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Abstract

Metal-organic frameworks (MOFs) have captured substantial attention of an increasing number of scientists working in sensing
analysis fields, due to their large surface area, high porosity, and tunable structure. Recently, MOFs as attractive fluorescence
quenchers have been extensively investigated. Given their high quenching efficiency toward the fluorescence intensity of dyes-
labeled specific biological recognition molecules, such as nucleic acids, MOFs have been widely developed to switch fluores-
cence biosensors with low background fluorescence signal. These strategies not only lead to specificity, simplicity, and low cost
of biosensors, but also possess advantages such as ultrasensitive, rapid, and multiple detection of switch fluorescence methods. At
present, researches of the analysis of switch fluorescence biosensors based on MOFs and nucleic acids mainly focus on sensing of
different types of in vitro and intracellular analytes, indicating their increasing potential. In this review, we briefly introduce the
principle of switch fluorescence biosensor and the mechanism of fluorescence quenching of MOFs, and mainly discuss and
summarize the state-of-the-art advances of MOFs and nucleic acids-based switch fluorescence biosensors over the years 2013 to
2020. Most of them have been proposed to the in vitro detection of different types of analytes, showing their wide scope and
applicability, such as deoxyribonucleic acid (DNAs), ribonucleic acid (RNAs), proteins, enzymes, antibiotics, and heavy metal
ions. Besides, some of them have also been applied to the bioimaging of intracellular analytes, emerging their potential for
biomedical applications, for example, cellular adenosine triphosphate (ATP) and subcellular glutathione (GSH). Finally, the
remaining challenges in this sensing field and prospects for future research trends are addressed.

Keywords Metal-organic frameworks - Fluorescence quencher - Nucleic acids - Switch fluorescence biosensors - Fluorescence
detection - Bioimaging

Introduction of classification methods of MOFs, such as isoreticular metal-

organic frameworks (IRMOFs), zeolitic imidazolate frame-

Metal-organic frameworks (MOFs) are a new type of crystal-
line porous materials formed via the self-assembly of metal
nodes and organic ligands by coordination interactions. [1]
According to the configuration source, there are many kinds
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work materials (ZIFs), and porous coordination networks
(PCNSs). According to the research team or university name,
MOFs include the materials of Institute Lavoisier (MILs) and
University of Oslo (UiOs), etc. IRMOFs are self-assembled
materials by the [Zn,O]°* group possessing a series of aromat-
ic carboxylic acid ligands in the octahedral structure (Fig. 1a).
[2] ZIFs are zeolite-like structural materials synthesized via
the reaction of Zn** or Co* and imidazole ligands (Fig. 1b).
[3] MILs materials are formed using transition metal elements
and dibasic carboxylic acid ligands (Fig. 1c). [4] PCNs pos-
sess multiple cubic octahedral nano-cages, which can form
pore-channel topology space structure (Fig. 1d). [5] UiOs
are generated through the reaction of Zr-containing regular
octahedron [ZrsO4(OH),] and phthalic acid ligand (Fig. le).
[6] Compared with conventional inorganic porous materials,
MOFs exhibit super high specific surface area, ultrahigh
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Fig. 1 Representative MOF
types. Schematic illustrations of
metal centers (secondary building
units), organic linkers, unit cells,
and frameworks of IRMOF-1 (a),
ZIF-8 (b), MIL-101(Cr) (c),
PCN-222(Fe) (d), and UiO-66 (e)
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porosity, tunable structures, modified and tailored flexibility,
and unique physical and chemical properties. [7] They have
promising applications in gas storage [8], separation [9], ca-
talysis [10], imaging [11], drug delivery [12], and enzyme
encapsulation [13]. Based on the above superior properties,
MOFs also provide an ideal platform for the analysis and
research of biosensors that display excellent performances.
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[14] Over the last decade, MOFs-related researches have
grown exponentially (Fig. 2) in the field of biosensors.
Additionally, MOFs as potential fluorescence quencher
have been of interest, as well as specific biological recognition
molecules through the combination of biomolecules modified
by fluorescent dyes. Based on observable changes in fluores-
cence intensity of dyes before and after adding quenchers,
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Fig. 2 The number of MOFs-related biosensing research papers pub-
lished each year from 2010 to 2021. Web of Science of knowledge data
by searching topic words of “metal-organic framework” and “biosensing
or biosensor”” on March 20, 2021

switch fluorescence biosensors have been designed to realize
fast, sensitive, and reliable quantitative analysis of a variety of
samples. Typical fluorescence quenchers include carbon
nanotubes (CNTs) [15], graphene oxide (GO) [16], gold nano-
particles [17], quantum dots [18], and composite materials
[19]. Compared with carbon materials, MOFs have character-
istically high fluorescence quenching efficiency, short
quenching time and good stability, as well as easy synthesis,
environmentally friendly and high cost-effectiveness. [20]
Given that aforementioned characteristics, MOFs have
evolved into ideal materials for analysis sensing, which can
obtain high sensitivity and short analysis time when applied in
sensing systems. Therefore, the study of application and re-
search of MOFs as fluorescence quenchers in switch fluores-
cence biosensors is desirable. [21] Among them, fluorescence
biosensors that utilize biomolecules as specific biological rec-
ognition molecules (for example, nucleic acids, peptides, and
enzymes) involve specific binding with target analyte and can
realize the specific biological recognition sensing of targets
through related biochemical reactions to produce a fluores-
cence signal response. [22] Furthermore, fluorescence biosen-
sors would be easy to popularize because of their simple de-
sign, easy operation, high specificity, and low cost. [23] The
progression and development of materials and synthetic tech-
nology allowed fluorescence biosensors to become multifunc-
tional, multidiscipline, and generalized when combined with
novel materials. In the recent 8 years, the analysis researches
of switch fluorescence biosensors based on MOFs and nucleic
acids mainly focused on sensing of different types of in vitro
and intracellular analytes, indicating their increasing potential
applications.

In this review, we briefly introduce the principle of switch
fluorescence biosensor and the mechanism of fluorescence
quenching of MOFs. The state-of-the-art progresses of

MOFs and nucleic acids-based switch fluorescence biosensors
are mainly discussed and summarized covering the
2013~2020 time period. They have mostly been proposed to
the in vitro detection of different types of analytes, including
deoxyribonucleic acid (DNAs), ribonucleic acid (RNAs), pro-
teins, enzymes, antibiotics, and heavy metal ions, showing
their wide scope and applicability. Besides, they have also
been applied to the bioimaging of intracellular analytes, con-
taining cellular adenosine triphosphate (ATP) and subcellular
glutathione (GSH), emerging their potential for biomedical
applications. Furthermore, some unresolved challenges, as
well as future perspectives in this field, are confronted and
proposed. We anticipate that this review will inspire broader
interests and more exciting explorations of MOFs and nucleic
acids-based switch fluorescence biosensors for advanced ap-
plications in materials science, chemistry, medicine, food, and
environmental science.

Principle of switch fluorescence biosensors

Switch fluorescence biosensors with high specificity and sen-
sitivity have received extensive interest over the years.
Currently, the design of common switch fluorescence biosen-
sor mainly involves three processes: fluorescence dyes-
labeled specific biological recognition molecules, fluores-
cence quencher, and detecting targets. The most commonly
used specific biological recognition molecules are aptamers
with high affinity and high specificity, which are artificial
single-stranded DNAs or RNAs. [24] In addition, with fea-
tures of easy production, cost-efficient, and satisfactory chem-
ical stability, application of aptamers as specific biological
recognition molecules in biosensors is a good alternative of
natural receptors such as antibodies and enzymes. Studies
have shown the 7t-7t stacking effect between the ring structure
of the basic group and material’s aromatic rings, [25] as well
as the static and coordinative interactions between the phos-
phate group and metal ions, [26] allowing the aptamer to be
absorbed on the material surface. These interactions are highly
effective for biosensor analysis.

The basic principle of the design of “on-off” fluorescent
biosensors is as follows (Fig. 3b). [27] Firstly, a quencher is
used to adsorb the specific biological recognition molecules
modified by fluorescent dyes through electrostatic, stacking,
coordination, hydrogen bonding, and other interactions. The
close proximity between quenchers and specific biological
recognition molecules initiates the quenching process of
quenchers to fluorescence dyes, leading to the fluorescence
quenching and remaining in the “turn off” status (Fig. 3c).
Subsequently, specific binding effects occur between the tar-
gets and specific biological recognition molecules, forming
rigid complexes, which decrease the binding effect between
quenchers and fluorescence dye-labeled specific biological
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Fig. 3 Principle of switch fluorescence biosensors. Schematic
illustrations of fluorescence spectra of switch fluorescence biosensors
(a), switch fluorescence biosensors with MOFs quenchers and

recognition molecules. This allows for later release from the
surface of quenchers, promoting fluorescence recovery while
maintaining the “turn on” status. Then the quantitative deter-
mination of targets can be realized according to the fluores-
cence signal change from “off” to “on” before and after com-
bining targets (Fig. 3a). The detection process of the “off-on”
type is simple, but compared with “on-off” type fluorescence
signal change, such a fluorescence sensor has lower fluores-
cence background signal and higher signal-to-noise ratio
(S/N), which can remarkably improve the detection sensitivi-
ty. [28] This method also has good specificity and generality,
which enables determination of various targets by changing
different specific biological recognition molecules. In
addition, the combination of the characteristic properties
of the MOFs materials, highly effective and rapid
quenching results can be obtained through synergistic
effects of various quenching mechanisms, which ulti-
mately improve detection performance.
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fluorescence dye-labeled specific biological recognition molecules as
sensing platforms (b), and fluorescence quenching mechanisms of
MOFs (¢)

Fluorescence quenching mechanism of MOFs

Fluorescence quenching or fluorescence intensity decreasing
occurs when fluorescence dyes or fluorophores have interac-
tion with quenchers. At present, studied fluorescence
quenching mechanisms mainly include six quenching pro-
cesses. (1) Dynamic and static quenching [29]: the former
refers to fluorescence quenching caused by energy transfer
or electron transfer of the excited fluorophores and quenchers,
in which the excited fluorophores cannot return to the ground
state through collision with quenchers. The later refers to the
fluorescence quenching caused by the non-fluorescence
ground state ligands formed from the fluorophores and
quenchers. (2) Forster (or fluorescence) resonance energy
transfer (FRET): it is a distance-sensitive energy-transfer pro-
cess, involving the radiation-less transfer of energy from a
“donor” (fluorophore) to an “acceptor” (quencher). The effi-
ciency of energy transfer is inversely proportional to the sixth
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power of the distance between donors and acceptors, whereby
FRET is extremely sensitive to small distances. Governed by
the physics of molecular proximity, FRET can occur when the
distance between donors and acceptors are within 1 ~10 nm.
[30] The efficiency is also dependent on the overlap between
the fluorescence spectra of donors and the absorbance spectra
of acceptors. Moreover, the fluorescence lifetime of donors
can decrease. (3) Photo-induced electron transfer (PET): it is
the fluorescence quenching process caused by the electron
transfer between the electron donor and electron receptor at
an excited state after the electron donor or receptor upon light
excited. [31] (4) Ligand-to-metal charge transfer (LMCT): it is
the electron of ligand excited by light can transfer to metal
center, and then the metal excited state is back to the ground
state via nonradiative relaxation. [32] (5) Intramolecular
charge transfer (ICT): it is the fluorescence quenching process
caused by the electron transfer between the electron-donating
group and electron withdrawing group existed within the mol-
ecules when both ends of the fluorescence molecule skeleton
is connected to the coupling electron-donating group and elec-
tron withdrawing group, respectively. [33] (6) Inner filter ef-
fect (IFE): it results from the absorption of the excitation or
emission radiation by the quencher when the absorption spec-
tra of the quencher overlap with the fluorescence excitation or
emission spectra of fluorophores. [34] The process of IFE can
result in a reduction of the fluorescence intensity, but the fluo-
rescence lifetime of fluorophores will not be changed.

The presented studies show that the fluorescence
quenching mechanisms of MOFs are mainly based on FRET
and PET processes (Tables 1 and 2), benefitting from the
unique physical and chemical properties of tunable MOF
structures. In the case of the FRET mechanism, the organic
ligands of the aromatic ring structure contained in MOFs can
act as the fluorescence acceptor, in which the absorption spec-
tra of MOFs show a good overlap with the fluorescence emis-
sion spectra of fluorophores as well as reducing the fluores-
cence lifetime. Moreover, as a result of static, 7-7t stacking,
coordination, and hydrogen bonding interactions, the distance
between MOFs and fluorophores is shortened. Therefore,
fluorescence energy transfer effect can occur from
fluorophores to organic ligands. In addition, since most of
the MOF structures show semiconductor-like behavior [58,
59], the fluorescence quenching PET mechanism can be ex-
plained by the frontier orbital theory, in which highest occu-
pied molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) can be called frontier orbital. After the
MOFs and fluorophores are excited, the orbital energy levels
change in two ways. The electrons of MOFs on HOMO or-
bitals can transfer to the HOMO orbitals of fluorophores at the
excited state, which is the reduced type FET. Or MOF struc-
tures containing vacant orbitals can accept electrons, allowing
the electrons excited to LUMO orbitals of fluorophores to be
transferred to vacant orbitals of MOFs, which is the oxidized

type PET. Both types of PET process can impede the excited
electrons of fluorophores from returning to the ground state
and cause the fluorescence quenching. MOFs have received
extensive attention in the presented literatures due to their
unique fluorescence quenching properties, which are widely
applied in the development of nucleic acids-based switch fluo-
rescence biosensors and possess potential application prospec-
tive in the detection field.

In vitro detection of analytes

MOFs have been successfully applied in the construction of
nucleic acids-based switch fluorescence biosensors for the
in vitro detection of different types of analytes, including
DNAs, RNAs, enzymes, proteins, antibiotics, heavy metal
ions, and other analytes. To indicate the analytical character-
istics of the described biosensors for the in vitro detection of
different types of analytes, a brief summary is presented in
Table 3.

DNAs

The rapid and sensitive quantitative determination of nucleic
acids is significantly important for the diagnosis and treatment
of diseases. Traditional detection of nucleic acids mainly re-
lies on amplification-related strategies [73] with sensitivity
and specificity, such as polymerase chain reaction (PCR).
However, the majority of these techniques requires expensive
biochemical reagents and involves time-consuming proce-
dures. Exploration and development of MOFs and nucleic
acids-based switch fluorescence biosensors for sensing analy-
sis of DNA molecules has risen exponentially in recent years
due to low-cost, simplicity, and sensitivity.

Zeolitic imidazolate frameworks (ZIFs) are effectively
used as sensing platforms because of excellent chemical sta-
bility and biocompatibility. Especially, ZIF-8 is one of the
most promising ZIFs, consisting of zinc ion (Zn**) and 2-
methyl imidazole. Pan et al. utilized ZIF-8 as a sensing plat-
form for the detection of human immunodeficiency virus
(HIV)-1 DNA. [40] ZIF-8 possesses exceptional water stabil-
ity and contains stacking 7t-electron systems of the bridging
five-membered imidazolate ring. Hence, the fluorescence of
fluorophore carboxyfluorescein (FAM)-labeled single-
stranded DNA (ssDNA) was strongly adsorbed by 7t-7t stack-
ing and electrostatic interaction, and then quenched due to the
PET process. Its linear range was from 10 to 100 nmol/L. The
limit of detection (LOD) was as low as 1.2 nmol/L calculated
by 3o7/slope, where o was the standard deviation (SD) of 15
blank measurements and slope represented the slope of the
calibration plot. Moreover, the HIV-1 DNA indicated much
higher target-dependent recovery fluorescence intensity than
one, two, and three-base-mismatched ssDNA. These results

@ Springer
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Table2  Application of 2D MOFs and nucleic acids-based switch fluorescence biosensors in DNAs detection

MOFs Quenching QEs  Specific biological DNAs Limit of Linear range  Ref.
mechanisms (%) recognition molecules detection® (nmol/L)
(nmol/L)
{[Zn(HCbdcp),]-H,0}, PET 73 FAM-ssDNA HIV DNA 1x107 1~80 [50]
Mn(CgHgO,4)(H,0) - - TAMRA-ssDNA Homo sapiens tumor 2x107* 1x107°~02 [51]
suppressor gene
[Cu(Dcbb), ], PET 61.8 FAM-ssDNA HIV DNA 1x107° 1~12x10*  [52]
Cu(H,dtoa) PET 84.5 FAM-ssDNA HIV DNA 3 10~1x107 [53]
Cu(H,dtoa) - 85.0 FAM-ssDNA HBV DNA 0.87 1~10 [54]
91.1 ROX-ssDNA HIV DNA 0.22
Cu(H,dtoa) PET 80.7 FAM-probe DNA (polypurine tract 1.3 4~2x10° [55]
triplex-forming oligonu-  sequence of HIV-1 RNA)
cleotide
Cu-TCPP FRET 89  Texas Red-ssDNA Influenza A virus subtype 2x1072 2x1072~5 [56]
HsN,; gene
Cu-TCPP FRET 97 Texas Red-ssDNA Salmonella enterica DNA 2.8%1072 0.5~15 [57]
Cy3-ssDNA Listeria monocytogenes DNA ~ 3.5% 102 0.1~12
FAM-ssDNA Vibrio parahemolyticus DNA  1.5x107> 0.1~9

En dash denotes “not reported”
#The limit of detection is defined as S/N=3

showed that this sensing platform could be applied for highly
selective determination of DNA sequences in vitro. However,
in this case, ZIF-8 showed poor fluorescence quenching prop-
erty, with only 66% quenching efficiency (QE) in 60 min.
Therefore, in order to obtain excellent fluorescence quenching
behavior of nano-quenchers, lanthanide ions (Lns) were
doped into a nanoscale ZIF-8 structure [60] (Fig. 4a). Lns
were lanthanum ion (La>*), cerium ion (Ce**), neodymium
jon (Nd*"), and terbium ion (Tb>"), respectively. Nanoscale
ZIF-8 (about 300 nm) was selected as a fluorescent sensing
platform because its particle size can be easily regulated by
changing the reaction solvent at room temperature. This study
showed that the fluorescence quenching ability of La** doped
ZIF-8 (ZIF-8-La) was around threefold higher than that of
ZIF-8 (Fig. 4b). Furthermore, core-shell La®>* doped ZIF-8
(CS-ZIF-8-La) was synthesized to decorate more La** on
the surface of ZIF-8, the thickness of whose shell was around
20 nm. As shown in Fig. 4c, the fluorescence of dyes
displayed enhanced quenching by CS-ZIF-8-La. These fluo-
rescence behaviors were related to the charge property of
fluorophores labeled on ssDNA. The fluorescence intensity
of the fluorophores was quenched by three types of MOFs.
After interactions with target DNA, the fluorescence of
positive-dye labeled ssDNA was recovered, such as
tetramethylrhodamine (TAMRA) and Texas red. In contrast,
CS-ZIF-8-La further quenched the fluorescence of negative-
dye labeled ssDNA, such as FAM and Cy5, which was con-
sistent with their previous work [74]. This was due to the
formed negative-dye labeled double-stranded DNA
(dsDNA) could not leave away from the CS-ZIF-8-La surface,
but recombined with the substantial La®* because of

electrostatic interaction, resulting in lower fluorescence sig-
nals. Based on CS-ZIF-8-La as a fluorescence quenching plat-
form, the ratiometric sensors were designed for the determi-
nation of DNA with the linear range of 1 ~30 nmol/L (Fig.
4d). The CS-ZIF-8-La ratiometric aptameric platform was also
used for detecting microRNA-21 (miR-21). Interestingly, the
ratios induced by miR-21 were much higher than that caused
by other microRNAs (miR-141, miR-21-5p, and let-7a) or
biomolecules (adenosine, uridine, and cytosine triphosphate),
suggesting the high specificity of sequence probe and appli-
cation prospect in complex biosystems. The ratiometric sen-
sors could open up an exciting new avenue for the construc-
tion of fluorescence biosensors.

Iron- and zirconium-containing MOFs (Fe-MOFs and Zr-
MOFs, respectively) have been extensively employed owing
to their many advantageous attributes, such as fascinating
properties and chemical versatility. One typical feature of such
MOFs is Fe and Zr unsaturated metal centers, which exhibit
strong Fe-O and Zr-O coordination bonds between unsaturat-
ed metal centers and O atoms in the organic ligands. These
endow Fe-MOFs and Zr-MOFs with preferable stability for
sensing systems. [58, 75] More importantly, the Fe** or Zr**
metal centers possess high electron-accepting ability serving
as electron-consuming pools to boost the electronic transfer,
which could improve the quenching efficiency. By integrating
these metal centers and benzene-containing organic ligands
with conjugated m-electron structures, MOFs can achieve
greatly enhanced fluorescence quenching action through the
utilization of the synergistic effect between metal centers and
organic ligands. MIL-88B nanorods, synthesized using Fe**
and 1,4-benzenedicarboxylic acid (H,BDC), were developed

@ Springer
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Fig. 4 Lanthanide ions doped ZIF-8 platform for fluorescent biosensing
[60]. Copyright 2019, American Chemical Society. a Schematic illustra-
tion of the fluorescent sensing on ZIF-8 or lanthanide ion (Ln**) doped
ZIF-8. (1): Preparation of ZIF-8. (2-4): Target-induced probe fluores-
cence change on ZIF-8 (2), ZIF-8-Lns (3), and CS-ZIF-8-Lns (4). b
Fluorescence spectra of FAM-ssDNA mixed with ZIF-8 (1) or ZIF-8-
La (2) by adding DNA. ¢ Fluorescence spectra of different dye-labeled

as a high-efficient fluorescence sensing platform for DNA
detection. [27] Based on the adsorption of H,BDC organic
linker and PET process of Fe** centers, FAM-ssDNA fluores-
cence was quenched by MIL-88B nanorods with nearly QE of
100%. This DNA sensor exhibited a linear range from 0.01 to
5 nmol/L with low detection limit of 10 pmol/L (3 times the
SD in the blank solution), and the strong discrimination of
single point mutation. The overall determination time was
only 4 min covering 1 min for quenching and 3 min for
DNA incubation, implying the superior ability of the sensor.
The fluorescence intensity changes of this sensor toward sin-
gle base mutated ssDNA were about 39% of that toward the
target HIV ssDNA while non-complementary ssDNA showed
only very small change, showing a high discrimination of
single base mutation. Similarly, because amino-containing or-
ganic linkers usually have conjugated 7t-electron systems and
significantly offer hydrogen bonds interaction between MOFs
and ssDNA, highly sensitive and selective detection of HIV
DNA was obtained by employing amine-functionalized MOF
(UiO-66-NH,) as an effective fluorescent sensing platform.
[36] UiO-66-NH, synthesized by Zr** and 2-amino-1,4-
benzenedicarboxylic acid (NH,-H,BDC) exhibits great
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ssDNA (FAM, TAMRA, Texas red, and Cy5) mixed with CS-ZIF-8-La
containing DNA with different concentrations (the lines of black, green,
yellow, purple, and red were 0, 10, 20, 50 nmol/L for target DNA, re-
spectively). d Fluorescent spectral changes of FAM/TAMRA-ssDNA (1)
and Cy5/Texas red-ssDNA (2) on CS-ZIF-8-La containing DNA with
different concentrations

chemical and thermal stability. Their sizes were in the range
of 50 ~ 100 nm, suitable for dispersion in the aqueous solu-
tion. The recovered fluorescence intensity of the UiO-66-NH,
sensor with the complementary target T, and single-base mis-
matched sequence T, were 67 and 26%, respectively, com-
pared to 58 and 56% for UiO-66 system. These observations
demonstrated that the UiO-66-NH, sensing platform was able
to distinguish the complementary and single-base
mismatching targets, whereas the same structure UiO-66 with-
out an amino group cannot realize such a function. The high
selectivity and good reproducibility were attributed to hydro-
gen bonds interaction between the amino group in UiO-66-
NH, and ssDNA bases. Besides, our group constructed a UiO-
66 based fluorescence sensing assay for the detection of DNA
and Escherichia coli O157:H7 (E. coli O157:H7) through
clustered regularly interspaced short palindromic repeats-
Cas9 (CRISPR-Cas9) triggered two-step isothermal amplifi-
cation method. [72] As shown in Fig. 5a, CRISPR-Cas9 sys-
tem could recognize and cleave target virulence gene se-
quences, and trigger the strand displacement amplification
(SDA) and rolling circle amplification (RCA). After this dual
amplification, abundant products could hybridize with FAM-
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Fig. 5 CRISPR-Cas9 triggered
SDA-RCA method for DNA and
E. coli O157:H7 detection based
on the UiO-66 platform [72].
Copyright 2020, American
Chemical Society. a Schematic
illustration of fluorescence sens-
ing determination. b Linear rela-

tionship between the fluorescence SDA I °
intensity and the logarithm of
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ssDNA probes whose fluorescence was quenched in advance
by the UiO-66 platform. Therefore, DNA and E. coli
0157:H7 was quantitatively determined through the recovery
fluorescence intensity. As shown in Fig. 5b, the detection limit
of DNA was estimated to be 1.87 fmol/L (the average signal
of the blank value plus three times the SD) with a good linear
range of 5 ~5 x 10® fmol/L. Compared with previous E. coli
0O157:H7 determination methods, the presented strategy
showed a wide range of 1.3 x 10> ~6.5 x 10* CFU/mL (Fig.
5¢) and high sensitivity with detection limit of 40 CFU/mL
(the average response corresponding to the sample blank val-
ue plus three times the SD), which was threefold orders of
magnitude lower than real-time PCR Kit (2.6 x 10* CFU/
mL). Also, this method exhibited high specificity and accura-
cy for sensing of practical samples (spring water, skim milk,
and orange juice). These distinctive advantages arose due to
the following. First, two-step isothermal amplification for dual
signal amplification was specifically triggered by CRISPR-
Cas9. Second, UiO-66 with significant efficiency reduced
the background signal of fluorescence probes. Hence, this
method had great potential for further application in food
safety and clinical diagnostics. In addition, MOF-derived

@ Springer
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nanocomposites had highly ordered structures, excellent sta-
bility, and repeatability, which can endow the nanocomposites
with some enhanced properties. Tan et al. prepared a magnetic
porous carbon (MPC) nanocomposite using a precursor of Fe-
MOF (MIL-88A). [38] MPC-induced complete quenching of
FAM-ssDNA fluorescence within 10 min was attributed to the
synergetic effect of magnetic nanoparticles and carbon matrix,
resulting in FRET and PET processes. The proposed biosen-
sor exhibited a linear range of 3 ~ 150 nmol/L and detection
limit of 1 nmol/L, which was calculated on the basis of a
signal to noise ratio of 3:1 (S/N =3). It also showed high
selectivity toward specific target HIV DNA and even distin-
guished single-base mismatched sequence. Moreover, the
concentration levels of target DNA in spiked fetal bovine se-
rum (FBS) samples were measured accurately with the spiked
recoveries of 98.20 ~106.79%. All of relative standard devi-
ations (RSDs, n=15) were less than 1.57%, showing a wider
application in real bioanalysis.

Two MOFs were synthesized using cadmium and zinc met-
al ions (Cd**, Zn?*) and bis-(3,5-dicarboxy-phenyl)
terephthalamide (H4L) ligand. [48] H4L with aromatic struc-
ture and amide group could enhance the flexibility of
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frameworks and form 7t-7t stacking interaction and additional
hydrogen bonding with FAM-ssDNA, which facilitated the
PET process. Analysis of the reported biosensor showed that
0.05 nmol/L of target DNA could be determined with the
range of 0.05 ~ 125 nmol/L. The selectivity of this sensing
platform could be down to a single nucleotide mismatch, ap-
plicable for the practical detection of DNA sequences. To
avoid the expensive and time-consuming functionalization
of fluorophores-labeled probes, Fang et al. developed a
label-free and sensitive fluorescence biosensor for DNA de-
termination based on DNA-intercalating dye and MIL-101
(CrgF(HQO)QO[(OQC)-C6H4-(C02)]3'IleO). [61] The well-
known MIL-101 possesses good stability in water with neutral
conditions, high surface area, and large pore size. This de-
scribed MIL-101 could greatly decrease the high fluorescence
background of SYBR Green I and probe DNA complex (SG/
P). QE of MIL-101 was up to 88.81%, and the signal-to-noise
(S/N) ratio displayed an eightfold improvement. The detection
limit was 73 pmol/L (30) with a good linear range of 0.1 ~
14 nmol/L. In the presence of MIL-101, one-base-mismatched
in target DNA sequence can be discriminated more efficiently
from the complementary target DNA. Moreover, due to the
stable dsDNA structure between target DNA and its comple-
mentary DNA, the fluorescence signal of this system was not
affected by the coexisting interfering proteins (pancreatin, bo-
vine serum albumin, alkaline phosphatase, pepsin, prion pro-
tein, snailase, lysozyme, and cellulase). Since MIL-101 was a
three-dimensional (3D) octahedral shape and can distinguish
ssDNA and dsDNA more easily, this method demonstrated
that its sensitivity and selectivity was much superior than that
based on carbon nanotubes and graphene oxide quenching
Sensors.

In addition to the above 3D MOFs-based fluorescence bio-
sensors, exploration into other two-dimensional (2D) MOFs
has been reported. These nanosheets possess many promising
features originating from their ultrathin thickness and 2D mor-
phology. Their surface possesses abundant accessible active
sites, which are vital for sensing applications. [76, 77] For
example, Hofmann-type MOFs (hMOFs) are a versatile class
of materials with a M [MZ(CN)y] network, in which, the M
and M? are both transition metals with octahedral and square
planar coordination, respectively. [78] The structure of
hMOFs can be regulated by intermolecular interactions to
downsize to nanosheets. [79] Notably, the exposed metal ions
of nanosheets have exclusive axial coordination sites with
fluorophores for signal switching. Consequently, two
hMOFs with 2D monolayer nanosheet structure were precise-
ly synthesized through modulation of the position with phos-
phonate groups on rigid ligands, which included [Fe(4-
PyP)(H,0)][Pt(CN),4]-H,O-CH;0H (hMOF-1, 4-PyP =
diethyl 4-pyridylphosphonate) and [Fe(3-PyP)][Pt(CN)4]
(hMOF-2, 3-PyP = diethyl 3-pyridylphosphonate), respective-
ly. [49] Axial coordination occurs between open Fe?* sites of

hMOF-1 nanosheets and fluorophores. The monolayer nano-
sheet possessed 91% fluorescence quenching efficiency via
the LMCT quenching mechanism. The FAM-ssDNA was de-
veloped as a fluorescence probe for DNA detection. Its quan-
titative determination was achieved with a linear range of 1 ~
40 nmol/L and LOD of 0.3 nmol/L (30). More remarkably,
hMOF-1 nanosheets revealed an excellent selectivity toward
single-base mismatched DNA, providing a unique strategy for
biosensing. To illustrate their recent applications of 2D MOFs
in DNAs detection, a brief summary is presented in Table 2.

RNAs

The majority of common fatal human pathogens are single-
stranded RNA virus, such as the Ebola virus (EBOV) and
Zika virus (ZIKV). These viruses cause human epidemic dis-
eases with high risk of death, which can pose extremely seri-
ous risks to human health and life. Consequently, sensitive
and timely determination of RNA virus is a crucial key for
rapid diagnosis, prevention, and control of diseases.
Currently, the reverse transcription PCR (RT-PCR) and fluo-
rescence quantitative real-time PCR (qRT-PCR) are common
amplification methods in clinical settings. Although they sat-
isfy requirements of detection capability, they remain costly,
easy-polluting, and time-consuming. [80] As a result, Yang
et al. proposed a water-stable 3D Cu-MOF from a tritopic
quaternized carboxylate and 4,4'-dipyridyl sulfide as the an-
cillary ligand. The [Cu3(Cmdcp),(dps)4(H>0)4(SO4)], (1,
H;CmdcpBr = N-carboxymethyl-3,5-dicarboxylpyridinium
bromide; dps =4,4'-dipyridyl sulfide) featured a notable
Kagomé cross-section lattice. [81] More bigger pores can be
synthesized by flexible zwitterionic carboxylates of low sym-
metry to detect longer DNA or RNA sequences. The MOF
with unique pore shapes could adsorb two different FAM-
ssDNA probes via electrostatic, 7t-7t stacking, and hydrogen-
bonding interactions, and then quench the fluorescence of
FAM through the PET process. This system achieved the se-
lective determination of Sudan virus (SUDV) RNA sequences
and HIV-1 dsDNA, respectively, with detection limits of 73
and 196 pmol/L (S/N =3), respectively. The effect of the
longer length of target sequences was also investigated. The
results indicated SUDV RNA sequences with up to 80 bases
were efficiently detected with no interference of a mutated
base. This proposed biosensor could have potential applica-
tion in virus-associated infectious diseases. Moreover, their
research team also developed a sensitive and selective fluores-
cence biosensor for the simultaneous detection of ebolavirus
conserved RNA sequences and ebolavirus-encoded miRNA-
like fragment, based on a 3D Cu-MOF of
{[Cu(Cmdcp)(phen)(H,0)],-9H,0}, (1, phen =
phenanthroline). [62] The detection limits of 63 and
111 pmol/L (S/N =3) were obtained with the detection time
of 11.8 and 3.1 min, respectively. There was no cross-reaction
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of sensing systems for target RNA detecting. As such, Qin
et al. reported a 3D dysprosium-based MOF
({[Dy(Cmdcp)(H,0);5](NO3)-2H,0},) from a zwitterionic
carboxylate. [82] Since the 3D MOF possessed chair-type
pore shapes with tessellating H,O and free NO3;  anions on
their surface, it was moisture and water-stable. These unique
structural features provided electrostatic, 7-7t stacking, and
hydrogen bonding interactions with FAM-ssDNA, and then
quench its fluorescence through PET process. This fluores-
cence biosensor could determine complementary ebolavirus
RNA sequences as low as 160 pmol/L, which was calculated
from the 30/slope (o =SD of five blank measurements). The
highly selective sensing ability was satisfactorily evaluated
under acidic (pH 6.4), neutral (pH 7.4), and basic (pH 8.0)
conditions. Because lanthanides own the attractive
oxophilicity and high coordination number to make water-
stable and intriguing MOF structures, Yang et al. further ex-
plored a 3D MOF of {[Las(Cmdcp)s(H,0)o]}, (1) and a 2D
MOF of {[Lay(Cbdcp);(H>0)10]}n (2, H3CbdcpBr = N-(4-
carboxybenzyl)-3,5-dicarboxylpyridinium bromide). [47]
These multidentate carboxylate ligands containing an sp’
methylene group generally can lower the symmetry of ligands,
while they were effectively compensated with a high coordi-
nation number of lanthanum ions. Therefore, both MOFs 1
and 2 showed larger pore sizes or larger surfaces to absorb
FAM-ssDNA, and quench FAM fluorescence by PET pro-
cess. Furthermore, they allowed for the determination of
SUDV conservative sequences with low detection limits of
112 and 67 pmol/L (S/N = 3), respectively. These biosensors
also suggested their high selectivity and discriminated RNA
sequences down to single-base mismatch. Through single and
synchronous fluorescence analysis, simultaneous determina-
tion of Dengue virus (DENV) and ZIKV RNA sequences was
presented based on a new MOF of [Cu(Dcbcp)(bpe)], (1,
Hz;DcbepBr = N-(3,5-dicarboxylbenzyl)-(3-carboxyl)
pyridinium, bpe = 1,2-bis(4-pyridyl)ethylene). [42] To build
the porous 3D MOF structure with water solubility and stabil-
ity, an ancillary bridging ligand bpe was introduced into the
construction of the Cu(Il) zwitterionic carboxylate complex,
offering abundant interactions with probes. Using two probes
of FAM-ssDNA and triethylammonium salt (ROX)-ssDNA,
the detection limits of DENV and ZIKV RNA se-
quences were 332 and 192 pmol/L for single fluores-
cence analysis, and 184 and 121 pmol/L for synchro-
nous fluorescence analysis, respectively (30, where o is
the SD of a blank solution, n = 3). The detected time of
both probes was 36 and 2 min, respectively. Both as-
says distinguished even single-base mismatched RNA
sequences with high specificity. In contrast to single
analysis, synchronous fluorescence analysis displayed
enhanced sensing sensitivity and faster detection time,
because it can avoid interference arising from Raleigh
scattering light to the fluorescence sensing.

@ Springer

The abnormal expression of microRNA (miRNA) is ex-
ceedingly associated with the occurrence and development
of diseases. qRT-PCR is the current gold standard clinical
technology, [83] which possesses high sensitivity and speci-
ficity but suffers from insufficient simultaneous and multiple
analysis methods for miRNAs at trace expression level. The
ultrathin MOF nanosheets (MnDMS, Mn(CgHgO,4)(H,0))
were prepared using manganese (Mn) ions and a flexible li-
gand of 2,2-dimethylsuccinate. [51] Most of the MnDMS
nanosheets were nearly single layer by ultrasonication and
Li-intercalation methods, and their thicknesses were calculat-
ed about 1 nm, showing the higher level of structural
tailorability and good biocompatibility. The fluorescent sens-
ing platform was combined with hybridization chain reaction
(HCR), an enzyme-free amplification strategy, to significantly
amplify the recovered fluorescence signal. The HCR/MnDMS
system provided simple and sensitive determination of
miRNA-21 with good linearity of 0.5~ 100 pmol/L.
Interfering experiments indicated there was no interference
in fluorescent sensing with interfering species as well as two
and four-base mismatched sequences, showing its high se-
quence specificity in complex biosystems. This method also
realized miRNA monitoring in living cells. Moreover, the
determination of multiplex miRNAs could effectively im-
prove the analysis efficiency for early disease detection and
diagnosis. Qiu et al. reported a one dimensional (1D) water-
stable MOF-based biosensor for the detection of gastric cancer
associated with miRNAs (miR-185, miR-20a, miR-92b, miR-
25, and miR-210). [63] The MOF of
{[Cu(dcbb),(H,0),]-10H,0},, (1, HodcbbBr=1-(3,5-
dicarboxybenzyl)-4,4"-bipyridinium bromide) possessed aro-
matic rings, positively charged pyridinium, and uncoordinated
carboxylates, which can effectively associate with five differ-
ent FAM-ssDNA probes. The developed MOF showed good
quenching ability for probes (QEs of 77 ~96%) via the PET
mechanism. The detection limits of the miRNAs assay were
between 91 and 559 pmol/L. Compared with other biosensors,
this method achieved simple and multiplex detection of
miRNAs only by selecting different complementary nucleic
acid sequences, which also validated its appealing specificity
and versatility. A novel sensing strategy was developed to
detect multiplexed miRNAs in solution and living cancer
cells. [35] As shown in Fig. 6a, the strategy was composed
of nano MOF (UiO-66 of 125 nm particle diameter) and
fluorophores-labeled peptide nucleic acid (PNA) probes.
PNA, one of the most promising class of specific biological
recognition molecules, is a synthetic DNA or RNA analogue
whose phosphodiester backbone is replaced with unchanged
2-N-aminoethylglycine units. [84] Furthermore, it is resistant
to enzymatic degradation by nucleases and proteases, and
possesses higher specificity and stronger stability than DNA
or RNA. The PNA-based probes were labeled with three dif-
ferent fluorophores, which were quenched by nano UiO-66
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(QE of 81.6%) via the PET effect. In comparison to the above
multiplexed assays, this biosensor displayed a wider linear
range of 10 ~1000 pmol/L and lower detection limit of
10 pmol/L for miRNAs (miR-21, miR-96, and miR-125b).
Besides, complementary miRNAs yielded about 5 ~8 times
higher fluorescence recovery signals than non-complementary
miRNAs (Fig. 6¢), showing the high specificity and negligible
cross-reactivity of this miRNA sensor. As shown in Fig. 6b—d,
the biosensor not only allowed for quantitative and specific
analysis of multiplexed miRNAs in solution, but also enabled
precise monitoring of spatiotemporal changes of miRNAs ex-
pression in situ living cancer cells.

Proteins

Proteins are well known as vital working units for many life
activities. The accurate quantitative analysis of abnormal pro-
tein expression is important in disease prevention and diagno-
sis. The determination strategies for disease-related proteins
include enzyme-linked immunosorbent assay (ELISA), elec-
trochemical immunoassay, and mass spectrometry, etc. [85]
Many of these approaches are dependent on the immune re-
sponses between antigens and antibodies. Thus, operation of
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the assay is very cumbersome and expensive. Owing to the
advantages of simplicity, rapidity, and low cost, the switch
fluorescence biosensors using MOFs and nucleic acids were
designed as new tools for the analysis of proteins.

A fluorescence biosensor for the determination of HsN;
antibodies was developed based on Cu(H,dtoa) (H,dtoa=
N,N'-bis(2-hydroxyethyl)dithiooxamide) quenching toward
FAM-DNA probes. [64] The 3'-terminus of the probes was
modified with HsN antigens. After specifically binding with
HsN; antibody, it could inhibit the hydrolysis of exonuclease I
(Exo I) to FAM-DNA probes. Therefore, the fluorescence of
probes could not recover. Additionally, the presented biosen-
sor refrained from DNA hybridization, simplifying the sens-
ing process. It showed good sensitivity (1.6 x 10~° mol/L,
S/N =3), detection range (1 x 10°~1x107° mol/L), and
noteworthy selectivity, as well as satisfactory results for
HsN; antibody detection in serum samples. Compared with
single-component MOFs, hybrid MOFs can provide more ad-
vantages of enhanced physicochemical and optical properties;
Huang et al. proposed a “three-in-one” nanohybrid of Zr-
MOF @ AuNP@GO as the synergistic nanoquencher [41],
which consisted of three common quenching nanomaterials
(Fig. 7a-b). Zirconium (Zr)-based MOF (Zr-MOF), gold
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nanoparticles (AuNPs), and graphene oxide (GO) significant-
ly increased binding affinity to fluorophores labeled ssDNA
and aptamer probes based on 7t-7t stacking, van der Waals
force, and hydrogen bonding. They quenched the fluorescence
by PET, plasmonic resonance energy transfer (PRET), and
FRET processes, respectively. Compared with MOF alone,
the fluorescence quenching abilities of Zr-
MOF @ AuNP @ GO nanohybrids were significantly enhanced
within 5 min and almost QE of 100% (Fig. 7c). Using FAM-
aptamer and FAM-ssDNA, a novel fluorescence biosensor
was developed for rapid and sensitive detection of prostate
specific antigen (PSA) and p53 gene in human serum. The
linear detection ranges of 0.05~10 ng/mL and 0.01 ~
10 nmol/L were attained for target protein and DNA, with
detection limits as low as 0.01 ng/mL and 0.005 nmol/L
(S/N =3), and overall detection time of 35 and 10 min, respec-
tively. For the specific determination of PSA, a signal increase
was observed when PSA was presented in the serum sample,
whereas there was no obvious change in the presence of other
proteins in serum, indicating high selectivity against other
interfering substances, such as human serum albumin, C-
reaction protein, and alpha fetoprotein. Moreover, results of
PSA-spiked human serum samples were highly accordant to
that of a commercial ELISA kit method with the correlation
coefficient (R%) of 0.985, indicating its reliability in complex
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images of Zr-MOF @ AuNP @GO, in which the GO layer with filaments
was indicated by the red arrows. ¢ Fluorescence intensity under different
experimental conditions: Zr-MOF, Zr-MOF @GO, Zr-MOF @ AuNP, and
Zr-MOF @ AuNP@GO

biological samples. These analytical behaviors were superior
than most reported nanoquencher-based fluorescence biosen-
sors due to lower background signal and higher S/N ratio.

A nanoscale MOFs (NMOFs)-based sensor array assembly
fabricated with six specific biological recognition molecules
was designed to effectively identify normal and pathological
tissues, by making use of the different interactions between
tumor marker proteins and DNA-adsorbed NMOFs. [86] As
shown in Fig. 8a, three structurally stable NMOFs (Cu-MOFs,
Fe-MOFs, and Zr-MOFs) featuring characteristic surface
chemistry were utilized to adsorb two fluorophores labeled
ssDNAs through 7-7t stacking, and then varying degrees of
fluorescence quenching was achieved via the long-range en-
ergy transfer. The massive hydrophobic and hydrophilic
patches on the surface of proteins allowed the protein analytes
to interact with organic moieties or accessible coordination
sites on NMOFs surface caused by intermolecular forces, in-
cluding 7t-7t stacking, coordination, hydrogen-bonding, and
electrostatic interactions. These forces were considerably
stronger than those of ssDNAs; thus, due to binding competi-
tion, ssDNAs could be displaced from NMOFs surface. These
events caused variations in fluorescence intensity, providing a
map of discriminative fingerprinting. Using linear discrimi-
nant analysis (LDA), the sensor array could rapidly (~1 h)
identify tumorous tissues of colon cancer with high sensitivity



Microchim Acta (2021) 188:168 Page 150f 29 168
a b
1 1 W NP1
) , b4 « % . e g M =
@ QTR e gy ‘?& o b @ 400 =
eoiein V k Sa s % = !
= ol &
o ¢ 58 w
Cu-MOFs Fe-MOFs Zr-MOFs 3 200 I
1
o — i — |
|
(2) NP1-NPe > Analyte B 0
‘ _ 1 2 3 4 6 7 ; . i
A P ey Healthy Cancerous  Paracancerous
> 2 - ¥ i
5 issue samples
R e e oy
@
ovar 8 e@OOOO0)  payec
ssembly b @Q OO 10 Paracancerous
- + [ - % =
v e 00 T v E.
Fe-MOFs > w —~
> 4| F o~ FEN
DNA 2 | )
Zr-MOFs % U

Fig.8 A sensor array with NMOFs for the histopathological examination
of colon cancer [86]. Copyright 2019, American Chemical Society. a
Schematic illustration of sensing mechanism. (1) Three types of
NMOFs. (2) Six specific biological recognition molecules designed by
employing the nano-assembly between three types of NMOFs and two
fluorophores labeled ssDNAs. The shades of the color represent

and accuracy, enhancing diagnostic efficiency (Fig. 8b).
Notably, different tissue samples of colon cancer were pre-
cisely differentiated at the 150-ng level, minimizing biopsy
size. The unique design of their work was founded on the
competitive interaction between ssDNA probes, proteins,
and MOFs, shattering the traditional sensing pattern of specif-
ic biological recognition of protein targets and sensitive ele-
ments, and provided a novel biosensing strategy. However,
only qualitative differentiation was realized, and could not
achieve quantitative and precise analysis, which should be
taken into consideration for their further studies.

Enzymes

Enzymes are vital biomolecules in all living organisms. The
development of sensitive enzyme detection methods is vital
for disease diagnosis and clinical research. Colorimetric
methods have been principally used in clinical tests due to
simplicity and low cost. [87] However, limitations do exist
such as low sensitivity and vulnerability to interference.
Therefore, fluorescent sensing assays are attractive alterna-
tives because of high sensitivity and practicality. Recently,
MOFs-based switch fluorescence biosensors were widely
used for the detection of enzymes. The FAM-ssDNA and
mixed valence state cerium (Ce**/Ce**)-based MOF
(MVCM) were employed as the signal unit and quenching

W - Healthy

15 -10 E ] 0 5 10 15 20
F1 (87.49 %)

fluorescence intensity. b Array-based sensing of tissue samples. (1)
Fluorescence response (A, I-Iy) patterns of the sensor array against var-
ious tissue samples: healthy, cancerous, and paracancerous ones with
150 ng. (2) Canonical score plot for the first two factors of fluorescence
response patterns obtained from LDA analysis against three types of
samples, with 95% confidence ellipses

nanoscaffold, respectively (Fig. 9a). [65] The MVCM was
generated by the partial oxidation of a Ce**-based MOF pre-
cursor and showed a typical nanorod structure with an average
length and width of 2.09 um and 230 nm, respectively. In the
presence of Ce**, QE of MVCM (> 90%) showed threefold
increase compared to that of MOF, which only contained
Ce’*. The study verified that the quenching effect of
MVCM to FAM-ssDNA could be blocked through competi-
tive coordination between pyrophosphate ion (PPi) and bind-
ing sites (Ce** and Ce*") of MVCM. This displacement assay
displayed high specificity to PPi (Fig. 9b). FAM-ssDNA was
effectively displaced within 2 min from the surface of
MVCM. Since PPi could undergo hydrolysis to phosphate
ion by alkaline phosphatase (ALP), the PPi-triggered displace-
ment method was further applied in ALP determination. As
shown in Fig. 9¢, because of the specific catalytic ability, only
ALP suppressed the displacement of PPi and led to a remark-
able change of FAM-ssDNA fluorescence, suggesting the
highly specificity against foreign interferences. The method
possessed a linear detection ranging from 2 to 100 mU/mL
with a detection limit of 0.18 mU/mL (S/N =3) (Fig. 9d).
Additionally, the applicability of ALP determination was well
approved in serum samples. The ALP recoveries of these
spiked serum samples were from 95.65 to 100.60% and their
RSDs (n=3) were all less than 1.03%, which were in agree-
ment with the results from the classic p-nitrophenyl phosphate
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Fig. 9 PPi-triggered competitive
displacement of ssDNA from a

MOF and its application in
fluorescent sensing of ALP [65].
Copyright 2018, Royal Society of
Chemistry. a Schematic
illustration of sensing process. b
Fluorescent responses of the
MVCM/FAM-ssDNA complex
to PPi and various anions. ¢
Fluorescent responses of the PPi-
triggered sensing system to ALP
and other enzymes. d
Fluorescence spectra (1) and re-
sponses (2) of the PPi-triggered
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colorimetric assay. The design of this proposed biosensor was
very ingenious and unique, but there existed the restriction of
other detecting targets, possibly limiting its wide application.
Song et al. constructed a barium (Ba)-based coordination
polymer of [Ba,(L)(H,O)](DMF), 5(H,0); (H4L =bis-(3,5-
dicarboxy-phenyl)terephthalamide). This framework exhibit-
ed high stability up to 450 °C because of the strong barium-
oxygen-barium linkages, and displayed the strong fluores-
cence quenching ability to FAM-ssDNA probes of different
lengths. [46] Hence, a convenient and efficient analytical bio-
sensor was developed for the activity assay of deoxyribonu-
clease I (DNase I) by taking the advantage of its catalytic
ability to the decomposition of probes. A good linear relation-
ship was observed in the range of 0.1 ~10 U/mL with a
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detection limit of 0.04 U/mL (S/N = 3). Its selectivity was well
ensured depending on the high specificity of the enzymatic
reaction. Additionally, excellent spiked recoveries in cell ly-
sate were 98.0 ~102.7%, which satisfactorily confirmed the
practical application of the assay. According to specific inter-
action between enzymes and substrates, another fluorescence
biosensor was designed for matrix metalloproteinase-2
(MMP-2) determination based on the FRET process between
Cu(H,dtoa) and semiconducting polymer dots (Pdots), which
were made from conjugated polymer monomers. [43] In com-
parison with traditional organic dyes, the Pdots possessed the
high fluorescence brightness and easy surface modification.
The polypeptide chains (COOH-GHHYY GPLGVRGC-NH,)
were modified on Pdots surfaces as fluorescence probes,
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containing the specific MMP-2 substrate domain (PLGVR)
and 7t-rich motif (HHYY). With a 2D sheet structure, a large
surface area, and conjugated 7-electron system, Cu(H,dtoa)
could absorb polypeptide chains through 7t-7t staking interac-
tions and quench the fluorescence of Pdots (QE of 74.5%) via
the FRET process. The recovered fluorescence intensity re-
vealed a good linear relationship with MMP-2 concentrations
in the range of 0.1 ~2.5 pg/mL. Due to the high specificity of
the enzymatic cleavage, MMP-2 was quantificationally and
accurately determined in the complex matrix, using some
common metal ions, amino acids, and proteins as interferents.

Antibiotics

Antibiotics, as one of the most commonly used veterinary
drugs, have been widely applied in animal production and
the food industry, due to their low cost and tempting curative
effect. However, the overuse of antibiotics obtained from food
can cause accumulation in the human body, resulting in in-
creased bacterial resistance and lesions of tissues and organs.
[88] Various techniques, including high-performance liquid
chromatography (HPLC), liquid chromatography-mass spec-
trometer (LC-MS), and gas chromatography-mass spectrom-
etry (GC-MS), have been employed to determine antibiotic
contaminants. [89] They demand professional technology, ex-
pensive equipment, and involve time-consuming procedures.
The detection of antibiotic residues requires not only simple
operation means, but also trace determination technologies
with high sensitivity. Switch fluorescence biosensors based
on MOFs and nucleic acids can fulfill the above requirements
and have potential application prospects in the sensing of an-
tibiotic residues.

Recently, our group used a highly stable zirconium-
porphyrin MOF (PCN-222) as a fluorescence quencher to
develop a rapid and ultrasensitive fluorescence biosensor for
antibiotic detection [20] (Fig. 10a). PCN-222 was based on
tetrakis(4-carboxyphenyl)porphyrin (H,TCPP) ligands and
Zre clusters nodes, showing a rod-like shape and a
micrometer-scale size. Because of mt-conjugated H,TCPP li-
gands and Zr ions with a high electron-accepting ability, the
fluorescence of FAM-aptamer was quenched rapidly within
1 min at high quenching efficiency (QE >95%), which was
attributed to the combined effect of FRET and PET processes.
Also, the H,TCPP ligands can provide a stable emission fluo-
rescence signal that remained unchanged with altering target
concentrations. The detection sensitivity of this strategy was
further enhanced via combination with ratiometric fluores-
cence signals derived from FAM-aptamer and H,TCPP Ii-
gand. For example, the displayed biosensor for chloramphen-
icol (CAP) determination exhibited considerably lower detec-
tion limit of 0.08 pg/mL (three times the SD in the blank
solution) and wider detection range of 0.1~1 x 10* pg/mL.
The detection process was completed within about 26 min.

The exceptional long-term sensing stability was demonstrated
due to the strong Zr-O coordination bonds. Moreover, the
existence of interference antibiotics did not cause the fluores-
cence recovery, indicating the aptamer endowed this biosen-
sor with high specificity and negligible cross-reactivity. These
observations suggested that the detection performance was
superior to those reported for other material-based methods.
This method was successfully applied to CAP determination
in milk and shrimp samples. These spiked recoveries and
RSDs (n=3) were 89.91 ~106.15% and 4.73 ~8.51%, re-
spectively, which were in good agreement with those of the
commercial ELISA kit. Another hollow polydopamine
(PDA)-based MOF (ZIF-67) acting as a fluorescent quencher,
called metal-polydopamine framework (MPDA), was
employed for dual detection of kanamycin (KANA) and
oxyteracycline (OTC). [66] The high surface area of MPDA
was polymerization of PDA owning plentiful functional
groups, suitable for molecules determination. High sensitivity
was achieved with detection limits of 304 pmol/L for KANA
and 481 pmol/L for OTC, which were calculated by the 3o
method. Their sensitive and selective determination was also
applied to milk samples with acceptable accuracy. Given that
2D MOFs with superior properties of inherent biodegradabil-
ity and biological consistency can quench the most
fluorophores, Yang et al. recently reported Cu-TCPP-based
multicolor fluorescent aptamer nanoprobes for multiplexed
antibiotic detection. [67] The platform utilized the double stir-
ring bars assisted target replacement system with enzyme-free
signal amplification. The sensing procedure is detailed in
Fig. 10b, in which double stirring bars were decorated with
AuNPs to increase specific surface area. The surface of bar 1
was coated with a branched DNA probe (Y-DNA), which was
composed of fixed DNA (fDNA), assisted DNA (aDNA), and
captured DNA (cDNA). Bar 2 was installed by ssDNA (fuel
strand). When cDNA bound to targets, Y-DNA was
disintegrated for target recycling. The cDNA/target complex
could react with the fuel strand, and upon dsDNA formation,
the target was released to carry out following reaction cycles.
The aDNA in supernatant was also combined with a fluores-
cence signal probe (P), which was previously quenched by
Cu-TCPP. Thus, the fluorescence intensity showed a remark-
able enhancement after forming the dsDNA. The assay
displayed sensitive determination of three antibiotic residues
within 30 min, with LODs of CAP, OTC, and KANA being as
low as 1.5, 2.4, and 1 pmol/L, respectively (S/N = 3). In com-
parison with nanomaterial-based fluorescence sensors, this
universal platform for target multiple detection had higher
sensitivity due to low background signals and enzyme-free
amplification. The proposed biosensor showed a good anti-
interference capability and high selectivity because of high
affinities between targets and aptamers, although other inter-
fering antibiotics, proteins, and metal ions were in existence.
Moreover, it was preliminarily and satisfactorily applied for
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Fig. 10 Application of MOFs in food antibiotic detection. a Schematic
illustration of the fluorescent assay with PCN-222 and dye-labeled
aptamer as sensing platforms [20]. Copyright 2020, Elsevier. b
Schematic representation of a multicolor fluorescence nanoprobe plat-
form using Cu-TCPP nanosheets and double stirring bars assisted target

multicolor imaging of the aforementioned antibiotics in fish
tissue slices.

The combination of MOF-based fluorescence quenching
biosensors and enzyme-based amplification technologies can
hugely improve the sensitivity of antibiotics determination. A
FRET aptasensing platform was developed for CAP detection,
employing Cu-TCPP nanosheets for quenching the back-
ground fluorescence and circular strand-replacement DNA
polymerization (CSRP) for signal amplification. [44]. As
shown in Fig. 10c, an aptamer hairpin probe (HP), whose stem
was opened after binding to target, could bind with the primer.
In the function of polymerase, an extension reaction was trig-
gered to cause dsDNA, promoting release of the target for a
new cycle. SYBR Green I (SG) could bind with dsDNA to
generate strong fluorescence for quantification of target. The
fluorescence of the HP/SG complex and free SG was
quenched by Cu-TCPP nanosheets with QE of 85%, which
did not influence the fluorescence of the dssSDNA/SG complex
resulting in negligible background signals. The results illus-
trated that the biosensor had a wide detection range of 1 ~ 1 x
10* pg/mL with detection limit of 0.3 pg/mL (S/N=3) and
determining time of 60 min. The high selectivity for the de-
termination of CAP was well demonstrated when CAP and
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replacement for multiple antibiotics [67]. Copyright 2019, American
Chemical Society. ¢ Schematic illustration of the Cu-TCPP nanosheets

synthesis process and the detection of CAP based on CSRP target-
triggered amplification strategy [44]. Copyright 2018, Elsevier
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interfering substances were coexisted, for example, common
antibiotics and proteins. Additionally, its good accuracy was
also tested in several milk and fish samples. As such, He et al.
selected MIL-101(Cr) to quench the fluorescence of FAM-
aptamer, [39] and when it interacted with targets, DNA probes
could depart from the surface of MIL-101(Cr), allowing fluo-
rescence recovery. Then, they were hydrolyzed by RecJf exo-
nuclease, in which the release targets triggered the next cycle,
which promoted significant amplification of fluorescence sig-
nal. Furthermore, the selective and sensitive determination of
OTC was possible based on this strategy. The linearity range
was from 10 to 2 x 10> nmol/L, and detection limit was down
to 4.2 nmol/L. Other antibiotics of high concentrations had no
obvious interferences for OTC detection, whose high selectiv-
ity benefitted from the specificity of aptamers. The favorable
applicability was verified in duck certified reference material.

Heavy metal ions

Contamination of heavy metal ions is a serious global problem
due to high toxicity and non-biodegradable substances, as
well as accumulation in the food chain and ultimately the
human body. [90] Among the known toxic metals, mercury
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ions (Hg2+) are very deleterious to human health and the en-
vironment. Even at trace levels, Hg2+ ions can cause serious
brain damage, kidney failure, and nervous disorder. [91]
Therefore, the effective and sensitive detection of trace
amounts of heavy metal ions is very important for health
monitoring. Current quantitative approaches include atomic
adsorption spectroscopy (AAS), atomic fluorescence spec-
troscopy (AFS), and inductively coupled plasma-mass spec-
troscopy (ICP-MS). [92] These classic methods possess reli-
able sensing performance and high sensitivity, but require
expensive equipment and well-trained personnel, which limits
their wide application in the field of rapid assay. To overcome
these problems, MOFs and nucleic acids-based switch fluo-
rescence biosensors are increasingly developed for the deter-
mination of heavy metal ions, owing to the very simple oper-
ation process and fast signal response.

Given that both of MOFs and PDA had excellent electron
acceptors, integrating MOFs with PDA can further improve
the quenching efficiency and enhance the sensitivity of fluo-
rescence sensors. Ravikumar et al. proposed a PDA-coated
ZIF-67 (MPDA) as strong fluorescence quencher for highly
sensitive and selective determination of Hg** and Ag* ions,
which assisted through the exonuclease III (Exo III) signal
amplification strategy [68] (Fig. 11a). The fluorescent QE
toward fluorophores-labeled ssDNA was sufficient to achieve
above 96% caused by FRET and PET processes. Based on T-
Hg?>*-T and C-Ag*-C base pairs, fluorophores-labeled ssDNA
was self-hybridized to form dsDNA, which was separated
from the MPDA surface, leading to fluorescence recovery.
After the addition of Exo III, target recycling was achieved
to enhance the sensitivity of fluorescence sensors efficiently.
As shown in Fig. 11b, the detection ranges of Hg** and Ag*
were 1.3 x 10> ~2 nmol/L and 1~3 nmol/L, and detection
limits were 1.3 x 10~ nmol/L and 3.4 x 1072 nmol/L, respec-
tively (30). Figure 11c showed that there were no significant
fluorescence responses with the addition of interfering metal
ions. The good specificity derived from the high affinity of T-
Hg?*-T and C-Ag*-C mismatches for Hg** and Ag", respec-
tively. The highly sensitive determination of tap water and
river water samples was further evaluated with satisfactory
recovery results, showing the potential application of the bio-
sensor for the determination of trace amount of Hg”* and Ag™.
Recently, based on the magnetic and adsorption properties of
magnetic nanoparticles (Fe;0,4), Marieeswaran et al. designed
and synthesized a magnetic nanoscale MOF (NH,-MIL-
101(Fe)@Fe30,), which adsorbed FAM-ssDNA on the sur-
face via 7-7t stacking interactions and partly quenched its
fluorescence. [69] The introduction of Hg?* ions produced
dsDNA and further enhanced fluorescence quenching.
Uncoordinated Fe** ions on the MOF surface resulted in re-
adsorption of dsDNA, thus showing a drastic decrease in fluo-
rescence intensity with Hg>*. The biosensor’s detection limit
was 8 nmol/L (30) with good selectivity. Additionally, a 3D

gadolinium (Gd)-based coordination polymer was developed
for Hg®* ions detection, where this crystal structure displayed
the high thermal stability up to 400 °C and the water stability
in a wide pH range (pH 2 ~ 10). [93] The fluorescence inten-
sity of FAM-ssDNA was quenched up to about 91% within
15 min. The recovered fluorescence intensity depended on
Hg”* concentrations and had an excellent selective property
for Hg>* sensing.

In addition to sensing a single heavy metal, several biosen-
sors were also explored for the successive detection of Hg*
ions and other pollutants by Chen’s group. The prepared bio-
sensor was employed for successive sensing of Hg** and I,
which was composed of FAM-ssDNA and 2D MOF of
{[Cu(Dcbb)(Bpe)]-Cl}, (1, HyDcbbBr=1-(3,5-
dicarboxybenzyl)-4,4'-bipyridinium bromide, Bpe = trans-
1,2-bis(4-pyridyl)ethylene)). [94] The MOF 1 resulted in fluo-
rescence quenching through the PET process, and QE was
90.5%. The dsDNA comprising hairpin-like T-Hg**-T com-
position (dsDNA@Hg>*) was given after capturing Hg”*.
Upon further addition of ™ into the system, Hg** was extract-
ed from the dsDNA@Hg?* duplex, due to stronger Hg-I co-
ordination. The released FAM-ssDNA was resorbed to ac-
company the fluorescence quenching again. Consequently,
this switch fluorescence sensor sequentially determined
Hg** and I with high sensitivity and specificity. Their detec-
tion limits were calculated as 3.2 and 3.3 nmol/L, respectively,
which were based on the 3o/slope (o =SD for 10 blank sam-
ples). Similarly, 3D MOF of {[Cu(Cdcbp)(bipy)]-4H,O}, (1,
H;CdcbpBr = 3-carboxyl-(3,5-dicarboxybenzyl)-pyridinium
bromide; bipy = 4,4'-bipyridine) was applied to Hg** and
biothiols. [95] Subsequent introduction of biothiols further
competitively combined Hg?* from the dSSDNA @Hg** duplex
driven by the stronger affinity between Hg”* and biothiols,
thus releasing FAM-ssDNA into the next round. According
to the 3o/slope (0 =SD of five 11 blank measurements), the
detection limits of Hg?* and biothiols toward cysteine (Cys),
glutathione (GSH), and homocysteine (Hcy) were calculated
as 3.0, 14.2, 15.1, and 8.0 nmol/L, respectively. Furthermore,
the sensing mechanism was validated via experimental and
theoretical analysis. On the basis of this sensing scenario, this
group also reported a 1D MOF of [Cu(Cdcbp)(H,0),:2H,0],
for rapid sequential determination of Hg?* and
abovementioned biothiols, with detection limits of 2.3, 29.6,
19.8, and 10.2 nmol/L, respectively (3o/slope, o = SD of five
blank measurements). [96] All above methods employed the
competitive combination of Hg** and target to complete suc-
cessive detection, which simplified time-consuming operation
steps. However, the occurrence of their competitive combina-
tion was dependent on the affinity among Hg?*, target, and
MOF. Therefore, insufficient specificity toward the latter tar-
get was a bottle-neck to explore successive assays for highly
efficient sensing, which hindered the scope of practical appli-
cation. Consequently, horseradish peroxidase (HRP) was
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Fig. 11 Metal-polydopamine framework (MPDA)-based fluorescent
sensing system for the determination of Hg®* and Ag* through Exo III
signal amplification activity [68]. Copyright 2018, American Chemical
Society. a Schematic illustration of the sensing strategy. b Linear

encapsulated into ZIF-8 (HRP@ZIF-8) by a biomimetic min-
eralization approach, in which, irregular sphere structures
were obtained with average sizes of 520+2.9 nm. [97] The
HRP@ZIF-8 biocomposite significantly enhanced the toler-
ance to alkaline environments and high temperatures and also
exhibited long-term stability. Most importantly, the
biocomposite acted as fluorescence quencher and active bio-
catalyst was employed to the construction of HRP@ZIF-8/
DNA hybrids. They were successively utilized as a fluores-
cent and colorimetric biosensor, and easily achieved
successive detection of Hg?* and phenol (Fig. 12a).
Upon addition of FAM-ssDNA, the hybrid system
achieved sensitive fluorescence determination of Hg**
in concentration range of 0.22 ~2 nmol/L with a detec-
tion limit as low as 0.22 nmol/L (Fig. 12c).
Subsequently, harnessing the excellent catalytic activity
of HRP@ZIF-8 biocomposite allowed the development
of a facile and sensitive colorimetric sensor for phenol
detection, which gave a quantitative determination range
of 0.5~100 pumol/L with corresponding detection limit
down to 0.5 umol/L (Fig. 12d). As shown in Fig. 12b,
HRP@ZIF-8 biocomposite appeared much clearer and
with denser color changes than that of free HRP in
the phenol concentration range of 0~300 pmol/L.
More interestingly, this naked-eye visualization mode
yielded satisfactory specificity and sensitivity
(0.7 wmol/L). The proposed system possessed high se-
lectivity and excellent sensitivity toward Hg** (Fig. 12¢)
and phenol (Fig. 12f), respectively. This work well
broadened up the potential of MOFs for successive de-
termination of multiple pollutants.
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Other analytes

A selection of novel switch fluorescence biosensors using
MOFs and nucleic acids were developed to determine amino
acid and organic compound. A rapid and facile sensing plat-
form based on 2D Cu-MOF of [Cu(mal)(bpy)]-2H,O (mal =
DL-malic acid, bpy =4,4"-bipyridyl) was developed for the
detection of specific small-sized amino acids. [70] The Cu-
MOF could adsorb and quench fluorophore-ssDNA, follow-
ing the static quenching mechanism with QE of 91.4%.
Specific small-sized amino acids (for example glycine and
serine) owning carboxyl and amino groups had a strong coor-
dination ability, and then replaced the ligands of Cu-MOF
probably due to the strong coordination of the hydroxyl group
with Cu-MOF. This encouraged destruction of MOFs,
resulting in recovery of the fluorescence of fluorophore-
ssDNA. The results demonstrated that the concentration
ranges for glycine (Gly) and serine (Ser) determination were
0.81 ~100 pg/mL (10.8 ~ 1.3 x 10* pmol/L) and 5~ 500 pg/
mL (50 ~4.76 x 10°> umol/L), in which the detection limits
were 0.81 pg/mL (10.8 pmol/L) and 1.51 pg/mL
(14.4 umol/L), respectively (S/N = 3). Except biosensing ap-
plications in real serum samples, this strategy was also
employed for the construction of OR biomolecular logic gate
based on glycine and DNA strand as inputs, which greatly
enriched the building blocks of DNA molecular logic gate.
Another nano-sized Fe-MIL-88B-NH,-based fluorescent bio-
sensor was developed for the detection of bisphenol A (BPA).
[71] The determination range was between 5.0 x 10 '* and
2.0 x 107 mol/L, generating a detection limit of 4.1 x
10" mol/L (S/N = 3).
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Fig. 12 HRP@ZIF-8/DNA
hybrids for successive
determination of Hg>* and phenol A
[97]. Copyright 2019, American . €

e

B

FAM-ssDNA

Chemical Society. a Schematic
illustration of the biosensor. b W é

v

i SR NE RS

OpM 0.7¢M  2pM  10pM 100pM 200pM 300pM

iNwe

S\

oﬁ% 3

using HRP@ZIF-8 (1) and free ssDNA o) = 7 ) ¢
HRP (2). ¢ Fluorescence spectra o 'w —_— A OpM  0.7pM  2pM  10pM  100pM 200pM 300pM
N

of Hg”* biosensor with various
concentrations of Hg>*, and cor-
responding fluorescence intensity

dsDNA@Hg'

@ "
Phenol _ s s
Quinone imine - =

plotted against Hg** concentra- c d
tion (inset). d UV-vis absorption 350+ s g e 1.8 o _
spectra of HRP@ZIF-8 solution 3004 i:: Lt i% i} o
upon progressive adding of phe- 20 h i
nol, and calibration curve of ab- 250 s 124 Zos
sorbance at 505 nm versus phenol z 200 100 g
. . .. @ T 50 o 2 4 0
concentration (inset). e Selectivity g O T 15 20 35 30 38| £ 0.9 Fhetl cncenimtion GAD
of the Hg2+ biosensor against ‘é 150 Hg™* Concentration (nM) 2
other metals. f Selectivity of the = 1004 < 0.6 100pM
phenol biosensor against various .
analytes 50 0.31 0.5pM
0 T T r 0.0 ; ; ; ;
520 540 580 400 450 500 S50 600 650 700 750
Wavelength (nm) Wavelength (nm)
e T fos
i
4 5 B oL = 5 - ?& < g
0.4 ; ]
£ B 2 18P w
I ¢¢ ?" .
34 . K \ % ' / 4 %
g 0.3 - \ ”
o 2 %s LU/
= 27 £ 021 A
<
| " r “ [} r F ’a ’* F g
O S T F T T f T T I 7T 7T T 7 77 5% 0.0- = =
Q’@o‘z& gbz& &v, ;23‘ C;.bx‘?& V\,?x‘z& 0_‘ Q& (.’-e XQ&. Q:.o o 3 3&‘&& XQ& Phenol Ethanol DMSO DMF DCM  Hg™ Acetonitrile
& & & & e :‘&@\

Integrated MOF materials, with each material keeping its
own identity, have been also developed for the analysis of
adenosine triphosphate (ATP) and biotoxin. Considering the
favorable easy-functionalization, biocompatibility, and high
fluorescence QE, polydopamine (PDA) was usually function-
alized on the surfaces of materials. Xu et al. reported a novel
and sensitive fluorescent biosensor applying PDA-coated Zr-
MOF (PDA/UiIO-66) for ATP determination. [37] PDA/UiO-
66 nanoparticles protected FAM-aptamers adsorbed on their
surfaces from DNase I cleavage, allowing fluorescence
quenching (QE of 99.1%). After binding with ATP, the com-
plexes between FAM-aptamer and ATP were desorbed from
nanoparticles and digested by DNase I. The released ATP
could combine with other aptamer on PDA/UiO-66 to restart
a new cycle. The recovering fluorescence intensity showed a
linear relationship over a low ATP concentration range of 35
~1x10% nmol/L. Its detection limit was calculated to be
35 nmol/L at the 30 method, which was 5.7-fold higher than

200 nmol/L using the UiO-66-based method. There was only
response to ATP in this system, choosing three interfering
analogs (guanidine, cytosine, and uridine triphosphate). The
efficient and sensitive detection of ATP was realized by this
DNase I-assisted recycle amplification strategy. By
employing the universal design concept of switch fluores-
cence biosensing, a nanocomposite of Fe;04/g-C3N,/
HKUST-1 was synthesized for the determination of ochratox-
in A (OTA) in corn samples. [45] HKUST-1 was made up of
copper nodes with 1,3,5-benzenetricarboxylic acid (H;BTC)
ligands, which was a kind of classical MOF defined by the
Hong Kong University of Science and Technology. In the
nanocomposite, the introduction of Fe;04 and g-C5Ny
(graphitic-phase carbon nitride) was aimed to reduce the back-
ground of the sensors by magnet separate, and improve its
chemical stability and quenching capacity of HKUST-1, re-
spectively. The composite possessed strong adsorption ability
for FAM-aptamer and completely underwent fluorescence
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Fig. 13 Lanthanide-based MOF nanosheets for two-color intracellular
ATP imaging in living cells [100]. Copyright 2017, Springer Nature. a
Intracellular fluorescent imaging of ATP: (1) Schematic illustration of
intracellular ATP probing in living cells using dye-aptamer+MOF-Ln,

quenching by the PET mechanism. OTA concentration was in
the range of 5 ~ 160 ng/mL, and detection limit was 2.57 ng/
mL (S/N = 3) with good selectivity and repeatability.

Bioimaging of intracellular analytes
Intracellular analytes are the fundamental components of life

activities, which can provide more real-time information to
evaluate the occurrence, development, and prognosis of
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(2) Monitoring of ATP in living cells. b Confocal images of intracellular
visualization for ATP with an incubation time of 2 to 6 h (1-3) and semi-
quantification of ATP by two-color fluorescence

diseases. Therefore, it is of great significance to develop pre-
cise quantifiable and imaging methods for intracellular
analytes. The existing assays include well-established fluores-
cence spectroscopy, Raman spectroscopy, and their imaging
technologies. Raman spectroscopy contributed sensitive and
noninvasive fingerprint information for analytes. However, its
signal intensity was largely dependent on the surface plasmon
resonance (SPR)-based enhancement effect of the plasmonic
nanomaterials, such as silver and gold nanostructures. [98]
Thus, Raman-based spectroscopy possessed distinct
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Fig. 14 Quencher-delocalized emission strategy of AlEgen-based MOF
for profiling of subcellular GSH [101]. Copyright 2019, John Wiley and
Sons. a Schematic illustration of the synthesis and quencher-delocalized
emission strategy of Cu-tpMOF in living cells for profiling of GSH. b
Confocal fluorescence images of HepG2 cells treated with x-lipoic acid

challenges such as time-consuming and expensive detection.
Whereas, fluorescence spectroscopy is still a valuable tool for
the exploration of intracellular analytes, owing to their attrac-
tive advantages of sensitivity, simplicity, and signal stability.
[99] In combination with MOFs and biosensing elements,
fluorescence-based techniques display potential applications
in the bioimaging of intracellular analytes, including cellular
ATP, subcellular GSH, and cellular membrane protein.
Owing to the good biodegradable characteristics and struc-
tural tailorability of nano-scaled MOFs, a series of novel
lanthanide-based MOF (MOF-Ln) nanosheets were prepared
as fluorophore-labeled aptamer platform using the ligand of
2,2"-thiodiacetic acid (S(CH,COO),*>", TDA) [100], in which,
Ln were La, Nd, europium (Eu), Tb, and erbium (Er). This
prepared MOF-La structure was a crystalline nanosheet with
an ultrathin thickness of 2.0 nm, the size of most of that was
smaller than 500 x 500 nm. After quenching on MOF-Ln
nanosheets, the fluorescence response was associated with
the charge properties of fluorophores. Upon interacting with
target biomolecules, negatively charged fluorophores (FAM)
generated a further “turn-down” fluorescence response,
whereas the positively charged fluorophores (TAMRA)
showed a “turn-up” process. Adjustment of the molecular ra-
tio of TAMRA to FAM allowed the design of two-color
nanoprobes of fluorophore-aptamer/MOF-Ln nanosheets for
assaying ATP activity. They showed a linear range of 0.5 ~
15 nmol/L and low detection limit of 500 pmol/L. This bio-
sensor also had good selectivity toward ATP and other bio-
molecules in real samples, such as human plasma and cell
extracts. More importantly, based on the stable dispersion of
MOF-Ln in the biosystem, the biosensor was successfully
employed to monitor ATP activity in living cells. As shown

Channel 2 Bright

Ratio
(4)

High

Low

(LPA) and N-methylmaleimide (NMM) from channel 1 collected at 460
~480 nm (1, 5, 9), channel 2 collected at 600 ~620 nm (2, 6, 10), bright
field (3, 7, 11), and ratio images of Channel 2/1 (4, 8, 12) under excitation
at 405 nm

in Fig. 13a, after 4 h incubation time, the sensitive fluores-
cence color change was observed from green to red in differ-
ent cells. As seen in Fig. 13b, with the increase in incubation
time, the difference in fluorescence color was also clearly
visible in different regions of a single cell. Moreover, the
ATP concentration in living cells can be semi-determined by
calculating the ratio of TAMRA to FAM. Compared with
traditional fluorescence biosensors, this two-color sensing
platform effectively avoided interference from false-positive
observations, and veritably revealed the distribution of bio-
molecules in living cells.

In addition to the use of fluorophore-based probes for bio-
medical imaging, a quencher-delocalized emission strategy
was reported for in situ profiling of glutathione (GSH) at dif-
ferent subcellular locations in living cells [101]. The study
showed the design of non-emissive MOF nanoprobe (Cu-
tpMOF) using Cu®* as the node and quencher tetra(4-
pyridylphenyl)ethylene (TPPE) as the ligand, producing an
iconic aggregation-induced emission (AlEgen). The size of
as-synthesized Cu-tpMOF was around 100 nm, and it revealed
the good biocompatibility. As shown in Fig. 14a, the Cu’*-
induced electron transfer process could quench the fluores-
cence of the AlEgen-based Cu-tpMOF structure. The Cu**
in MOF was competed by GSH in a neutral environment
(cytoplasm) to partially delocalize Cu®*, emerging green fluo-
rescence. Then, MOF was completely dissociated to generate
yellow fluorescence under acidic environment (lysosome),
owing to binding between GSH and Cu®" as well as proton-
ation of TPPE. To simultaneously profile GSH in both cyto-
plasm and lysosomes, a two-channel fluorescence imaging
strategy was developed based on collecting green fluores-
cence (channel 1) and yellow fluorescence (channel 2). As

@ Springer
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Fig. 15 Porphyrinic Zr-MOF nanoparticles as quencher to conjugate
DNA aptamer for target-induced bioimaging and photodynamic therapy
[102]. Copyright 2019, Royal Society of Chemistry. a Schematic illus-
tration of phosphate-terminal DNA aptamer conjugation to Zr-MOF
nanoparticle quencher for target-induced imaging and photodynamic
therapy. b TEM images of synthesized Zr-MOF nanoparticles in DMF
(1) and aptamer-conjugated Zr-MOF nanoparticles (Zr-MOF-P-aptamer)

shown in Fig. 14b (1) and (2), after endocytosis, different
patterns of fluorescence intensities of Cu-tpMOF were ob-
served in both channels 1 and 2. From the ratio image of
channel 2-to-1 signals in Fig. 14b (4), the area with pseudo
red color (high channel 2-to-1 ratio) indicated GSH in acidic
environment, while the pseudo blue color (low channel 2-to-1
ratio) suggested GSH in higher pH environment. The obser-
vations demonstrated that Cu-tpMOF was distributed in the
cytoplasm and lysosome. The AlEgen-based MOF allowed
for two-channel ratiometric analysis of dual-colored emis-
sions, promoting real-time visualization of subcellular GSH
in living cells. Meanwhile, this strategy was further utilized to
survey drug effects on dynamic subcellular GSH perturbation.

Porphyrinic Zr-MOF nanoparticles as quencher to conju-
gate aptamer were developed for target-induced bioimaging

@ Springer

in water (2); (3) Stability test of Zr-MOF and Zr-MOF-P-aptamer nano-
particles in HEPES and Tris buffers, respectively. ¢ Positive (1) and
negative (2) confocal imaging of HeLa cells incubated with Zr-MOF-
aptamer-TAMRA and Zr-MOF-Library-TAMRA, respectively. d
Singlet oxygen detection right after treatment: positive (1) and negative
group (2)

and photodynamic therapy. [102] The Zr-MOF nanoparticles
were synthesized using zirconyl chloride (ZrOCl,) and the
porphyrinic organic linker of tetra(4-carboxyphenyl) porphine
(TCPP), and their size was around 110 nm. Usually, the cel-
lular uptake of the MOF nanoparticles was through endocyto-
sis, with respect to their size, shape, and surface chemistry.
[103] By conjugating nanoparticles with specific biological
recognition molecules, such as aptamers, antibodies, and pep-
tides, the nanoparticles can bind with cell-surface receptors
and enter cells through receptor-mediated endocytosis. [103,
104] Therefore, the cellular uptake into cancer cells was ef-
fectively enhanced and the target binding ability was greatly
improved. In this work, a phosphate-terminal DNA aptamer
was anchored on the surface of Zr-MOF nanoparticles by the
strong coordination between phosphate and zirconium
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(Fig. 15a). Surprisingly, this conjugation of aptamers dramat-
ically improved the biostability of Zr-MOF nanoparticles in
hydroxyethylpiperazine ethane sulfonic acid (HEPES) and
tris(hydroxymethyl)aminomethane (Tris) buffers. As shown
in Fig. 15b, aptamer-conjugated Zr-MOF nanoparticles re-
vealed much better stability after 24 h than unmodified Zr-
MOF nanoparticles, showing their potential for biomedical
applications. The selected Sgc8 aptamer can bind the target
cellular membrane protein PTK7 expressed on HeLa cells.
Given that Zr-MOF nanoparticles promoted FRET-induced
quenching of TAMRA-aptamer, target-induced imaging was
achieved upon binding with the target (Fig. 15c). Except for
biomedical imaging, porphyrinic MOF nanoparticles were ap-
plied for photodynamic therapy of cancer (Fig. 15d). Their
periodic porous structure could availably address some de-
fects of traditional photosensitizer such as poor solubility,
self-quenching, and aggregation, [105] and enhance diffusion
efficiency of cytotoxic reactive oxygen species (ROS).
Moreover, the good biocompatibility and high selectivity of
aptamer-conjugated Zr-MOF nanoparticles toward malignant
tissues also significantly enhanced photodynamic therapy,
making them promising candidates for the application of
biochemistry.

Conclusions and perspectives

Herein, we have summarized recently reported applications of
MOFs and nucleic acids-based switch fluorescent biosensors
in the in vitro detection of different types of analytes and the
bioimaging of intracellular analytes. The MOFs sensing field
has undergone continuing growth especially over the past de-
cade, showing increasing potential. Compared with other clas-
sical fluorescence quenching materials, such as activated
graphene and quantum dots, MOFs have the following out-
standing advantages in biosensors. [106—108] (1) The struc-
ture is clear, well-organized, flexible, and diverse, which is
achieved via tuning metal ions, organic ligands or reaction
conditions, various structures with different physiochemical
properties, shapes, and sizes. (2) It has high specific surface
area, porosity, and a tunable porous structure, which is bene-
ficial to interactions among materials, biomolecules, and
analytes. (3) The metal ions and organic ligands contain abun-
dant active sites that are easily functionalized, which can com-
bine different biomolecules or modify specific functional
groups to satisfy the realistic sensing requirements.
Although the switch fluorescence biosensors based on
MOFs and nucleic acids have received wide applications in
detecting field, some challenges remain. (1) Fluorescence
quenching mechanisms of MOFs have been studied in litera-
tures, but the relevant mechanism research would not be com-
prehensive and systematic, and requires further attention. (2)
The fluorescence quenching efficiency of some MOFs is

insufficient, such as UiO-66 and ZIF-8, which decreases the
detection sensitivity, and extends analysis time. The detection
performances can be improved by the combination of signal
amplification technique and other quenching materials. (3)
The MOFs in the detecting systems cannot be reused, which
reduces cost-effectiveness. The separation and reusing effects
can be obtained through the combination of MOFs with mag-
netic materials. Thus, MOFs can be integrated with other
functional materials to form composites, allowing a synergis-
tic enhancement effect of both components, which is benefi-
cial to the improvement of the material performance and can
realize the effect of 1+ 1>2. Furthermore, there are a great
variety of MOFs types and selections of its complex materials
are considerably more, thus providing composites with abun-
dant properties and functions. It can be expected that under the
joint efforts of numerous scientific researchers, the switch
fluorescence biosensing technology based on MOFs and
nucleic acids will embody broader application prospects in
the future.
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