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ARTICLE INFO ABSTRACT

Development of ultra-sensitive, high specific and cost-effective nucleic acids (NAs) biosensors is critical for early
diagnosis of cancer, genetic diseases and follows up response to treatment. Metal-organic frameworks (MOFs) as
sensing materials underwent significant development in recent years due to their unique merits, such as
structural diversity, tunable pore scale, large surface area, remarkable adsorption affinities, and good thermal
stability. MOFs have shown potential contribution in nucleic acids biosensors research. Herein, a comprehensive
overview on NAs biosensors state of the art based on MOFs has been discussed extensively, including different
MOFs platforms sensing strategies (fluorescence, electrochemistry, electrochemiluminescence, and colorimetric
techniques), their analytical performance and figures of merit in clinical diagnostics, with the future perspective
in introducing MOFs in clinical laboratory diagnostics. Moreover, the different MOFs synthesis methods have
been highlighted to serve as a guide for the researchers in selecting the appropriate platform that suits their

Keywords:

Nucleic acids
Metal-organic frameworks
Biosensors

MOFs synthesis

Clinical applications

research needs, and applications.

1. Introduction

Effective disease management and patient safety are the main goals
of healthcare strategy. The two main pillars of medicine including now
also personalized medicine are the clinical laboratory testing and
hence, the selection of the optimum therapy (Getachew et al., 2019).
Successful patient management and treatment in many clinical dis-
orders including cancer and various infectious diseases are based
nowadays on the detection and quantification of nucleic acids (NAs) of
different nature's “such as deoxyribonucleic acid (DNA), ribonucleic
acid (RNA), and microRNA (miRNA)” that are obtained from different
sources such as whole blood, serum, plasma, and cells (Asha et al.,
2019). Consequently, clinical laboratory medicine strives for the de-
velopment of NAs biosensors that meet the rigorous demands of clinical
laboratories including high sensitivity and specificity, with low cost,
and short turnaround times (Hou et al., 2019).

NAs screening and quantification (sensing) are currently the cor-
nerstones of prognosis and diagnosis of a multitude of clinical disorders
diseases (Driscoll, 2007). Hence, a NAs biosensor could be defined as a
device with biological NAs sensing elements connected to/or integrated
within a transducer (Haupt and Mosbach, 2000; Kirsch et al., 2015;
Mehrotra, 2016; Turner, 2013). Up-to-date there are several nano-
structured materials that have been used as a novel emerging tools for
designing NAs biosensors, such as carbon nanotubes (Yang et al.,
2015a,b,c), quantum dots (QDs) (Martynenko et al., 2017), silica na-
noparticles (Korzeniowska et al., 2013), gold nanoparticles (Shawky
et al., 2010), and metal-organic frameworks (MOFs) (Zhou et al., 2018).
In addition to, hybrid of different materials which enhance the behave
of the biosensors (Carrasco, 2018; Chen et al., 2018; Liu et al., 2016;
Shuai et al., 2017; Shuai et al., 2016a,b). MOFs, are prepared through
self-assembly of metal ions and bridging organic ligands (Sheta et al.,
2019a,b). MOFs have been explored extensively as sensors for the
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Scheme 1. Different synthetic methodologies of MOFs.
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Fig. 1. A schematic (not to scale) illustrating fluorescence-enhanced nucleic
acid detection using ZIF-8 NPs as a sensing platform (Reprinted with permission
from ref. (Liu et al., 2012). Copyright 2012, Wiley).

detection of various analytes such as aromatic compounds (Takashima
et al., 2011), oxygen (An et al., 2011; Xie et al., 2010), explosive che-
micals (Lan et al., 2009; Pramanik et al., 2011), and amines (Qiu et al.,
2008; Zou et al., 2009). Also have been successfully exploited in NAs
detection such as DNA (Liu et al., 2012), RNA (Yang et al., 2015a,b,c),
and miRNA (Wu et al., 2015).

Recently, among different nanomaterials, MOFs have received an
increasing curiosity as NAs biosensors. Compared with other sensors
(such as graphene, graphene Oxide, gold nanoparticles, and quantum
dots), MOF-based NAs biosensors possess some potential advantages for
biosensing: (1) MOFs’ ligands usually contain a conjugated s-electron
system that allows tight binding with the capture probe molecules via
st-;t stacking (Zhang et al., 2018); (2) MOFs providing a high loading
capacity for the probe and resistance against probe degradation (He

et al., 2014); (3) high surface area; (4) flexible porosity; (5) ease of
organic functionality; (6) open metal sites in the skeleton that provides
remarkable quenching properties and therefore enhance the detection
sensitivity (Cheong and Moh, 2018; Ferey, 2008; Liu and Lu, 2007;
Sheta et al., 2018); (7) MOFs are tailorable materials, because its
properties can be adjusted just by changing the ratio of metal ions to
ligands or other conditions; (8) good stability in different harsh en-
vironments (organic, aqueous, high temperatures, extreme pH condi-
tions, etc.); (9) lower fabrication cost than bio-receptors; (10) the
massive number of metal ions and organic linkers available have led to
an unlimited number of new MOFs with designable and tailorable
properties (Carrasco, 2018); (11) simple and easily one-pot synthesis
(Dybtsev et al., 2004; Rubio-martinez et al., 2017; Wang et al., 2018; Xu
and Kitagawa, 2018; Yuan et al., 2018), that could also post-synthesis
modification, that enhances the specificity of molecular detection
(Horcajada et al., 2012; Lei et al., 2014).

On the other hand, there are many disadvantages in using MOFs in
NAs biosensors as lack of reusability in some cases; the low water sta-
bility of some types of MOFs that leads to the breakdown of the fra-
mework during the process of reusing; some types of MOFs aren't bio-
compatible; toxicity data of MOFs aren't sufficient, so the toxicity
results dealing with MOFs are very scarce; sometimes, luminescent
switch sensors (fluorescence) for the detection of NAs based on MOFs,
have a low specificity due to “the unexpected targets may quench the
fluorescence and result in false readings”; in some cases MOFs have a
poor electrical conductivity that is a drawback in the designing of EC
biosensors for NAs detection; there is no large-scale production of dif-
ferent types of MOFs which is the bottleneck for the development in
practical applications.

MOFs synthesis is achieved through different methods, such as slow
evaporation (Halper et al., 2006), solvothermal (Yaghi, 1997),
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Fig. 2. The principle of simultaneous detection of T1 and T2. (Reprinted with permission from ref. (Ye et al., 2014). Copyright 2014, Royal Society of Chemistry).
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Fig. 3. Mechanism for the ds-DNA fluorescent biosensor based on MOF. (Reprinted with permission from ref. (Chen et al., 2013). Copyright 2013, Royal Society of

Chemistry).

MPC dsDNA

Fig. 4. Schematic illustration of MPC as a sensing platform for DNA fluorescent
detection. (Reprinted with permission from ref. (Tan et al., 2016). Copyright
2016, Elsevier).

electrochemistry (Mueller et al., 2011), hydrothermal (Crane et al.,
2015), microwave (Jhung et al., 2005), sonochemical (Kim et al.,
2011), mechanochemistry (Garay et al., 2007), spray dryer (Imaz et al.,
2013), flow cytometry (Rubio-martinez et al., 2016), and others (Rubio-
martinez et al., 2017). Some synthetic techniques of MOFs gradually
emerged, such as microwave-ultrasound-assisted synthesis method (Jia
et al., 2013), ionic liquid microemulsions (Zheng et al., 2017), con-
tinuous flow production (Rubio-martinez et al., 2014), surfactant-
mediated hydrothermal syntheses (Yuan et al., 2011), and modulator-
assisted synthesis method (Pham et al., 2011). Nanotechnology is a
rapidly evolving field, whose integration in MOFs preparation leads to a
positive impact on the synthesis and detection methods used for nucleic
acids biosensors (Yuan et al., 2018). The design of NAs biosensors based
on MOF is highly dependent on the detection method such as fluores-
cence (FL), electrochemistry (EC), electrochemiluminescence (ECL) and
colorimetry.
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Fig. 5. (A) Synthesis of FeTCPP@MOF-SA composite and (B) Electrochemical
DNA sensing via allosteric switch of hairpin DNA. (Reprinted with permission
from ref. (Ling et al., 2015b). Copyright 2015,American chemical society).

This review will discuss the nucleic acids biosensors development
based on the popular MOFs fluorescent, electrical, and colorimetric
techniques. Additionally, we will highlight the challenges and the fu-
ture prospects of introducing NAs biosensors based on MOFs in clinical
diagnostics. To the best our knowledge, this is the first report to discuss
a broad perspective of DNA, RNA, and miRNA sensing starting from
MOFs synthesis to the various clinical applications.

e Labeled

> ing =——>
ssDNA sensing _—
of all mentioned DNA sensing techniques.

17and 18

2. Synthetic methodologies of MOFs

The MOFs synthesis methodologies are affecting by different factors
and many experimental parameters based on the final properties and
MOFs structures. As example, the presence of additives like modulator
is added to adjust the particle size, pores and consequently the struc-
ture, type of linkers and organic ligand, and the type of metal, etc. (Dey
and Kundu, 2014a, 2014b; Karina et al., 2017; Stock and Biswas, 2012).
In addition, the type of the solvent or mixture of solvents is very im-
portant to overcome the different solubility of the starting materials and
also to control the activation energy (Seetharaj et al., 2019). The main
MOFs synthesis methodologies used through this review shown in
Scheme 1. These methods are slow evaporation (Halper et al., 2006;
Tranchemontagne et al., 2008; Yoo et al., 2011), solvothermal/hydro-
thermal (Butova et al., 2016; Crane et al., 2015; Dey and Kundu, 2014b;
Mckinstry et al., 2016; Pachfule et al., 2011), microwave (Hindelang
et al., 2012; Klinowski and Paz, 2011; Liang and Alessandro, 2013;
Liang et al., 2013; Seo et al., 2009), and sonochemical method (Carson
et al., 2011; Dharmarathna et al., 2012) depending on the main para-
meters such as energy, time, and quality of the MOF synthetic meth-
odologies.

Generally, the synthesized MOFs can be characterized using dif-
ferent analytical techniques and equipment's such as single crystal X-
ray spectroscopy, 1H—NMR, 13C—NMR, mass spectrometry, elemental
analysis, Fourier transform-infrared (FT-IR), UV-vis, X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), field emission scanning
electron microscopy (FE-SEM) combined with element mapping by
spatially resolved energy-dispersive X-ray spectroscopy (EDX), high-
resolution transmission electron microscope (HR-TEM), thermo-gravi-
metric analysis (TGA), etc. (Howarth et al., 2017; Lucier et al., 2018).

3. DNA sensing based on MOFs

MOFs based DNA biosensors are mainly carried out via fluores-
cence, electrochemistry and/or colorimetric techniques will be
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discussed in details in this section.

3.1. Fluorescence technique

(Liu et al., 2012) are the first who exploited the MOFs chemical and
physical properties in DNA sensing. A subclass of MOFs called zimi-
dazolate framework-8 nanoparticles (ZIFNPs), have been synthesized,

Schematic representation of the electrochemical DNA sensor. (Reprinted with per-

and used for the detection of human immunodeficiency virus-single
strand DNA (HIV-ssDNA) based on fluorescence quenching phenom-
enon. FAM-labeled ssDNA probe specific to the HIV-ssDNA exhibits
high fluorescence in the absence of ZIFNPs. However, when binds with
the ZIFNPs by electrostatic and m—rt interactions fluorescence
quenching occurs. By the addition of the HIV-ssDNA target, hy-
bridization of the FAM-labeled probe with target occurs leading to its
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Fig. 8. Proposed mechanism for the detection of target SUDV RNA sequences based on a fluorescent biosensor formed from compound 1 and fluorophore-labeled
probe DNA. (Reprinted with permission from ref. (Yang et al., 2015a,b,c). Copyright 2015, American chemical society).

syntheses of different MOFs that functionalized with different groups
have been reported. The addition of amino groups to the UiO-66 plat-
form enhanced the hybridization between the target and the FAM-la-
beled probe with selectivity up to one base pair mismatch recognizing
due to the recovery of the fluorescence up to 70%. This design was
utilized in HIV-ssDNA detection (Zhang et al., 2014). Moreover, surface
functionalization of iron-MOF, MIL-88A (Mejia-ariza et al., 2017), has
been utilized for DNA detection, quantification, and distinguishing
single-base mismatched. In this strategy, biotin-labeled peptide nucleic
acid (PNA) specific to the DNA target has interacted with streptavidin-
coated MIL-88A MOF particles through the firm biotin-streptavidin
link. The target-PNA hybridization has been confirmed by confocal
microscopy and flow cytometry and shown high specificity and sensi-
tivity.

To amplify the fluorescence signal obviously, hybridization chain
reaction (HCR) strategy has been compiled with MOFs as a highly
sensitive, specific and rapid NAs biosensor (Song, 2017). It is based on
two hairpin DNA probes each of which is modified with TAMRA
fluorophore. With the mixing of probes with Mn-MOF nanosheets, the
two probes are adsorbed on its surface and their fluorescence is ob-
viously quenched. Upon the target ssDNA addition, the two probes
hairpin structures are opened due to their complementary with the
target DNA, and the HCR is initiated between the two probes, and the
latter are sequentially open to assemble into a long double strand DNA
(dsDNA) with collected fluorophores. The fluorescence detected is an
indication of the target concentration over the range from 1 to 200 pM
with a LOD equals 0.2 pM. The whole reaction takes only 5 min.
However, it wasn't tested for cross-reactivity and wasn't applied to real
human samples or even spiked serum samples.

Molecular beacons (MBs) are probes with a stem-looped structure
with a fluorescent dye and a quencher that are attached to their 5 and 3
ends, respectively leading to the dye quenching due to their close
proximity on the probe. Upon binding with the target nucleic acid, the
MB hairpin structure opens and hybridize with the target restoring the
dye fluorescence, indicating the target presence. MBs are highly sensi-
tive and specific up to discriminating one base mismatch and are the
probe of choice in multiplexing detection (Kim et al., 2008). In an in-
teresting study (Ye et al., 2014), MBs probes specific to HIV and HBV
have been compiled with MOF, Cu(H,dtoa), onto which the probes are
adsorbed on the MOF surface. The adsorption is accompanied by
fluorescence quenching which is recovered with the target addition as
shown in Fig. 2. In this study, the authors have utilized the known
characteristics of the MBs probes in specific detection of the nucleic
acids, with the intrinsic properties of the MOFs as quenchers. De-
pending on this method, HIV and HBV can be detected up to 0.22 nM
and 0.87 nM, respectively. Moreover, this platform is considered to be
the first MOF based multiplexing NAs detection.

A similar strategy was pursued in the simultaneous detection of the
Influenza A virus subtype H5N1 gene (T1) and subtype HIN1 gene (T2)
(Zhao et al., 2015a,b). This method used a bottom-up method, a sur-
factant-assisted synthetic method, to produce uniform ultrathin 2D Cu-

MOF nanosheets and polyvinylpyrrolidone (PVP) was used as a sur-
factant during the preparation. This 2D structure has enhanced the LOD
up to 20 pM. The main drawback of this method and all the above
methods is the cumbersome pretreatment processes required for target-
ssDNA preparation prior to use.

On the other hand, MOF-Cu(H,dtoa) has been developed as a sen-
sitive and simple biosensor for double-stranded DNA (dsDNA) detection
(Chen et al., 2013). The method is based on free triplex-forming oli-
gonucleotide (TFO) probe labeled with FAM at 5’ end. It is quenched by
the above mentioned MOF through stacking m-electron systems of the
bridging ligand dithiooxamide and the metal center Cu®* that results in
photoinduced electron transfer (PET) process and FAM fluorescence
quenched in sample with a synthetic target of HIV-dsDNA was added to
Cu(H.dtoa)/TFO, so the FAM fluorescence was maintained due to the
formation of triplex form through hoogsteen or reverse hoogsteen hy-
drogen bonding between the TFO probe and the double strands of HIV.
Then, a relationship between the HIV-dsDNA concentration and the
intensity of the fluorescence recovery was studied for quantitative
measurement. This method is sensitive over the linear range of
4-200 nM with a LOD of 1.3nM (Fig. 3). However, it takes a long de-
tection time, 3h. A water-stable Cu-MOF, which has a distinct response
to ss and ds DNA has been used as quenching substrate for the detection
of HIV-1 dsDNA with LOD of 196 pM and one base pair mismatch
distinguishing and is shown no cross-reactivity with Sudan virus RNA
(Yang et al., 2015a,b,c). However, it takes a long detection time and
wasn't tested for clinical samples as shown in Table 1.

In a comparison study of the MOF structure dimensions (Zhao et al.,
20164a,b,c), three different polymorphic compounds were synthesized;
the first was a 1D chain, while the second was 2D layer and the third
was first/second co-crystal Cu-MOF structure and the three structures
were tested as FAM quenchers. It was shown that 2D Cu-MOF (the
network structure of the second compound) is more effective in HIV-
dsDNA (LOD 1.42nM) as the 2D layer has a higher exposure surface
with functional groups to form interactions with probe ss-DNA and so
better hybridization with the target, reflected in enhancing the sensi-
tivity. Moreover, the effectiveness of the 2D MOF as DNA biosensors
over the 1D and 3D structures has been confirmed in a study used 2D
Zn-MOF that reached 10 pM in HIV dsDNA (Zhao et al., 2016a,b,c). The
main drawback of this method is that it wasn't tested on real clinical
samples or spiked serum samples.

In addition to pure MOFs, nanohybrids have also been used in de-
signing DNA biosensors. Iron-MOFs (MIL-88A) was used as a precursor
for the synthesis of magnetic porous carbon (MPC) nanocomposite, via
a one-pot thermolysis method (Tan et al., 2016). The prepared MPC has
provided a sensitivity for DNA detection up to 1 nM, as shown in Fig. 4.
It was successfully applied to spiked fetal bovine serum (FBS) samples.
However, this method takes 30 min as the detection time.

Also, a highly sensitive, selective, rapid, and cost-effective biosensor
was developed based on nanohybrid (Huang et al., 2018). MO-
F@AUNP@GO nanohybrid has been synthesized and compared with
MOF@GO and MOF@AuNP in detecting p53 gene and BRCA1 genes as
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BRR ~ _§ cancer biomarkers. The results of the comparison showed that the hy-
88382 ZZa g brid of MOF@AUNP@GO is more effective than others, and is sensitive
chch: ° coC E in detecting p53 and BRCA1 genes with LODs of 5 pM and 1 pM, re-
IR IR ;U' w T W o spectively. This assay was successfully applied to spiked serum samples.
[ v O o A R
o :"=.O %c %0 S0 uwv B Table 1 represents all MOFs based DNA fluorescent biosensors
= oo aalals ] mentioned in this review and summarized as well in Scheme 2. Through
g g
o > the Table, it is deduced that all biosensors haven't been applied to real
3] s PP
‘E _§ human clinical samples. Also, methods number 11 and 14 were tested
3 b only on spiked serum samples. While all the other methods were tested
=z < y
8 ; only on the synthetic target. Also, all methods, except methods 11, 14
é Dl u and 18, weren't tested for cross-reactivity. As mentioned above, dsDNA
] detection is better than ssDNA detection, due to the complicated pre-
o' 2 p. P
2z g = treatment processes to prepare the target-ssDNA prior to use. However,
£ 32 p prep: g p
B ;% Y dsDNA sensing requires a long detection time, up to 180 min. In addi-
3 © : tion, 2D MOF structure has better performance than 3D, because the 2D
2 3 k3 = structure has a larger surface area subjected to the target that means
3 2 ] g 8 ) 8
© S8 SN better hybridization and so, better sensitivity and each method has its
N y y
_ g 8 merits and demerits.
= 25 To the best of our knowledge, there isn't an optimum technique for
& R z o g P q
8 N ocaaSo | 158 designing new DNA biosensors. Moreover, the best method varies ac-
— N O MO N =
~ R R N Y cording to your target, for example, if you design a new DNA biosensor
=V gtoy g p y g
2o for simultaneous detection, so the methods number 4, 8, 10, 12, and 18
x ) » O > >
- 55
= S cooofo —% E are remarkable for future planning researches. While, if you develop an
e R TR S A ultrasensitive biosensor, methods number 10 and 18 are significant.
=) - oo -0 o T oy
. 3
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2 o e 3.2. Electrochemical technique
£ HH o ,E’ 2
= =) a
a BRESRaz a : Electrochemical sensor one of the common detection methods for
X = DNA, and it has been attracted more attention due to its high sensi-
™M M g0 g
PR o ’% g tivity, rapid response, simplicity, and portability (Chidambaram and
N nH o LW Stylianou, 2018; Fan et al., 2003; Farjami et al., 2011; Xiao et al.,
s & o o z 5 y J
& eRBEEES R H = 2007). The immobilization method of the probe onto the modified
&g electrode surface plays an important role in the overall performance of
= T the NAs biosensors (Marrazza et al., 1999; Wang, 2000). Most of MOFs
=1 E 17) 8
3 feacaca ;w = based electrochemical NAs biosensors consist mainly of two units,
@ M N MM ®n . 8 capture unit (modified electrode) and signal unit (signal probe). MOF
£ p g gnal p
- - 5 o usually represents the signal unit due to its mimetic catalysis properties
£ _ % ﬁﬁﬁﬁﬁ 9 'é that magnify the electrochemical signal. Most types of MOFs have a low
s ESEEEEE = I electrical conductivity that is the barrier for broad using of pure MOFs
gotp
- |E2EEEEE |€: Y
Z 5 E SS5ES55S g a in electrochemical NAs biosensors. Therefore, MOF composites are
=] © O O O © . . ..
e 888 TT 2 g usually used in EC biosensors to solve the conductivity problem.
& e E ke The nanocomposite of porphyrin-encapsulated MOF, FeTCPP@
o = p porphy. p
~ § 2 HKUST-1, treated with streptavidin (SA) was used as a signal unit or a
2 PR signal probe to prepare a highly sensitive EC DNA biosensor (Ling et al.,
i;’ = “;::? _§ 2015b). The prepared nanocomposite is a good electrochemical in-
=] % Q= : 8 dicator for signal readout due to its ability to catalyze the oxidation
§ < E g ; e reaction of o-phenylenediamine (0-PD) with H0,. The capture probe,
3 23533232 59 hairpin DNA, immobilized on the glassy carbon electrode (GCE), con-
@ Tsxfoog S p glassy
] 2T >SS T 5 sidered as the capture unit. With introducing the target ssDNA, the
g E I p g g
2 £ 8% g g£egg &% hairpin probe DNA was unfolded and subsequently, a free SA-aptamer
B SEZERRR < 9 was formed. With the signal unit addition, the free aptamer interacts
p
2 TS0Y B L2 &
g § TET TLT £ g with the streptavidin, and bring FeTCPP@MOF-SA to the electrode
G o0 = . . .
g T2225588 : e surface. Then, the generated signals are enhanced as shown in Fig. 5.
B 5353955 | gw 8 8
@ g 222238383 ) These electrochemical signals were measured by cyclic voltammetry
8| = 53838333 <z (CV) and differential pulse voltammetry (DPV) techniques. In this
z 5y P v
1) - n:i assay, the LOD was 0.48fM. This method could remarkably dis-
;% E -8 criminate target DNA even from single-base mismatched oligonucleo-
= © S 28 tide and good feasibility in complex spiked serum matrixes.
5] NN R g8 8 y p P
2 SSS8g=¢2 g T Another porous coordination network (PCN) composite of zirco-
£ 999598 = U
3| & 2222283 =R nium-porphyrin MOF (PCN-222), treated with streptavidin (SA) was
= Z2zzR2 Z 5 <= Yy \
= § o Emg i g used as a signal probe to prepare a highly sensitive and selective EC
<| 3 oL Es B ] gnal p prep: ghly
E 2 £8582% E g ; —2 biosensor (Ling et al., 2015a). PCN-222 composite has the ability to
vl neeEAaNa N 3 electrocatalyse O, reduction and this property was exploited to greatly
o 8| . > enhance the electrochemical signal readout. The capture unit can be
02| £ z 2
25 g ] q o = E represented by the probe, biotin-labeled triple-helix, immobilized on
S « the GCE. On the addition of the target ssDNA, the assistant DNA in



D.I. Osman, et al.

Queni:hed
fluorescence

NS NS \_ Dye-labeled Peptide

g Nucleic Acid (PNA)
’ s_:,,a.‘
&0
7 ": ¥ NMOF

BT RV Target miRNA

Biosensors and Bioelectronics 141 (2019) 111451

Cytoplasm

NN

ANXAAX A

r A

Recovered ’
fluorescence

K.
W3 3
W ie
&

Fig. 9. The PANMOF- based miRNA sensing mechanism. (Reprinted with permission from ref (Wu et al., 2015).. Copyright 2015, Royal society of chemistry).

triple-helix will hybridize with target DNA. This leads to the activation
of the end biotin for caching the signal nanoprobe, PCN-222@SA, via a
streptavidin-biotin link, and thus, the signal probe is attached with the
electrode surface (Fig. 6). Integrating with DNA recycling amplification
of exonuclease III, a LOD reached up to 0.29 fM. Moreover, this method
approved high specificity when successfully applied to detect DNA in
complex spiked serum samples.

A similar strategy has pursued the detection of FGFR-3 mutation
gene, a useful biomarker for early non-invasive prenatal diagnosis
(NIPD) of achondroplasia (Yu et al., 2016). In this biosensor, the signal
unit is represented by a composite of Fe-MIL-88, hemin, PtNPs, signal
probe (SP) and bovine serum albumin (BSA). While the capture unit is
represented by GCE modified by reduced graphene oxide-tetra-
ethylenepentamine (rGO-TEPA), gold nanoparticles (AuNPs), strepta-
vidin and biotin-modified ssDNA probe. The addition of the target
ssDNA is sensed by hybridization with the capture probe. With the
addition of hydrogen peroxide and the prepared signal unit to the so-
lution, an intrinsic increase of the electrical signal is observed due to
hemin-MOFs/PtNPs nanomaterial has a unique ability to catalyze H>O,
reduction as well as excellent conductivity. Also, in the same study,
gold nanoparticles were tested as an alternative to PtNPs. But the re-
sults showed that using of PtNPs is highly effective than AuNPs. Based
on using PtNPs, the sensitivity of FGFR-3 detection can reach to
0.033fM (S/N = 3) with a linear range from 0.1 fM to 1 nM. This bio-
sensor has shown successful detection of the gene mutation in complex
spiked samples.

Usually, hypertension therapies targeting the adrenoceptor beta-1
(ADRB1) gene and may cause gene mutation. A highly sensitive elec-
trochemical biosensor was designed to detect ADRB1 gene mutation
(Yuan et al., 2017). Otherwise, the above mentioned electrochemical
biosensors consist of only one unit that is working as the capture and
signal unit. GCE was modified with a nanocomposite of Fe-MIL-88-NH,,
hemin, Pt NPs, and Cu(lIl) ions (Fig. 7). Then H>O, was added to the
solution. The H,0, reduction was catalyzed rapidly by Pt/hemin@Fe-
MIL-88NH,/Cu?*. The addition and immobilization of the probe on the
electrode have a slight effect on the electrocatalytic reduction activity
of the composite. With the introduction of the target ssDNA and hy-
bridization, the electrocatalytic activity sharply decrease. The target
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ADRB1 gene concentration is directly proportional to the decrease in
the signals, and so can be detected up to 0.21 fM (S/N = 3). The pre-
pared assay has displayed a successful detection of ADRB1 gene mu-
tation in complex spiked serum samples.

To the best of our knowledge, all MOF based electrochemical DNA
biosensors are reported in Table 2. As shown in this table, all methods
are highly sensitive and selective to single base mismatched DNA and
were tested on spiked serum samples. However, it has been tested
neither on real clinical samples nor for cross-reactivity. Moreover, all
methods are time-consuming (2-4h). Regarding the LOD, method
number 3 is the highest sensitive, but it takes the longest detection time
4 h. Based on the reported data the method number 4 is the most ef-
fective method because it has a good LOD and is based on using only
one unit that working as the capture and signal unit.

3.3. Colorimetric technique

It can be used to design simple, rapid, and cost-effective DNA bio-
sensor. A sensitive colorimetric biosensor was designed for HIV-ssDNA
detection, based on a composite of Fe-MIL-88, and AuNPs (Liu et al.,
2014). This composite catalyses the oxidation reaction of 3,3’,5,5'-tet-
ramethylbenzidine (TMB) with H,0,, and the solution color becomes
blue. On the addition of the probe-ssDNA to the solution, it is adsorbed
on the surface of Au@Fe-MIL-88 through the - v stacking interactions
and this is accompanied by a sharp decrease in the catalytic activity of
the composite, the blue color solution changed to green. In the presence
of the target HIV-ssDNA, the target hybridizes with the probe and re-
lease it away from the composite surface and that is accompanied by
the recovery of the catalytic activity of the composite, the green color of
the solution changed to blue. The target HIV-ssDNA can't be detected
lower than 11.4nM, which isn't a good detection limit compared to
other methods.

4. RNA sensing based on MOFs

Ebolaviruses, including Ebola virus and Sudan virus (SUDV), are
non-segmented negative-sense RNA viruses that cause hemorrhagic
fevers in humans and animals (Basler, 2015). Thus, early diagnosis of
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5 RRRRKRKR these viruses is highly needed for infection/s control and management.
g g % g g g o Now, the development of a sensitive, specific, and cost-effective RNA
4 EEEEES detection method is critical for the diagnosis of viruses' diseases. In this
) g BT BTT section, RNA sensing based on MOFs using fluorescence technique will
;"2 § -é ‘5 '5 'cEy g« § be discussed, as the only technique used.
A highly sensitive and cost-effective RNA biosensor was designed to
3 detect Sudan virus RNA sequences based on a water-stable three-di-
g mensional (3D) Cu-MOF (Yang et al., 2015a,b,c). The ssDNA probe was
‘f immobilized on the MOF surface via n-rt stacking, hydrogen bonding,
g and electrostatic interactions, and so the fluorescence is quenched
5 L (Fig. 8). The addition of the target RNA results in hybridization with the
probe and that is accompanied by release of the FAM dye from the MOF
> surface and recovery of the fluorescence. This assay provided a high
Z LOD up to 73 pM. The prepared biosensor was tested for cross-reactivity
§ with HIV-DNA, and there wasn't any cross-reactivity.
P T TTEET A similar strategy was pursued for designing another SUDV RNA
5 g 88888 biosensor (Yang et al., 2017). La-MOFs provides good luminescence due
to f-f transitions (Zhao et al., 2015a,b). Two water-stable La-MOFs were
g oo o™ synthesized; first with 3D structure and the second with 2D structure.
& H o4 : HoH Both can absorb the FAM-tagged probe DNA (P-DNA) and quench the
§ S S Jg % 5 2 FAM fluorescence via photoinduced electron transfer (PET) (Atchison
et al., 2015; Daly et al., 2015; Zhang et al., 2010). The addition of the
- target SUDV RNA to the P-DNA@1 or P-DNA@2 system results in a
S ° i stable DNA@RNA duplex. The formation of the duplex takes the P-DNA
c! 3 g88eg g away from the surfaces of MOFs 1 and 2, accompanied by the fluor-
a s DL 3 escence recovery. The target, SUDV RNA, can be detected over the
range from O to 50 nM with a LOD of 112 pM with a RSD of 1.2% and
- E; E E E E 67 pM with a RSD of 1.1%, respectively. The reported results refer to
DA H S MOF with 2D structure is more effective than 3D, in RNA detection.
8 S azmagl This performance can be explained due to the surface area exposed to
probe immobilization and so target hybridization, in 2D is higher than
0 ~ 3D.
% E g :,I ltl g +I ; Infection caused by Ebola virus is an acute, and so the early diag-
nosis of Ebola virus nucleic acid is urgent for infection control. RNA
N biosensor was developed for detection of Ebola virus RNA, which is
g based on 3D dysprosium MOF (Qin et al., 2016) that has the ability to
£ a quench the labeled FAM probe through electrostatic, n-stacking and/or
@ Tommom TS hydrogen bonding interactions and hence the fluorescence intensity
e recovered by about 65% after the addition of Ebola virus RNA se-
Té’ é E g % é g quences, and this method reported a high LOD up to 160 pM.
3 _;E £2228%8 Dengue virus (DENV) and Zika virus (ZIKV) are two of the acute
g E -§ ‘§, —§ -§ -§ —§ diseases that are seriously affecting many countries (Boeuf et al., 2016),
& 4 EEIEIE and pose large threat to human's health for their high morbidity and
mortality rate, so early diagnosis is essential especially in the infections
S < outbreaks for controlling the infection.
% PZE RNA biosensor was developed for Dengue and Zika virus RNA de-
< _S tection, based on Cu-MOF (Xie et al., 2018). It also has the ability to
g 2 quench the fluorescent labeled specific probe/s and upon the addition
gl 3 £ of the target, the fluorescence restored. This assay displayed a sensitive
u% S § § § § 5 S DENV and ZIKV detection up to 332 and 192 pM with the single de-
2 §o SEEEE E tection method, while 184 and 121 pM can be reached with the syn-
: < w B285588 |8 chronous fluorescence detection method, respectively. There was no
] % E FER3 E’NE g cross-interaction between the two probes for synchronous detection.
B 3] S X3RN EE g The good performance of synchronous fluorescence technique is at-
8 % ;, g g g Cg g G\N S tributed to the Raleigh light scattering wasn't interfere with the fluor-
g < & 88853 E % escence signal.
§ | Table 3 shows the four methods that have high specificity to single
;g S o § base mismatched RNA, in addition to methods number 1 and 4 were
= ;2 SSSEngn < tested for cross-reactivity while others not. However, all methods
8 g EaSSS8S8 | weren't tested on real human samples or even on spiked serum samples.
5 g Foes8daa | & There isn't an optimum method, but regarding the detection time,
= § 'Qé 'Dé Pé 'Qé 'Qé 'Dé Fé 'Qé = method number 4 is the best; however, it has a moderate sensitivity.
§ E Accordingly, we considered method number 2 is the most effective one
: _‘-: = g as it provides a good detection time with the highest sensitivity, 67 pM.
== 2 g =
g g SZ | = ~ ™ ;
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Fig. 10. Illustration of the electrochemical bio-
sensor. (A) The preparation process of AuUNPS@N-G
(B) Fe-MIL-88NH, MOFs, (C) PdNPs@Fe-MOFs/
SA/SPs bioconjugates (D) The fabrication process
of the biosensor and the target-catalyzed hairpin
assembly for target recycle. (Reprinted with per-
mission from ref. (Li et al., 2017). Copyright 2017,
Elsevier).
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Fig. 11. Schematic illustration of the fabrication of the biosensor: (A) Preparation procedure of S1-AuNPs@Cu-MOFs; (B) The detection principle for glucose and the
strategy of signal amplification. (C) Structure of H1, target, and H2. (Reprinted with permission from ref. (Wang et al., 2017). Copyright 2017, Elsevier).
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Fig. 12. (a) Schematic representation for detection of miRNA-155 and the strategy of signal amplification (GCE: glassy carbon electrode; Au NPs: Au nanoparticles;
H1: capture hairpin probe; MCH: 6-mercapto-1- hexanol; H2: hairpin DNA; I- RuMOFs: tris(bipyridine)ruthenium(II) functionalized metal organic framework ma-
terials modified by DNA strand-I); (b) Structure of H1, target and H2 (base pairing com- plementary parts: 1-1’,2-2",3-3’, 4-4). (Reprinted with permission from ref.

(Jian et al., 2018). Copyright 2018, Springer).

5. miRNA sensing based on MOFs

MicroRNA (miRNA) is a small sized RNA that is an important bio-
marker since the abnormal expression of specific miRNA is associated
with many diseases including cancer (Liao and Ju, 2015). Thus, the
development of ultra-sensitive biosensors for miRNA detection is urgent
for early diagnosis of many diseases. miRNA biosensors are mainly
constructed based on FL, EC and/or ECL techniques, so, MOFs based
miRNA sensing regarding these techniques will be discussed.

5.1. Fluorescence technique

A highly sensitive and selective biosensor was designed for multi-
plexing monitoring of miR-21, miR-96 and miR-125b, in cancer cells
(Wu et al., 2015). Accordingly, FAM-PNA21, Cy5-PNA96, and ROX-
PNA125b were chosen as probes. UiO-66 worked as a fluorescence
quencher of the labeled PNA that is firmly bound with the metal center.
The metal ions Zr** in Ui0-66 played a key role in fluorescence
quenching via PET effect (Wei et al., 2013). The addition of the target is
accompanied by PNA hybridization and so released from the MOF
surface and then fluorescence recovery as shown in Fig. 9. And so, the
target can be sensed up to 10 pM.

Qiu et al., 2017 reported a miRNA biosensor that designed to re-
cognize five gastric cancer-associated miRNAs, 185, 20a, 92b, 25 and
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miR-210 (Qiu et al., 2017). Therefore, five labeled probes ssDNA are
used (P-DNA). Cu-MOF was used as a fluorescence quencher through
interaction with the P-DNA. The introduction of the complementary
target miRNA to the corresponding P-DNA@MOF system would lead to
the formation of stable and rigid P-DNA@RNA hybrid duplex. The
formed hybrid duplex releases the P-DNA away from the surface of
MOF, thereby stop up the PET process and leading to the fluorescence
recovery. This method is successful in detection of multiplexed
miRNAs, with LOD ranging from 91 to 559 pM.

Another miRNA biosensor was developed for detection of miR-21,
which was expressed in cancer cell lines, Michigan cancer foundation-7
(MCF-7 cells) (Song, 2017). This method based on ultrathin Mn-MOF
nanosheets as sensing platforms and HCR technique to increase the
sensitivity. This method is very effective and the miRNA can be sensed
over the linear range of 0.5-100 pM.

Table 4 represents all methods that have high specificity up to single
base mismatched miRNA, however, all methods haven't been tested for
real human samples or even for spiked serum samples. Despite method
number 1, is the most sensitive one, it is not rapid, and the detection
takes up to 3 h. In the same context, method 2 is rapid however it has a
moderate sensitivity. Moreover, method number 3, is time-consuming,
up to 8h, and its detection limit wasn't detected. Thus, there isn't an
optimum assay.
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Fig. 13. Schematic diagram for (A) The preparation of capture unit Fe;0,@SiO,@Au-cDNA, (B) The preparation of signal unit Ru-MOF-sDNA, and (C) The fab-
rication of the Faraday-cage ECL biosensor for miRNA-141 detection. (Reprinted with permission from ref. (Shao et al., 2018). Copyright 2018, Elsevier).

5.2. Electrochemistry and electrochemiluminescence techniques

miRNAs sensitive detection is a critical demand, which is con-
ductive to acquaintance the biological processes accompanied by the
disease (Yang et al., 2015a,b,c; Zhu et al., 2014). There are several
methods for miRNA detection such as fluorescence (Yang et al., 2016),
electrochemistry (Wang et al., 2016), colorimetry (L. Li et al., 2016),
microanalysis (Donnem et al., 2011; Nelson et al., 2004) and other
methods (Wang et al., 2019). One of the best detection methods is the
electrochemical method because of the advantages of short response
time, remarkable sensitivity, and cost-effective (Chen et al., 2017a,b;
Hou et al., 2015; R. Li et al., 2016; Ren et al.,, 2013; Wang et al.,
2014a,b).

An electrochemical biosensor was developed to detect miRNA-122,
a biomarker of drug-induced liver injury (Li et al., 2017). In this bio-
sensor, the signal unit (tracer label) is a nanocomposite of Fe-MIL-88-
NHo,, palladium nanoparticles (PANPs), Streptavidin, and hairpin signal
probe (H2). This nanocomposite has excellent catalytic properties that
simulate the peroxidase effect on the reaction of TMB oxidation in the
presence of hydrogen peroxide. On the other side, the capture unit is
represented by the GCE modified with AuNPs@N-G (nitrogen-doped
graphene sheets) and hairpin capture probe (H1). On target miR-122
addition, the capture probe H1 will be opened and hybridized with the
target. And then the signal unit addition leads to the releasing of the
target from the H1-target hybrid and forms H1-H2 hybrid, and then the
signal unit addition leads to the releasing of the target from the H1-
target hybrid and forms H1-H2 hybrid, which has higher stability
(Fig. 10). The released target started new hairpin-target recycling
processes that result in a large number of signal probes attached to the
electrode surface and a significant positive effect on the signal ampli-
fication. According to this assay, the target miR-122 can be sensed up to
0.003 fM with a linear range from 0.01 fM to 10 pM. This assay was
successfully applied on complex spiked serum samples in addition to
providing excellent recovery and selectivity on real human serum
samples for the first time.

A similar strategy was pursued by the detection of miRNA-155 de-
tection (Wang et al., 2017). But, the signal unit was a composite, with
catalytic oxidation properties, of Cu-MOF, AuNPs and signal probe, S1-
AuNPs@Cu-MOFs. And the capturing unit was a paper-based electrode
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treated with AuNP layer and hairpin DNA fragment probe H1. And then
MCH was added to block any nonspecific active sites on the electrode.
The addition of miRNA-155 is accompanied by opening the hairpin
probe H1 and hybridization with the opened probe. And then the ad-
dition of another probe (H2) leads to, displacement of the target from
the Hl-target hybrid and forming H1-H2 hybrid with higher stability
(Fig. 11). The released target will enter new hairpin-target recycling
processes. In the formed H1-H2 hybrid, H2 is longer than H1, so, the
remainder H2 fragment is ready for hybridization with signal probe
(S1) on the addition of the signal unit, SI-AuNPs@Cu-MOFs. In the
presence of glucose, the catalytic glucose oxidation effect of
AuNPs@Cu-MOFs has a remarkable effect on the electrical signal
readout. So, the LOD was significantly improved to reach 0.35 fM with
a linear range from 1.0fM to 10nM. This assay allows successful
miRNA-155 detection in complex spiked serum samples.

As indicated, the electrochemistry technique has a lot of advantages
that when mixed with the merits of the chemiluminescence technique,
lead to the ECL technique. The principle of working of ECL biosensor is
like that of EC biosensors. As mentioned before, MOF composites are
only used in electrochemical NAs biosensors due to the poor electrical
conductivity of pure MOFs, except Ruthenium MOF (Ru-MOF) that has
excellent conductivity and an intrinsic electrochemical luminescence so
it can be used in ECL biosensors. miRNA-155 has been detected by
Mercury-triggered ECL biosensor (Jian et al., 2018). The signal probe
(I) attached to the Ru-MOF, represent the signal unit. While the capture
unit is represented by GCE modified with AuNPs and a hairpin capture
probe (H1) and then treated with MCH to block any unspecific active
sites. The miRNA-155 addition results in the formation of H1-target
hybrid through hybridization. After the addition of the probe H2, the
target was displaced and released from its hybrid with H1, and a new
hybrid H1- H2 was formed with higher stability Fig. 12. The target
became free and entered in a new hybridization cycle. On the addition
of the signal unit, I-RuMOF, the remaining single fragments of H2 can
combine with the signal probe, I. Finally, mercury (Hg>") was added to
the solution and consequently, the solution color changed from a feebly
red color to bright red. This is attributed to the intrinsic property of Ru-
MOFs, Hg?" triggered the release of Ru(bpy)s>* from Ru-MOFs. Con-
sequently, the electrical signals largely magnified. This method has
displayed a high sensitivity to miRNA-155 detection up to 0.3 fM. This
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structure comparison done along with this review, it was shown that 2D
MOFs are the best structure as a quencher for NAs sensing, due to the
high surface area they provided. Thus, enhancing of 2D MOFs proper-
ties may lead to better sensitivity and specificity, bearing in mind more
studies on the 1D and 2D structures. On the other side, functionaliza-
tion of MOFs with different groups having several properties could
obviously enhance the general performance. Also, MOFs composites
with other materials should be widely tested as a quencher to improve
the sensitivity, specificity, detection time, and cost-effectiveness.
Moreover, MOF composites, in EC and ECL NAs biosensors may be an
option for improving the electrical conductivity of the MOFs and hence,
avoiding the drawbacks associated with the EC & ECL MOFs based
biosensor. Furthermore, electrical biosensors should focus on using only
one MOF unit that working as capturing and signal unit, as it is very
cost effective.

In conclusion, MOFs as a sensing platform for NAs detection have
made great progress in studies, but a lot of work is needed in the di-
rection of designing an optimum biosensor with ultra-sensitivity, high
specificity, simultaneous detection, simplicity in design and cost-ef-
fective. This highly dynamic research field is expected to influence the
biosensors field positively and could be used in clinical diagnostics
within the next few years.
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