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Abstract

Gold nanoclusters (AuNCs) are an emerging type of ultrasmall nanomaterials possessing unique physicochemical character-
istics. Metal—organic frameworks (MOFs), a singular kind of porous solid and crystalline material, have attracted tremendous
attention in recent years. The combination of AuNCs and MOFs can integrate and improve the prominent properties of both
components, such as high catalytic activities, tunable optical properties, good biocompatibility, surface functionality and
stability, which make the composites of MOFs and AuNCs promising for sensing applications. This review systematically
summarizes the recent progress on the sensing of various analytes via MOFs-mediated AuNCs assemblies based on strate-
gies of luminescence sensing, colorimetric sensing, electrochemiluminescence sensing, and electrochemical and photoelec-
trochemical sensing. A brief outlook regarding the future development of MOFs-mediated AuNCs assemblies for sensing

application is presented as well.
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1 Introduction

Over the past few decades, nanomaterials have aroused
extensive interests owing to their various distinct physico-
chemical properties [1-5]. Gold nanoclusters (AuNCs),
consisting of a certain amount of gold atoms from several
to a hundred, are a kind of novel nanomaterials emerging in
recent years [6—11]. Benefiting from the remarkable phys-
icochemical characteristics and fascinating architecture,
plenty of attention has been paid to AuNCs in the past dec-
ades [12-17]. AuNCs possess ultrasmall core size (usually
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less than 2 nm), which bridges the gap between plasmonic
gold nanoparticles and gold atoms. Inimitably, because the
ultrasmall core size of AuNCs is approximate to the Fermi
wavelength of gold [7, 18], they possess discrete energy
levels and exhibit many molecule-like characteristics, for
instance, discrete redox state [19], magnetism [20], molecu-
lar chirality [21], HOMO-LUMO transition [22], and pho-
toluminescence behavior [9, 23]. In addition, AuNCs also
possess merits of prominent photostability [24], high frac-
tion of surface atoms [25] and large Stokes shift [26]. Sig-
nificantly, characteristics of AuNCs, such as emission colors,
surface ligands, chemical compositions and core sizes, can
also be regulated facilely via various synthesis strategies. On
account of the advantages mentioned above, AuNCs have
been widely applied in various fields, including catalysis
[25, 27], bioimaging [28, 29], sensing [30, 31], anticancer
therapy [32], and antisepsis [33-35]. Particularly, in sens-
ing fields, AuNCs have been intensively exploited as novel
probes for the sensing of a wide range of different analytes,
such as metal ions [36, 37], biomolecules [38, 39], tempera-
ture [40], small molecules [41], bacteria [42], cancer cells
[43], and so on.

Metal—organic frameworks (MOFs) are a kind of porous
materials constructed by the coordination of metal ions
with organic linkers. On account of the periodic porosity
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and tunable structural characteristic, versatile functionality,
chemical/thermal stability, and high surface area, MOFs
hold great potential as multifunctional platforms for thera-
nostics [44-46], catalysis [47, 48], gas storage and separa-
tion [49, 50], energy storage and conversion [51, 52], opto-
electronics [53, 54], etc. Significantly, due to the distinct
characteristics of tunable luminescence [55], optical absorb-
ance [56], conductivity [57], and catalytic activity [58, 59],
MOFs have also been widely exploited for the development
of various sensors in recent years [60—64].

The remarkable performance of MOFs inspired their
integration with AuNCs, which endowed the MOFs-medi-
ated AuNCs assemblies (MOF/AuNCs assemblies) with
enhanced selectivity, sensitivity, regenerability, and recycla-
bility for sensing. MOF/AuNCs assemblies, possessing dis-
tinct advantages compared to other reported AuNCs-based
nanocomposites due to the unique performance of MOFs
[12, 77], have been proved to be a powerful analytical plat-
form for luminescence sensing [65—69], colorimetric sensing
[70, 71], electrochemiluminescence sensing [72, 73], and
(photo)electrochemical sensing [74—76] (Fig. 1). Diverse
types of MOFs have been introduced for the fabrication of
MOF/AuNCs assemblies, including materials of institute
Lavoisier MOFs (MILs) [65], zeolitic imidazolate frame-
works (ZIFs) [70], cyclodextrin-based MOFs (CD-MOFs)
[71], and zirconium-coordinated MOFs (Zr-MOFs) [67].
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Fig. 1 Schematic illustration of sensing based on MOFs-mediated
AuNCs assemblies via diverse strategies

@ Springer

The main advantageous features of MOF/AuNCs assemblies
for sensing applications are as follows:

1) Due to the protection of MOFs, the formation of MOF/
AuNCs assemblies can significantly enhance the stabil-
ity of AuNCs against the environmental perturbation.

2) The photoluminescence and electrochemilumines-
cence performance can be remarkably improved upon
MOFs’ capability to inhibit the nonradiative transition
of AuNCs due to the rotation and vibration of surface
ligands.

3) The presence of metal anodes and abundant pores facili-
tates the electron transfer and reactant transport process
in the catalysis reaction, which favors the colorimetric
sensing based on enzyme-like catalysis of MOF/AuNCs
assemblies.

4) The large surface areas and porosity of MOFs endow
MOF/AuNCs assemblies with the ability to accommo-
date and preconcentrate analytes via host—guest interac-
tions, which is advantageous for the ultrasensitive detec-
tion.

5) Benefiting from the size-exclusion effects and selective
host—guest interactions of pores in MOF/AuNCs assem-
blies, the selectivity can be efficiently improved.

2 Luminescence Sensing

The tunable photoluminescence is one of the most attractive
characteristic of AuNCs, which is beneficial to the devel-
opment of sensitive luminescence sensing. MOF/AuNCs
assemblies exhibit various advantages for enhanced sensi-
tive and selective luminescence sensing on account of the
improved properties [70]. For instance, the fluorescence
intensity and lifetime of AuNCs are greatly increased in the
assemblies, mainly because their nonradiative transition is
attenuated due to the restriction of MOF structures [78]. In
addition, the combination can also endow the assemblies
with enhanced stability, intelligent responsiveness, versatile
functions, etc. In this section, we will introduce important
progresses made by employing MOF/AuNCs assemblies in
luminescence sensing of different types of analytes.

2.1 Biomolecules

To realize minimum adverse events and optimum thera-
peutic efficacy, the monitoring of therapeutic drug plays an
important role [78—82]. Nevertheless, the majority of drugs
exhibit diverse performances involving the pharmacodynam-
ics and pharmacokinetics; thus, it is urgent to evaluate the
therapeutic response. Consequently, MOF/AuNCs assem-
blies have been developed for the research of personalized
therapy by monitoring the delivery of drugs [78—82]. For
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instance, NH,-MIL-101(Fe) MOFs were selected as a nano-
carrier to encapsulate the anticancer drug of camptothecin
(Cam) (Fig. 2) [65]. Then the Cam @MOF was modified by
pegylated folate (FA) to specifically recognize FA recep-
tor locating on the membrane of cancer cells, which greatly
enhanced the delivery efficiency. Meanwhile, peptide-pro-
tected AuNCs were connected onto the surface of Cam@
MOF, harvesting AuNC/Cam @MOF nanoprobe with the
fluorescence of AuNCs being quenched. The intercellular
delivery of Cam induced programmed apoptosis and pro-
moted the generation of caspase-3, as the apoptosis indi-
cators, resulting in the cleavage of peptide linker between
MOFs and AuNCs. As a result, the quenched fluorescence
of AuNCs was turned on. By imaging the fluorescence in
HepG2 cells, the targeted drug delivery could be monitored
in real time. In addition, via inductively coupled plasma
mass spectrometry (ICP-MS), the quantification of cas-
pase-3 could be realized with the aid of detection of Au in
the released AuNCs. The detection limit of Au was 0.12 ng/
mL. Moreover, this multifunctional nanoprobe could be also
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Fig.2 Schematic depiction of fabricating multifunctional AuNC/
Cam@MOF nanoprobe and the detection process. Reproduced with
permission from Ref [65]. Copyright 2019, American Chemical Soci-
ety

applied to the quantitative analysis and simultaneous evalu-
ation of multiple intracellular markers.

Cysteine (Cys) is a type of sulfur-containing amino acid,
which is extremely significant in regard to human body due
to its versatile biological functions [83]. The content of Cys
plays a role of a medical biomarker closely related to a num-
ber of diseases such as cancers, skin lesions, liver damage,
edema and hair depigmentation. Consequently, it is intrigu-
ing to exploit a simple, rapid and sensitive Cys sensor for
the early diagnosis of a variety of diseases. Fluorimetric
test strips based on ZIFs (ZIF-8, a kind of zinc-coordinated
MOFs) and Au—Ag NCs were recently exploited to moni-
tor trace Cys in HeLa cells [66]. Nanospheres composed of
Au—-Ag NCs were obtained with the desolvation method,
which exhibited strong fluorescence and could be selectively
quenched by Cys. Through vacuum-aided fast drying strat-
egy with super-hydrophobic patterns, these nanospheres
were firstly coated onto test strips and then further cov-
ered by ZIF-8. The resulting fluorimetric test strips possess
improved fluorescence, storage and environmental stabilities
due to the ZIF-8 coating. Besides the detection of Cys levels
in serum samples, the fabricated fluorimetric test strips can
also facilely and directly detect the concentrations of Cys in
HelLa cells with a linear range from 0.0032 to 32.0 pmol/L.
Thus, this fluorimetric test strip based on ZIF-8 and Au—-Ag
NCs holds the potential to monitor trace Cys in real time for
the early diagnosis of cancers clinically. Similarly, bilirubin
and 3-nitrotyrosine could also be detected by AuNCs @ZIF-8
with the detection limit of 0.07 pmol/L and 1.8 nmol/L,
respectively [84, 85].

Reactive oxygen species (ROS) are a kind of signifi-
cant signaling molecules valuable for redox balance of life
events, and the excessive accumulation of ROS will induce
diverse pathological and physiological processes [86]. The
highly reactive oxygen species (hROS), such as peroxynitrite
(ONOQ?), hydroxyl radical (-OH) and hypochlorite (C107),
possess powerful oxidation ability, which can oxidize lipids,
proteins and nucleic acids, resulting in serious damage and
oxidative stress in cells. Hence, monitoring the concentra-
tion of hROS is crucial and can also be accomplished by
MOF/AuNCs assemblies. For instance, glutathione-pro-
tected AuNCs were encapsulated into ZIF-8 in situ, yielding
AuNCs@ZIF-8 nanocomposites with increased fluorescence
intensity and lifetime [87]. The fluorescence intensity of
AuNCs@ZIF-8 was enhanced approximately ten fold that of
GSH-AuNC:s, possessing high quantum yield of 11%. Due
to the powerful oxidation capacity of hROS, the quenching
of fluorescence of AuNCs@ZIF-8 occurred in the presence
of C107, based on which C1O™ could be detected in a linear
range from 80 nmol/L to 1.0 pmol/L. The detection limit was
as low as 30 nmol/L, which was nearly 30-fold lower than
that of AuNCs (0.96 pmol/L). Furthermore, due to the effi-
cient cellular internalization, prominent luminescence and
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excellent biocompatibility of AuNCs@ZIF-8, bioimaging
and detection of endogenous or exogenous hROS in living
cells could also be achieved.

Lactose intolerance is a typical genotype related with
functional lactose deficiency [88]. Thus, lactose-free prod-
ucts have aroused great interest, promoting the demand to
detect trace lactose in relative products. Enzyme cascade
amplification is an effective tactic for sensitive sensing [89].
To realize the detection of lactose, AuNCs/p-Gal/GOx @
ZIF-8 nanoprobe was fabricated through encapsulation of
glucose oxidase (GOx), p-galactosidase (-Gal) and bovine
serum albumin (BSA)-protected AuNCs with ZIF-8 [90].
The nanocomposites showed a prominent emission peak at
approximately 650 nm under 375 nm light excitation. Lac-
tose could be firstly decomposed into glucose and galactose
by B-Gal. Subsequently, with the aid of enzymatic catalysis
of GOx under O, present in the air, the generated glucose
could be decomposed into H,0, and gluconic acid. Finally,
hydroxyl radicals, generated through the reaction between
H,0, and Fe?*, could result in the fluorescence quenching
of AuNCs/p-Gal/GOx @ZIF-8. Therefore, the detection of
lactose in lactose-free milk samples could be achieved. Due
to the high local content of the quenching agent and the
fluorescent probe in AuNCs/p-Gal/GOx @ZIF-8, the quench-
ing rate was improved to 3.4 times compared to the free
AuNCs/B-Gal/GOx system, which was in favor of fast and
sensitive sensing. Moreover, a recent study by Feng et al.
reported the detection of glucose by GOx—AuNCs @ZIF-8
with the detection limit of 0.30 pmol/L [91].

As a kind of galactose-binding lectin family, galectin-4
participates in the regulation of cell apoptosis and the pro-
motion of cancer metastases, and is overexpressed in some
cancers [92]. Consequently, galectin-4 plays important roles
as worthy therapeutic targets and potential diagnostic bio-
markers for cancer treatment. Based on a similar mecha-
nism mentioned above, a class of fluorescence immunoas-
say for galectin-4 was proposed by a combination of GOx/
ZIF-8 composite and AuNCs—iron(Il) system (Fig. 3) [93].
GOx/ZIF-8 was covered by polydopamine (PDA) and then
modified by streptavidin (STV) on its surface to selectively
combine with the biotinylated antibody against galectin-4.
Thus, the concentration of the combined antibody-GOx/
ZIF-8-PDA-STV on the galectin-4-presented microplate
represents the amount of galectin-4. Glucose could be oxi-
dized to H,0, by GOx, then converted to hydroxyl radical
after reaction with iron(Il) ions, resulting in the fluorescence
quenching of AuNCs. Correspondingly, the detection of
galectin-4 could be realized sensitively and the detection
limit of galectin-4 was as low as 10 pg/mL.

To eliminate the interference of the false positive sig-
nals, ratiometric sensing strategy, which contained two
luminescence signals at different wavelengths for built-in
self-calibration, was introduced to the platform based on
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MOF/AuNCs assemblies. Dopamine (DA) is an indispen-
sable endogenous neurotransmitter, and the aberrant con-
tent of DA in body is highly associated with Alzheimer’s,
Parkinson’s, cardiovascular, schizophrenia disease, etc. [94,
95]. On this point, the accurate detection of DA in compli-
cated biological system is of great importance. Ratiometric
assay of DA in intricate biological system was achieved by
an innovative dual-emission fluorescence probe, ZIF-8§ @
AuNCs-PFO, which was fabricated by the encapsulation of
poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) dots and AuNCs
with ZIF-8 (Fig. 4) [96]. The nanoprobe displayed the emis-
sion of PFO at 438 nm and 465 nm, as well as emission of
AuNCs at 600 nm. Notably, fluorescence at 600 nm exhib-
ited a prominent enhancement (five-fold increase). In the
presence of DA, the fluorescence of AuNCs in ZIF-8@
AuNCs-PFO was significantly quenched, while that of PFO
dots was nearly unaffected. The fabricated probe showed
prominent performance and selectivity for detecting DA
against interferential substances within the concentration
range of DA from 0.01 to 10,000 pmol/L, and the limit of
the detection was as low as 4.8 nmol/L. Recent studies also
reported the detection of tetracycline and cephalexin resi-
dues in milk with a high sensitivity via a similar methodol-
ogy based on MOF/AuNCs assemblies [97, 98].
Fluorescence resonance energy transfer (FRET) strategy
has also been introduced to MOF/AuNCs assembly-based
sensing platform due to its highly sensitive feature and
good designability [99, 100]. The short segments of ribo-
nucleic acids (RNA, ca. 20 bases), namely microRNAs, are
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Fig.4 Schematic representa- e

tion of ratiometric fluorescence
sensing based on ZIF-8@

the detection of DA. Repro-
duced with permission from Ref
[96]. Copyright 2020, Elsevier
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key biomarkers highly associated with the cancerization of
cells [101, 102]. In consideration of evaluating the status of
tumors, identification of epigenetic phenomena and tracking
of signaling pathways, it is significant to precisely detect
trace contents of intracellular microRNAs in situ. To achieve
in vivo therapy and ultrasensitive sensing, a FRET-encoded
Zr-MOF @ Au-QS/Cy5.5 nanocomposite was constructed
by modifying two fluorescent dyes, Cyanine5.5 (Cy5.5)
and Quasar (QS), onto the surface of ZrMOF@ AuNCs
via deoxyribonucleic acid hybridization (Fig. 5) [67].
When encountered with the target intracellular microRNA
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Fig.5 Schematic diagram of the preparation of Zr-MOF@ Au-QS/
Cy5.5 probe and miR-21 sensing in living cells and phototherapy
monitored by fluorescence imaging in vivo. Reproduced with permis-
sion from Ref [67]. Copyright 2021, Wiley—-VCH

(miR-21), Cy5.5 would be released from the surface of
Zr-MOF @ Au-QS/Cy5.5, resulting in the enhancement of
fluorescence of QS at 665 nm (Fg45) and the attenuation of
fluorescence of Cy5.5 at 705 nm (Fs). With RNA concen-
tration in the range of 0.006 — 67.9 amol/ng, the fluorescence
ratio (Fys/Fges) changed linearly with a detection limit of
4.51 zmol/ng. The ratiometric fluorescence signals and high
loading capacity of nucleic acid on the surface of Zr-MOF@
AuNCs made it capable of detecting the miR-21 reliably and
sensitively. Therefore, the cancer marker miR-21 could be
detected in living cells and in vivo by fluorescence imag-
ing. Furthermore, Zr-MOF @ Au-QS/Cy5.5 exhibited high
photothermal conversion efficiency (53.7%) and could be
harnessed for therapeutic purpose in vivo as well. This novel
tactic affords new approaches to intelligently quantify miR-
NAs for simultaneous diagnosis and therapy at the early
stage of cancers.

2.2 Metal lons

The binding of heavy metal ions (e.g., Cu**, Pb**, Cd**
and Hg?") to cellular components can result in change of
biological functions, which will induce death or serious dis-
eases [30, 103, 104]. The Environmental Protection Agency
(EPA) of the USA has set up a drinking water standard to
define the maximum allowed limits of Cu®*, Pb%*, Cd** and
Hg?* as 1.3 (21 000), 0.015 (72), 0.005 (45) and 0.002 (10)
ppm (nmol/L), respectively, for their high toxicity. Thus,
selectively and sensitively detecting metal ions in complex
environmental and biological samples has great significance,
and diverse MOF/AuNCs assemblies have been developed
for luminescent sensing of metal ions [68, 105-109].
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Upon 5d'°-5d! interactions between Au* and Hg?", the
electronic structure of AuNCs changes, causing the fluores-
cence quenching of AuNCs, which enables the detection of
ngJr based on MOF/AuNCs assemblies [30, 36, 37, 107].
For instance, BSA-protected AuNCs were synthesized in the
presence of Zr-MOFs (UiO-66), resulting in the formation
of red-emitting AuNCs@UiO-66 with a high quantum yield
(11%) [68]. By fluorescence quenching of AuNCs@UiO-
66, the detection of Hg>" in real water samples, including
tap and river water, could be successfully achieved, with
the detection limit of 223 and 193 pmol/L, respectively. In
another study, ratiometric fluorescence detection of Hg2+
was realized by using CDs/AuNCs@ZIF-8, in which car-
bon dots (CDs) and AuNCs were co-encapsulated within
ZIF-8 [105]. CDs/AuNCs @ZIF-8 inherited the remarkable
fluorescence properties of AuNCs and CDs, exhibiting the
fluorescence peaks at 640 nm and 440 nm, respectively.
Hg?* could quench the fluorescence at 640 nm, while the
fluorescence at 440 nm was not affected. The ratio of fluo-
rescence intensity (Ig4/l449) decreased linearly in the Hg**
concentration range of 3 to 30 nmol/L, with a detection limit
of 1 nmol/L. Meanwhile, under 365 nm light irradiation, the
fluorescence color of CDs/AuNCs @ZIF-8 changed from red
to blue with increasing the concentration of Hg**, demon-
strating the capacity for visual detection of Hg**. Moreover,
Cu?* could also be detected by CDs/AuNCs @ZIF-8 with the
detection limit of 0.3 nmol/L [108].

On account of the spatial resolution and excellent sen-
sitivity, single particle-based fluorescence microscopy has
been applied to visualize Cu®* [109]. Fluorescent micro-
particles of AuNCs/ZIF-8 with AuNCs coated on the sur-
face were constructed for visual detection of Cu?* through
confocal laser scanning microscopy. Cu?* quenched the
fluorescence of AuNCs/ZIF-8 particle within the concen-
tration range from 2 to 15 pmol/L, and the detection limit of
Cu®* was 0.9 pmol/L. Significantly, via 3D-reconstructed
fluorescence imaging, the distribution of AuNCs and the
fluorescence quenching dynamics induced by Cu®* on single
AuNCs/ZIF-8 particle could be revealed visually.

Zn?* an indispensable transition metal ion, takes part in
various biological processes of the human body [46]. The
aberrant content of Zn** could result in Alzheimer's disease,
stunted growth, chronic inflammation, etc. Therefore, it is
important to detect Zn>* in biological samples and food.
Recently, Huang and coworkers [106] proposed an interest-
ing strategy to detect Zn>" via in situ formation of AuNCs/
ZIF-8. Benefiting from the formation of AuNCs/ZIF-8, the
quantum yield of AuNCs could be increased up to 36.6%,
almost nine-fold that of the AuNCs. Consequently, a turn-on
fluorescent sensor of Zn>* was developed, exhibiting linear
range from 12.3 nmol/L to 24.6 pmol/L with the limit of
detection as low as 6 nmol/L. The concentration of Zn>*
in zinc sulfate syrup oral solution, water, milk, and human
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serum can be measured successfully via this strategy, which
paves a new avenue to detect metal ions based on MOF/
AuNCs assemblies.

2.3 Gases and Explosives

The porous properties of MOFs endow the MOF/AuNCs
assemblies with the outstanding ability for sensing vapor
or gas, since they can concentrate the analytes for the trace
detection. Due to the harmful characteristic and odor resem-
bling rotten egg, the noxious hydrogen sulfide (H,S) could
be selectively detected by MOF/AuNCs assemblies upon
the strong Au-S interaction and reducibility of H,S [110].
For instance, Wang and coworkers [69] proposed a novel
approach for embedding AuNCs in ZIF-8 via ion-triggered
growth. Zn** induced the precipitation of AuNCs, and then
encapsulated in ZIF-8 in the presence of 2-methylimida-
zole and zinc nitrate (Fig. 6). Interestingly, other metal ions
(e.g., Ca2*, Pb>*, Cd**, Na*, Fe**, Cu?* and Ni**) could not
trigger this process, as well as non-metal ion precipitator.
The resulting AuNCs@ZIF-8 exhibited prolonged lifetime
(9.18 ps) and improved quantum yield (33.6%). Further-
more, the selective fluorescence response toward H,S in
gaseous or aqueous phase was achieved successfully based
on the fluorescence quenching at 600 nm.

Nitro explosives, for instance, 2,4,6-trinitrophenol (TNP)
and 2,4,6-trinitrotoluene (TNT), are generally applied to
manufacture landmines for military and industrial applica-
tions, and even terrorist activities. In consideration of envi-
ronmental concerns and homeland security, it is extremely
important and urgent to exploit a reliable approach for
detecting nitro explosives. AuNCs/ZIF-8 can be used for fast
detection of TNT with high sensitivity and selectivity over
other explosives (e.g., 1,3,5-trinitro-1,3,5-triazinane (RDX),

CH,CI,
CHCI, Hexane
Cyclo- 3388
hexane el e Toluene
precnpltator
Ethyl
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e?
MeOH Isopr-
Zn(NO;) AuNCs opanol
-methyf ZIF-8
imidazole
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Fig.6 Schematic depiction of the preparation of AuNCs@ZIF-8 and
selective fluorescence detection of H,S. Reproduced with permission
from Ref [69]. Copyright 2018, American Chemical Society
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2,4-dinitrotoluene (2,4-DNT), 4-nitrophenol (4-NP) and
TNP) [111]. Due to the higher fluorescence intensity,
porous structure and the presence of Zn>* as the binding
sites, AuNCs/ZIF-8 possesses higher sensitivity for TNT
detection than AuNCs, as evidenced by the shortened life-
time after fluorescence quenching by TNT. The fluorescence
quenching is likely caused by the photoinduced electron
transfer from the excited AuNCs/ZIF-8 to the electron-defi-
cient TNT. The detection limit of TNT is 5 nmol/L, and the
response of explosive takes place rapidly within 1 min.

3 Colorimetric Sensing

By monitoring the color variation of the solution, detection
of target analytes can be facilely achieved via colorimetric
sensing, which possesses excellent portability and economic
efficiency. In recent years, on account of the characteristics
of ultrasmall sizes, high fraction of surface atoms, distinct
electronic structure, and well-defined compositions, AuNCs
have been proved to possess strong enzyme-like catalytic
activity, making them promising for colorimetric sensing
[103, 112]. Benefiting from integration with MOFs, many
characteristics of AuNCs, such as stability and catalytic
capacity, can be further greatly improved [113—120]. In
addition, the integration can endow the assemblies with
intelligent responsiveness and the opportunity of developing
enzyme cascade amplification strategy. These outstanding
performances of MOF/AuNCs assemblies facilitate the sen-
sitive colorimetric sensing of organophosphorus pesticides
(OPs), acetylcholinesterase (AChE), choline oxidase (CHO),
glucose, hydrogen peroxide, etc. [70, 71, 121-123].

In 2020, Wu et al. [71] proposed an innovative strategy
realizing the enzyme-mimicking catalysis of well-defined
AuNC:s for the first time. Based on host—guest chemistry,
they combined rigid and water-soluble y-CD-MOF with
well-defined AuNCs protected by lipophilic ligands ada-
mantanethiolate (Au,,(S-Adm),,) (Fig. 7). Interestingly, the

CH,CI, phase H,O phase

Fig.7 Schematic diagram of  fabricating water-soluble
Auyy/y-CD-MOF for enzyme-like catalysis. Reproduced with permis-
sion from Ref [71]. Copyright 2020, American Chemical Society

resulted assemblies exhibited outstanding water solubility
and horseradish peroxidase (HRP)-like activity, which were
distinctive from the primitive Au,,(S-Adm),, NCs. Impor-
tantly, with the aid of density functional theory calculation,
an elaborate HRP-mimicking catalysis mechanism was also
revealed. These remarkable outcomes provide guidance for
the future design and application of metal NCs in colori-
metric sensing.

With regard to biological nerve conduction activity,
ACHhE is a type of vital important enzymes and can serve as
biomarkers to be extensively applied in biosensing and diag-
nosis areas [124]. Nevertheless, the widely used pesticides,
organophosphorus compounds, could inhibit AChE in the
body, resulting in irreversible damages in the nervous system
[125, 126]. Consequently, it is highly urgent to develop an
extremely sensitive and simple biosensor for the monitor-
ing of the AChE activity and trace organophosphorus pes-
ticides. Liu and coworkers [70] packaged AuNCs into ZIF-
8, then accomplished the combination of colorimetric and
fluorescence sensing via the enzyme cascade amplification
strategy (Fig. 8). Under the cascaded enzymolysis of AChE
and choline oxidase (CHO), acetylcholine (ACh) was hydro-
lyzed to generate H,O,. On the one hand, H,0, destroyed
ZIF-8 to impair the enhancement effect on the fluorescence
of AuNCs, and then the fluorescence intensity declined
gradually. On the other hand, H,0O, acted as a substrate, and
the dissociated AuNCs with HRP-mimic catalytic activity
enabled the oxidization of colorless 3,3',5,5'-tetramethylb-
enzidine (TMB) to blue-colored oxTMB. Consequently, a
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Fig.8 Schematic illustration of the mechanism for sensing OPs and
photographs of colorimetric paper strips in the presence of diverse
contents of OPs (from a to i: 0, 0.00075, 0.0015, 0.015, 0.15, 1.5, 7.5,
15, 30 mg/L). Reproduced with permission from Ref [70]. Copyright
2021, American Chemical Society
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fluorescence-colorimetric double-signal biosensor was set
up based on the restriction of AChE activity by organophos-
phorus pesticides. Furthermore, by virtue of the fluorescence
intensity variation of AuNCs@ZIF-8 and color variation of
TMB, a fluorescence-colorimetric dual-signal determination
of organophosphorus pesticides was accomplished on the
basis of colorimetric paper strips. To enable the real-time
monitoring of insecticide pollution in a more accurate way,
a smartphone APP was designed by the identification of the
gray value of the solution color. The on-site detection limit
of organophosphorus pesticides was 0.4 pg/L.

Diabetes has been regarded as a kind of serious metabolic
illness injuring the nerves, heart, kidneys and eyes. Detec-
tion of glucose is critical for the mechanism study of glucose
metabolism, and the timely diagnosis of diabetes, which
can greatly improve the therapeutic effect. The enzyme
cascade of HRP and GOx has been extensively applied to
the detection of glucose, and the detection is sensitive and
selective benefiting from the specific catalysis on glucose by
GOx [127]. For example, BSA-protected AuNCs and GOx
were encapsulated by ZIF-8, which could sensitively and
selectively detect glucose via colorimetric sensing on the
basis of cascade reaction [121]. Under the enzymolysis of
GOx, glucose was decomposed to gluconic acid accompa-
nied with H,0, generation, which acted as a substrate for
HRP-mimicking catalysis of AuNCs to oxidize colorless
TMB to blue oxTMB with an absorption peak at 652 nm.
Compared with free GOx/AuNCs, the catalytic activity of
GOx&AuNCs @ZIF-8 was improved by over 19-fold, which
was mainly attributed to the cascade reaction and protection
of enzymes by ZIF-8 coating. This glucose sensor exhibited
a linear range of 1.0—25.0 mmol/L and a detection limit of
0.8 mmol/L. Moreover, benefiting from the shielding effect
of the ZIF-8 shell, GOx&AuNCs @ZIF-8 exhibited excellent
stability in the presence of chelating compounds and digest-
ing enzymes, and also good long-term storage stability.

4 Electrochemiluminescence (ECL) Sensing

ECL is a kind of energy-relaxation process induced by an
energetic electron-transfer reaction. With distinct advan-
tages such as excellent controllability, low cost and inher-
ent low background, ECL has aroused extensive attentions
as an effective analytical means for sensing [4, 128]. Recent
studies showed that AuNCs possess attractive ECL perfor-
mance due to their interactions with highly reactive radi-
cal species produced by the electrochemical process [77,
129]. Upon coordination-assisted self-assembly, the porous
structure of MOFs can not only enhance the electrochemical
excitation and reduce the self-quenching effect of AuNCs,
but also restrain the energy dissipation triggered by rotation
and vibration of ligand to impede nonradiative transition of
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AuNC:s as well. These features endow MOF/AuNCs assem-
blies with enhanced ECL efficiency which is favorable for
ECL sensing [72, 73].

Yuan et al. [72] first reported the outstanding anodic ECL
performance of GSH-AuNCs@ZIF-8 in the presence of
coreactant (triethylamine, TEA), where the ECL intensity
of GSH-AuNCs@ZIF-8 was increased to nearly ten times
that of AuNCs (Fig. 9). Accordingly, a “signal off” sensing
platform was proposed for the detection of rutin, which was
widely applied for antitumor, antiinflammatory and antiviral
activities [130]. The ECL quenching mechanism was pro-
posed to be related with the inhibition of the excited-state
species generation and annihilation of the excited-state spe-
cies by rutin. The sensing of rutin is convenient, fast respon-
sive and ultrasensitive with the detection limit of 10 nmol/L.
In another study, Omidfar and coworkers [73] exploited a
sandwich paper-based ECL biosensor based on Zr-MOF/
Fe;0,/AuNCs nanocomposite for detecting glycated hemo-
globin (HbA1c), a famous biomarker for clinically diagnos-
ing diabetes [131, 132]. Anti-HbA lc monoclonal antibody
was labeled by Zr-MOF/Fe;0,/AuNCs as the tracing probe,
and reduced graphene oxide (rGO) was used as the immobi-
lization platform of sensing element. HbA 1c was sensitively
and selectively detected by antibody-labeled Zr-MOF/Fe;0,/
AuNCs due to its remarkable capacity to selectively snatch
HbA1lc from human blood sample. The linear response
concentration of HbAlc ranged from 2 to 18%, and the
detection limit of HbA1c was as low as 0.072%. This paper-
based screen-printed ECL biosensor possesses the merit of
a wide linear range, low detection limit, short assay time,
and remarkable selectivity, which holds great potential for
further high-performance biosensing.

5 (Photo)Electrochemical Sensing

Due to the merits of high sensitivity, low cost and easy
operation, electrochemical sensing has been proved to be
a powerful tool for biological diagnosis, environmental
monitoring, food safety administration, etc. [133-135].
Highly sensitive electrochemical sensors based on MOF/
AuNCs assemblies have been exploited as well in recent
years. For instance, Du and Zhang et al. [75] encapsulated
AuNCs into a kind of Zr-MOF (521-MOF) for the detection
of cocaine, which is an important analyte in law enforce-
ment and clinical diagnostics (Fig. 10). The fabricated 2D
AuNCs@521-MOF nanosheets possess many characteris-
tics, such as remarkable biocompatibility, good electrochem-
ical activity, and high specific surface area. In addition, they
can strongly bind to biomolecule-bearing phosphate groups,
which facilitates attachment of cocaine aptamer strands onto
2D AuNCs@521-MOF-modified substrate. Consequently,
cocaine can be detected based on its specific binding to
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Fig.9 a Schematic diagram

of fabricating GSH-AuNCs @
ZIF-8 through ECL-enhanced
mechanism and coordination-
assisted self-assembly strategy;
b ECL turn-off strategy for
sensing rutin via the GSH-
AuNCs@ZIF-8/TEA system.
Reproduced with permission
from Ref [72]. Copyright 2021,
American Chemical Society
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permission from Ref [75].
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cocaine aptamer strands. The 2D AuNCs@521-MOF-
based aptasensor can detect trace cocaine sensitively and
selectively with the linear concentration range from 0.001
to 1.0 ng/mL. The detection limit of cocaine is 2.22 pmol/L
(0.75 pg/mL) identified by differential pulse voltammetry

and 1.29 pmol/L (0.44 pg/mL) by electrochemical imped-
ance spectroscopy. This aptasensor exhibits merits of good
applicability, stability, repeatability and high selectivity.
Interferon-gamma (IFN-y) is a significant cytokine
generated by immune cells in the presence of intracellular

@ Springer



172

Journal of Analysis and Testing (2022) 6:163-177

pathogens, which is regarded as the major mediator for acti-
vation of human macrophage’s antimicrobial activity [136].
Abnormal IFN-y expression can result in abnormity of cell
development and function, for instance, aberrant differen-
tiation of natural killer cell and apoptosis of hematopoietic
stem cell. Therefore, it is extremely significant to sensitively
detect IFN-y in clinical therapeutics and diagnosis. Wang
and coworkers [74] reported an innovative electrochemi-
cal biosensor based on AuNCs-anchored graphene @ZIF-8
(AuNCs—GR @ZIF-8) for ultrasensitively detecting IFN-y.
AuNCs-GR@ZIF-8 was modified on the glassy carbon
electrode (GCE) for anchoring capture probe and mercapto-
1-hexanol. Since recognition DNA (R-DNA) can specifically
recognize IFN-y, the double-stranded DNA composed of
R-DNA and triggered DNA (T-DNA) can be unwound in the
presence of IFN-y. The dissociated T-DNA combined with
capture probe on the electrode, inducing layered-branched
hybridization chain reaction (LB-HCR) with the cascade-
like assembly of four hairpins. IFN-y activated LB-HCR
process and triggered the integration of in situ formed den-
dritic DNA nanostructures with hemin/G-quadruplex DNA-
zyme, which acted as an amplifying label. With thionine as
the electron mediator, the output of the amplified signal was
achieved by hemin/G-quadruplex DNAzyme catalyzed H,0,
reduction. The multiple-amplified strategy possessed excel-
lent analytical capacity towards IFN-y over a broad linear
range of 1 fmol/L—50 pmol/L with the detection limit of
0.6 fmol/L.

To improve the photoelectrochemical (PEC) performance
and photo-to-current conversion efficiency, MOFs based on
Mg and 3,4,9,10-perylene tetracarboxylic acid was synthe-
sized [76]. The resulting Mg—PTCA MOFs, as an outstand-
ing photoelectric material, were coated onto the electrode.
AuNCs were used as the quencher, which could be seized
by the capture DNA on the electrode. Then, with target-
triggered three-dimensional DNA scaffold (3D-Sca) as the
signal amplifier, a regenerated biosensor was achieved for
detecting microRNA (miRNA-21). The miRNA 21 could be
detected sensitively over the dynamic range of 10 amol/L
to 10 pmol/L and the limit of detection is 2.8 amol/L. The
biosensor also exhibited excellent analytical performance in
nuclear extraction of different cancer cells, suggesting the
potential for accurate prognostic judgment and early diag-
nosis for diseases.

6 Summary and Outlook

In recent years, MOF/AuNCs assemblies have attracted
extensive attention in sensing due to their remarkable
properties. In this review, we have comprehensively sum-
marized recent advances of MOF/AuNCs assemblies in
sensing fields. The marriage of MOFs with AuNCs endows
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MOF/AuNCs assemblies with enhanced optical and electro-
chemical properties, which are in favor of developing highly
sensitive and selective sensors. Various sensing strategies
have been discussed, including luminescence sensing, col-
orimetric sensing, electrochemiluminescence sensing, elec-
trochemical and photoelectrochemical sensing. To meet the
demand of various sensing applications, diverse ligands have
been designed to modulate the properties of AuNCs, such
as adamantanethiolate, glutathione, proteins, and peptides.
Particularly, different types of MOFs have been combined
with AuNCs due to their distinct features, including ZIFs
(e.g., ZIF-8), CD-MOFs (e.g., y-CD-MOF), MILs (e.g.
NH,-MIL-101(Fe)), Zr-MOFs (e.g., UiO-66, PCN-224,
521-MOF), and Mg—PTCA MOFs. As outlined here, many
outstanding MOF/AuNCs assemblies have been exploited
for sensing biomolecules (e.g., caspase-3, HbAlc, IFN-y,
microRNA, galectin-4, lactose, Cys, glucose, ROS, rutin,
DA), small molecules (e.g., pesticides, H,0,), metal ions
(e.g., Hg?*, Cu®*, Zn>"), gases (e.g., H,S), explosives (e.g.,
TNT), etc.

Although enormous success in sensing based on MOF/
AuNCs assemblies has been achieved, some challenges
still remain to be dealt with. Firstly, efforts will be worth-
while to expand the scope of detectable analytes, such as
bacteria [137], virus (e.g., coronavirus COVID-19) [138],
volatile organic compounds (e.g., aliphatic and aromatic
hydrocarbons, aldehydes) and toxic gases (e.g., NH;, SO,,
NO,, CS,) [60]. Secondly, the integration of MOFs with
ultrasmall-sized AuNCs provides great opportunities for
sensing application beyond the present advances, which have
not been exploited adequately yet. For instance, integrating
multiple sensing elements into one platform enables sensing
different analytes simultaneously, which is very important
for discrimination of cancer cells, proteins and bacteria. In
addition, the atomically precise structure of AuNCs makes
it possible to deeply understand the structure—property cor-
relation of these assemblies, which can further guide the
precise construction of custom-designed MOF/AuNCs com-
posites for better sensing applications. Therefore, it is of
great importance to exploit efficient strategies to get single
crystals of these MOFs-mediated AuNCs, such as solvent
evaporation, hydrothermal method, and electrocrystalliza-
tion. Thirdly, efforts should be devoted to couple two or
more signaling modes by rational design of MOF/AuNCs
assemblies, which will enable the development of multi-
mode sensors, such as luminescence—electricity and lumi-
nescence—ferroelectricity. Fourthly, the integration of sens-
ing with therapy has been preliminarily explored, but there
is still room for expanding advanced biomedical applications
based on MOF/AuNCs assemblies by combining sensing
with therapy. Finally, development of portable diagnostic
devices based on MOF/AuNCs assemblies is still in its early
stage, but of great importance [139], and can be achieved by
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taking the remarkable processibility of MOFs into account
in the future [61].

Overall, MOF/AuNCs assemblies have shown great
potential for sensing application in recent years due to
their multiple advantages. Although there are still some
challenges to be addressed, impressive advances made by
scientists have offered important foundation for the fabrica-
tion of high-performance sensing systems. Advance in this
fast-growing field will doubtlessly contribute to generating
innovative materials for advanced sensing in the near future.
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