Bao et al., 2020;
Feng et al., 2021; Jarai et al., 2020; Jodtowski et al., 2021; Zhu et al.,
2014), which lead to the adverse development of UiO applications.

To mitigate these limitations, we designed and developed a novel
platform based on target-modulated competitive binding and exonu-
clease I (Exo I)-powered signal molecule release for simultaneous
multiple-target detection. UiO-67 was chosen to replace UiO-66 as the
supporting platform for encapsulating more signal molecules. Compared
to UiO-66, which comprises terephthalic acid, UiO-67 employs
diphenyl-4,4'-dicarboxylic acid as the organic ligand. Thus, UiO-67
possesses larger octahedral and tetrahedral holes with diameters of 23
and 11.5 A, owing to the longer linkers (Katz et al., 2013). Moreover,
Exo I with excellent hydrolysis efficiency was introduced into the system
to accelerate the release of the signal molecules. Therefore, the proposed
method decreases the time necessary to reach equilibrium and achieves
a rapid response.

The preparation and detection processes of the system are illustrated
in Fig. 1: 2-Amino-[1,1’-biphenyl]-4,4’-dicarboxylic acid was used as the
organic ligand to synthesize the highly stable aminated UiO-67 (UiO-67-
NHy) by a one-step hydrothermal method. The amino group in UiO-67-
NH; can be easily post-modified to obtain other characteristics, and
thus, the single-stranded DNA (ssDNA) Sx (X = ATP or cyt ¢) with a
carboxyl group can be linked to the UiO-67-NH; surface through an
amide reaction. Subsequently, the fluorescent dyes were encapsulated in
the multiple mesopores of the MOF by the aptamer ssDNA Ax (X = ATP
or cyt c), which was partially hybridized with Sk, and the assembled

UiO-67-NH,
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dsDNA-functionalized MOF
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double-stranded DNA (dsDNA) structure acted as a gatekeeper to form
dsDNA-functionalized MOFs. According to this method, two dsDNA-
functionalized MOFs loaded with different dyes, Rho 6G@UiO-67 and
Cy5@UiO-67, were synthesized for the simultaneous detection of ATP
and cyt c. Notably, the dsDNA structure effectively prevented the hy-
drolysis of Exo I, which is a monomeric enzyme that catalyzes the hy-
drolysis of ssDNA in the 3'-5’ direction to form mononucleotides, but not
dsDNA (Breyer and Matthews, 2000; Gao et al., 2020; Wu et al., 2009).
In the absence of biological targets, capping duplex structures hindered
the release of signal molecules. On the other hand, in the presence of
targets, the aptamer ssDNA Ay combined with the targets to form tar-
get-aptamer complexes away from the MOFs, thereby unlocking the
caps of MOFs and releasing the signal molecules. Furthermore, the free
Sx of the MOFs were degraded from the 3'-end by Exo I, thereby
reducing the steric hindrance and promoting the release of the signal
molecules. This platform was developed as a versatile biosensing
method for the simultaneous detection of biological targets with the
advantages of rapid response, high sensitivity, and selectivity; and
propels the application of MOF carriers in biomedicine.

2. Experimental section
2.1. Chemicals and materials

All DNA sequences were ordered from Sangon Biotechnology Co.,
Ltd. (Shanghai, China) and were listed in Table S1. Exo I (extracted from
E. coli, 20 U pL’l) was obtained from Thermo Fisher Scientific (Wal-
tham, MA, USA), while human serum samples were obtained from
Solarbio Co., Ltd. (Beijing, China). ZrCls, 2-aminoterephthalic acid
(BDC-NHy), and 2-amino-[1,1’-biphenyl]-4,4’-dicarboxylic  acid

(H2BPDC-NH;) were purchased from Aladdin Reagent Co., Ltd.
(Shanghai, China). Rhodamine 6G (Rho 6G), cyanine 5 carboxylic acid
(Cy5), ATP, CTP, AMP, ADP, cyt c, dopamine, urea, glucose, glutathione
(GSH), and L-cysteine were purchased from Sigma-Aldrich Co., Ltd.
(Beijing, China). All chemicals used in this assay were of analytical grade
and were used without further purification. Ultrapure water was used
for all the experiments.
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Fig. 1. Schematic illustration of the preparation of dsDNA-functionalized MOF (A) and target-modulated competitive binding and Exonuclease I-powered strategy

for simultaneous and rapid detection of biological targets (B).
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2.2. Synthesis of UiO-66-NH, and UiO-67-NH>

The MOFs were prepared according to a previously reported pro-
cedure with slight modification (Jasuja et al., 2015; Wu et al., 2018).
Briefly, 488 mg ZrCly and 188 mg BDC-NH;, were dissolved in 30 mL
DMF via ultrasonication for 15 min. Next, 3.6 mL acetic acid was added
to the solution and ultrasonicated for 5 min. Subsequently, the mixture
was allowed to react for 24 h at 100 °C under static conditions to yield
UiO-66-NHjy. To synthesize UiO-67-NH,, BDC-NH, was replaced with
267 mg HoBPDC-NH; and reacted under the same reaction conditions.
The resulting MOF products were centrifuged (10000 r min~}, 5 min)
and washed with DMF and absolute ethanol for 3 times respectively.
Finally, the MOFs were vacuum-dried at 50 °C for 5 h.

2.3. Synthesis of dsDNA-functionalized MOFs

Two dsDNA-functionalized MOFs loaded with different dyes, Rho
6G@Ui0-67 and Cy5@UiO-67, were synthesized for the simultaneous
detection of ATP and cyt c. To fabricate Rho 6G@UiO-67, 250 pL Sgho 66
(100 pM) was mixed with 125 pL EDC (5 mg mL ) and 125 pL NHS (5
mg mL™Y) for 20 min. Next, 5 mg UiO-67-NH, was added to the reaction
mixture and stirred for 15 h. Subsequently, the obtained Sgy, 66-UiO-67
was washed with PBS (10 mM, pH = 7.4) for 3 times and dispersed into
500 pL PBS solution. To load the Rho 6G, 100 pL Sgpo 66-UiO-67 solution
was incubated with 80 pL Rho 6G (1 mM) for 12 h under stirring.
Subsequently, 20 pL Agpo 66 (10 pM) solution was added to the mixture
and reacted for 3 h to form the dsDNA-functionalized MOFs, Rho
6G@Ui0O-67. The prepared products were washed with PBS and redis-
persed in 100 pL PBS. The other dsDNA-functionalized MOFs were
prepared using a similar method.

2.4. Feasibility of the novel platform based on UiO-67 and Exo I

To investigate the feasibility of the novel platform based on UiO-67
and Exo I, the dye release profiles of Rho 6G@UiO-66 and Rho 6G@UiO-
67 were determined. Thus, 40 uL. Rho 6G@UiO-66 (250 pg mL 1) was
first added to 300 pL PBS (10 mM, pH = 7.4), 20 pL Exo I (800 U mL™!)
and 40 pL ATP solution (10 nM) were then added to the sample. Then,
100 pL aliquots of the solution were centrifuged for 3 min at 10000 rpm,
and the fluorescence spectra of Rho 6G@UiO-67 were recorded. The
fluorescence was excited at 525 nm and recorded in the range 540-700
nm. The release profile of the dye from Rho 6G@UiO-67 was attained
using the same method.

2.5. Simultaneous detection of ATP and cyt ¢

To detect ATP and cyt ¢ simultaneously, 40 L. Rho 6G@Ui0O-67 (250
pg mL™Y), 40 pL Cy5@Ui0-67 (250 pg mL™1), and 20 pL Exo I (800 U
mL 1) were mixed in 260 pL PBS solution. Then, 40 L biological target
sample containing ATP and cyt ¢ at specified concentrations was added
to the mixture and incubated for 15 min. The fluorescence spectrum of
each supernatant was then recorded. For Rho 6G, the fluorescence was
excited at 525 nm and recorded in the range of 540-700 nm, while for
Cy5, the fluorescence was excited at 646 nm and recorded in the range of
650-800 nm.

2.6. Real sample assay

For real sample detection, human serum samples were used for the
spike-and-recovery study. The various concentrations of ATP and cyt ¢
standards were dissolved in 10% human serum diluted with PBS buffer
(10 mM, pH=7.4), and the concentrations of ATP and cyt c in the
resultant solutions were determined from the fluorescence responses.
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3. Results and discussion
3.1. Characterization of MOFs

UiO-67-NH;, was obtained from ZrCly and H,BPDC-NH, through a
facile one-pot hydrothermal method. Transmission electron microscopy
(TEM) was employed to characterize the morphologies of the prepared
UiO-67-NHy nanoparticles. As shown in Fig. 2A, UiO-67-NH, was a
homogeneous nanoparticle with a rough surface, uniform size, and an
average diameter of 110-150 nm. Further, Fig. 2B shows the X-ray
diffraction (XRD) pattern of UiO-67-NHjy, which completely matched the
simulated pattern of pure phase UiO-67-NH, (Liu et al., 2021a),
revealing its purity and high crystallinity.

Subsequently, the UiO-67-NHj nanoparticles were modified to form
dsDNA-functionalized MOFs. To confirm the formation of the dsDNA-
functionalized MOFs, TEM analysis and Fourier transform infrared
spectroscopy (FTIR) were next conducted. As shown in Fig. 2C, the sizes
of the Rho 6G@Ui0-67 composites were similar to that of bare UiO-67-
NH,, indicating that the load of Rho 6G had little effect on the
morphology of UiO-67-NHj,. Furthermore, the FTIR spectra of UiO-67-
NH;, Sx-UiO-67, and Rho 6G@UiO-67 were recorded to verify the
effective encapsulation of the dyes (Fig. 2D). Notably, the vibrational
transitions of UiO-67-NHy have been previously discussed in the liter-
ature (Binaeian et al., 2021; Yang et al., 2020). A cluster of peaks in the
range 1400-1680 cm™! was assigned to the asymmetric and symmetric
stretching modes of the carboxylate group (1409 and 1597 cm™!) and
ring stretching mode (1541 cm™!) of the organic linker. The distinct
peaks at 660 and 771 cm ™! were assigned to Zr-O in the longitudinal
and transverse modes, which are characteristic to the bonds of
Ui0-67-NH,. Additionally, the appearance of new peaks at 1016 cm™!
(C-N) in the Sx-Ui0-67 and Rho 6G@UiO-67 spectra, compared to that
of UIO-66-NH,, were assigned to the DNA chains. This indicated the
formation of an amide bond between UiO-67-NH; amino group and Sy
carboxyl group, and the assembly of the dsDNA structure to form gate-
keepers of dsDNA-functionalized MOFs.

3.2. Feasibility of the novel platform based on UiO-67 and Exo I

In this work, a new platform based on UiO-67 and Exo I was estab-
lished to increase the encapsulated capacity of MOF carriers and
accelerate the release process of signal molecules. To confirm the
feasibility of this method, the fluorescence responses of the released
dyes from Rho 6G@UiO-67 under different conditions were recorded. As
illustrated in Fig. 3A, an increased fluorescence signal was observed in
the sample following the addition of ATP, indicating the excellent
response of Rho 6G@UiO-67 toward ATP targets. Moreover, the fluo-
rescence signal was significantly increased after Exo I was added to
hydrolyze the free dsDNA Sy, proving that the addition of Exo I accel-
erated the release of the signal molecules. These results confirmed that
the developed target-modulated competitive binding and Exo I-powered
strategy shows great potential as a method to construct biosensors.

In this strategy, UiO-67 was chosen to replace UiO-66, a typical MOF,
as the carrier to load more signal molecules. As displayed in Fig. 3B,
UiO-66 employed terephthalic acid as the organic ligand, while UiO-67
replaced the organic ligand with diphenyl-4,4'-dicarboxylic acid. The
stability of the UiO structures was not reduced by the extension of the
linkers to two benzene rings. In contrast, the micropore volume
increased from 0.43 to 0.85 cm® g™}, while the Langmuir surface area
increased from 1281 to 2483 m?> g*1 (Katz et al., 2013; Peterson et al.,
2015). Consequently, UiO-67, with longer linkers, possessed larger
octahedral and tetrahedral holes to store more signal molecules. To
compare the encapsulated capabilities of Ui0-66 and UiO-67, Rho 6G
molecules were separately loaded in UiO-66 and UiO-67 and assembled
into Rho 6G@Ui0-66 and Rho 6G@UiO-67, respectively. The fluores-
cence intensities of the released dyes from Rho 6G@UiO-66 and Rho
6G@Ui0O-67 at different times were illustrated in Fig. 3C. The curves
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Fig. 2. TEM images of the prepared UiO-67-NHj; (A) and Rho 6G@UiO-67 (C). XRD patterns of experimental and simulated UiO-67-NHj; (B). FTIR spectra of the UiO-

67-NH,, Sx-UiO-67, and Rho 6G@Ui0-67 (D).

shown very small changes in the sample without added ATP in 30 min,
indicating that the capping duplex structures consisting of Ax and Sx
hindered the release of the dyes. Once the targets appeared, a progres-
sively increasing fluorescence signal was obtained, which was attributed
to the caps of MOFs unlocking through a competitive displacement re-
action. However, in the absence of Exo I, the fluorescence response of
Rho 6G@Ui0-66 and Rho 6G@Ui0O-67 barely reached equilibrium in 30
min. After the addition of Exo I, the fluorescence intensities increased
significantly and began to level off after 15 min, demonstrating that the
addition of Exo I significantly accelerated the release of the dyes from
the MOFs. This phenomenon was attributed to the free dSDNA Sx being
hydrolyzed by Exo I, resulting in a decrease in steric hindrance. Notably,
the addition of Exo I effectively overcame the time-consuming limitation
of Ui0-66 and UiO-67 in molecules releasing, which usually took hours
to acquire the equilibrium (Table S2).

To quantify the effect of Exo I, which directly accelerates dyes
release, the release increments were calculated according to the fluo-
rescence intensity at 552 nm using the following formula:

Release increment (a.u.) = FL intensity Atp and Exo 1 — FL intensity atp

where FL intensity oTp and Exo 1 and FL intensity o1p are the fluorescence
intensity of the reaction solution in the presence and absence of Exo I,
respectively. As shown in Fig. 3D, the fluorescence intensities increased
significantly after treatment with Exo I for only 1 min, indicating the
high efficiency of Exo I in promoting the release of the signal molecules.
More importantly, the release increment of Rho 6G@UiO-67 was signif-
icantly higher than that of Rho 6G@UiO-66 at the same testing time.
This was attributed to the larger octahedral and tetrahedral holes of Rho
6G@Ui0-67, which allowed more dyes to be stored, and thus, more dyes
were released after Exo I treatment.

In addition, the morphologies of the dsDNA-functionalized MOFs
before and after treated with ATP and Exo I were characterized by TEM

(Fig. 3E—H). The results revealed that the diameters of the dsDNA-
functionalized MOF composites were similar to that of the sample
treated with ATP and Exo I. This indicated that the release of Rho 6G and
the hydrolysis of the dsDNA structure immobilized onto the MOF sur-
faces had little effect on the morphologies of the dsDNA-functionalized
MOFs. Overall, the feasibility of the novel platform based on UiO-67 and
Exo I to increase the encapsulated capacity of the MOF carrier and
accelerate the responsive process was verified.

3.3. Assay performance

To achieve the ideal performances for detecting biological targets,
the concentration of Exo I, reaction time, and dsDNA-functionalized
MOF concentration were optimized. Exo I was used to accelerate the
dyes release from the dsDNA-functionalized MOFs, and the amount of
Exo I greatly affected the performance of the developed system. As
demonstrated in Fig. S1A, the Exo I concentration-dependent fluores-
cence intensity increased until it peaked at 40 U mL ™}, indicating that 40
U mL™! Exo I ensured the rapid catalytic equilibrium of the Rho
6G@Ui0-67 system for the detection of ATP. The fluorescence in-
tensities exhibited similar trends in the Cy5@UiO-67 system (Fig. S1B).
Hence, 40 U mL™! was chosen as the optimal Exo I concentration.
Furthermore, Fig. S1C and Fig. S1D revealed that the fluorescence re-
sponses climbed up with increasing reaction time from 1 to 15 min, after
which only slightly improved responses were observed. Therefore, 15
min was deemed sufficient to release the dyes, which also demonstrated
the high efficiency of Exo I for promoting the release of the signal
molecules. Moreover, the effects of the dsDNA-functionalized MOF
concentrations were also studied. Fig. S1E clearly shows that the fluo-
rescence intensity gradually increased with increasing Rho 6G@UiO-67
concentration from 10 to 25 pg mL™!, and stabilized when the
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concentration exceeded 25 pg mL ™. The optimization of the Cy5@UiO-
67 concentration showed similar trends in cyt ¢ detection (Fig. S1F).
Hence, 25 pg mL~! dsDNA-functionalized MOF was chosen for the
subsequent experiments.

Using the established optimal experimental conditions, we next
evaluated the sensitivity and selectivity of the proposed biosensor versus
the targets. The results of the fluorescence experiments for the two
biological analytes were shown in Fig. 4. For the ATP samples, the
fluorescence intensity increased with enhancing ATP concentration
(Fig. 4A). As shown in Fig. 4B, the fluorescence intensity at the
maximum emission wavelength exhibited good linear dependence on
the logarithm of the ATP concentration in the range 8-1000 fM. The
linear regression equation was FL intensity = 1316.32 log Catp + 433.6
and the correlation coefficient (R?) was 0.994. The limit of detection
(LOD) for ATP was calculated to be 5.03 fM (S/N = 3). In addition, to
evaluate the selectivity of the proposed method, ADP, AMP, and CTP
were chosen as the model interfering substances, with concentrations of
ATP and the interfering substances of 1 nM. As shown in Fig. 4C, the
fluorescence responses of the interfering substances were similar to
those of the blank sample. However, the addition of ATP caused a sig-
nificant fluorescent response, indicating that only ATP could be recog-
nized by the aptamer to trigger the following Exo I-powered dyes

release.

The fluorescence response of Cy5@UiO-67 versus different cyt c
concentrations in the range 10-1000 fM was next investigated. Fig. 4D
showed that the fluorescence intensity increased with increasing cyt c
concentration. The fluorescent intensity and logarithm of cyt ¢ concen-
tration possessed a good linear relationship (Fig. 4E), with the linear
regression equation FL intensity = 1144.74 log Ceyt . + 284.09 R? =
0.992). The LOD for cyt ¢ was calculated to be 6.11 fM (S/N = 3).
Moreover, selectivity tests were performed with dopamine, urea,
glucose, GSH, and L-cysteine, and the concentration of each sample was
1 nM. As depicted in Fig. 4F, the addition of interfering substances
afforded a negligible response, indicating the high selectivity of
Cy5@UiO-67 toward the cyt c targets.

These results demonstrate that the proposed biosensor can be used
for the quantitative analysis of biological targets. Compared to other
studies of ATP and cyt ¢ detection (Table S3), the suggested method
performed at lower limits. This high sensitivity may be related to the
highly porous structure, which permits the encapsulation of abundant
dyes, and the excellent hydrolysis effect of Exo I, which allows the
release of numerous dyes in the presence of just a few biological targets.
Moreover, as gatekeepers of dsDNA-functionalized MOFs, the aptamer
chains ensured high selectivity for detection. Overall, the developed
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biosensor based on UiO-67 and Exo I possessed the advantages of a rapid
response, simple operation, and easy fabrication, and shows great po-
tential as a powerful tool for detecting biological targets with high
sensitivity and selectivity.

3.4. Simultaneous detection performances of dual biological targets

The simultaneous detection of multiple biological targets is vital for
molecular diagnosis. Given the excellent ability of the dsDNA-
functionalized MOFs to analyze a single biological target, multiple-
target detection can be realized by using the developed biosensor. To
verify the ability for simultaneous detection of biological targets, ATP
and cyt ¢ were chosen as model targets. The fluorescence responses of
Rho 6G@Ui0-67 and Cy5@UiO-67 towards ATP and cyt ¢ under
different conditions were recorded, and the results were shown in
Fig. 5A—D. Without the targets, the fluorescence intensities at the
maximum emission wavelengths of the released dyes from Rho
6G@Ui0-67 and Cy5@UiO-67 were only 1365 and 849 a.u., respec-
tively. On the other hand, in the sole presence of ATP, the fluorescence
intensity of the released dyes from Rho 6G@UiO-67 increased to 4161 a.
u., whereas that of Cy5@UiO-67 only changed slightly. In contrast, in
the sole presence of cyt c, the fluorescence intensity of the released dyes
from Cy5@UiO-67 increased to 3418 a.u., while that of Rho 6G@UiO-67
only changed slightly. More importantly, when in the presence of both
ATP and cyt c, the fluorescence intensities of the released dyes from Rho
6G@Ui0-67 and Cy5@UiO-67 increased to 4300 and 3473 a.u.,
respectively. The significant differences in the fluorescence response
revealed the ability of the developed method for multicolor and highly
selective detection of biological targets. Indeed, the developed system
meets the demands of simultaneous multiple-target detection through
fluorescence response variation and provides a rapid and versatile
platform for molecular diagnostics.

3.5. Real sample assay

To evaluate the practical application capability of the proposed
biosensor in real samples, various concentrations of ATP and cyt ¢ were
spiked in diluted 10% human serum samples for the recovery experi-
ments. As shown in Table S4, the recovery rates for ATP were distributed
between 96.7 and 103.1% with a relative standard deviation (RSD)
ranging from 1.4 to 4.7%. The recovery rates for cyt c were in the range
of 97.3-107.1% with an acceptable RSD of 2.4-4.8%. The analytical
results indicated the satisfactory practicability of the developed sensor
for the simultaneous detection of biological targets in real samples.

4. Conclusion

A diagnostic method for the rapid and simultaneous detection of dual
biological targets in a single assay was demonstrated in this study. The
method design was based on target competitive binding with the DNA
aptamer and Exo I-powered signal molecule release. The analytical pa-
rameters of the experiment, namely the Exo I concentration, reaction
time, and dsDNA-functionalized MOF concentration, were evaluated for
optimal detection conditions. Subsequently, ATP and cyt ¢ were quan-
titatively detected within 15 min in one simple step, and the detection
limits of ATP and cyt ¢ were reduced to 5.03 and 6.11 fM, respectively.
Furthermore, the developed biosensor was successfully applied to the
simultaneous detection of ATP and cyt c in spiked serum samples with
high accuracy. However, the complex synthesis of dsDNA-functionalized
UiO-67 may limit its further application, and thus simpler fabrication
processes need to be further explored. Notably, compared to previously
reported biosensors based on Zr-MOFs, the proposed method has the
following merits: Firstly, the selected nanocarrier UiO-67 possessed
larger octahedral and tetrahedral holes for encapsulating signal mole-
cules than typical Zr-MOFs (UiO-66), thus improving the detection
sensitivity of the biosensor. Secondly, with the assistance of Exo I-
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promoted signal molecule release, the detection response time was
significantly reduced, and the sensitivity was further improved. Thirdly
and most importantly, the rapid and simultaneous detection of other
biological targets can be achieved by simply changing the dyes and
capping dsDNA structures. Therefore, this strategy possesses the ad-
vantages of rapid response, high sensitivity, and selectivity; provides a
versatile platform for simultaneous multiple-target detection; and pro-
pels the application of MOF carriers in biomedicine.
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