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Zinc (II) cation is an environmentally friendly metal, less expensive, easy to dispose of, and
managed. Highly engineered symmetric systems can be built using zinc (II) atoms as the
metal nodes of hybrid organic-inorganic supramolecular structures. In biological contexts,
luminescent zinc-based nanoprobes are in growing demand. Specifically, they are
currently employed to detect biologically and environmentally relevant analytes, in
therapeutic drug delivery, and for bioimaging and diagnostic techniques monitoring
aspects of cellular functions. This review will provide a systematic and consequential
approach to zinc-based nanoprobes, including zinc-based MOFs and other zinc-based
organized nanoparticles. A progression from detecting the biological target to the
intracellular sensing/marking/carriage has been followed. A selection of significant
cutting-edge articles collected in the last five years has been discussed, based on the
structural pattern and sensing performance, with special notice to living cell bioimaging as
the most targeted and desirable application.
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INTRODUCTION

The term nanoprobe refers generically to any chemical or biological technique that deals with nano-
quantities. A nanoparticle is defined as a particle of matter between 1 and 100 nm in diameter,
sometimes larger (up to 500 nm) in only two directions. Chemists and biochemists define
fluorescence “nanoprobes” as the nanosized materials able to provide a fluorescence response in
the presence of a specific substrate or analyte. Responsive nanosized materials, even multi-purpose
designed, are currently employed to detect biologically and environmentally relevant analytes in
therapeutic drug delivery and bioimaging and diagnostic techniques. Due to the size of the particles,
nanoprobes provide a permeation function in intracellular compartments or living cell micro-
environments.

In recent years, researchers were inspired by the variety of structures and behaviors of low
molecular weight complexes (Caruso et al., 2009; Caruso et al., 2011; Caruso et al., 2013; Quintard
and Rodriguez, 2014; Abu-Dief and Mohamed, 2015; Panunzi et al., 2018b) in designing and
developing novel organic-inorganic hybrid materials with targeted properties (Chen et al., 2000;
Hosomi et al., 2016; Diana et al., 2019a; Diana et al., 2019b; Diana et al., 2019c; Dey et al., 2019; Liu
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et al., 2020). The materials named coordination polymers (CPs)
are hybrid organic-inorganic supramolecular structures self-
assembled from metal nodes and/or metal clusters (metal
particles smaller than 1 nm) and organic ligands. Highly
engineered symmetric systems can be built using metal nodes,
organic spacers, and even solvent molecules by repeating the
coordination frame in one, two, or three dimensions. Metal-
organic frameworks (MOFs) are a subgroup of the CPs class, with
tridimensional crystalline regularity producing specific nano-
(<2 nm) or meso (2–50 nm) porous structures. Their voids are
functional cavities that can be selectively exploited. Due to the
unique structural ductility, such nano-assembled compounds
encompass one of the most versatile classes of hybrid
materials, causing a dramatic impact on the scientific
literature. Endless combination possibilities, limitless structures
and functionalities are obtained by the deliberate design and
selection of organic and inorganic units (Borbone et al., 2015).

CPs and/or MOFs nanoparticles, micelles, supramolecular
nano-assemblies, polymer vesicles are some of the most
important macromolecular nano-assemblies (Panunzi et al.,
2019a). Their functional properties include fluid storage (Lin
et al., 2017; Tsivadze et al., 2019) and separation (Barnett et al.,
2019; Iacomi et al., 2019; Lin et al., 2020), water purification
(Zhao X. et al., 2018; Gao Q. et al., 2019; Li J. et al., 2020), catalysis
(Zhang Y. et al., 2018; Aljammal et al., 2019; Kang et al., 2019),
electrochemical (Landi et al., 2014; Wang D.-G. et al., 2020; Xie
X.-X. et al., 2020) biological and medical applications
(Chowdhury, 2017; Zhuang et al., 2017; Cui et al., 2018; Cai
et al., 2019), energy conversion (Zak et al., 2017; Kaur et al., 2019;
Griffin and Champness, 2020; Liu et al., 2020). Finally, nanosized
CPs showed considerable potential in luminescence sensing and
monitoring (Kempahanumakkagari et al., 2018; Griffin and
Champness, 2020; Marchenko et al., 2020). Nanoprobes that
exhibit luminescence properties are the perfect candidates for
monitoring biological parameters, bio-analytes, environmental

pollutants, and manufacturing biosensors and markers for living
cells. Compared to other recent reviews in the literature (Yang
et al., 2019; Liu et al., 2020), this review presents an overview of
the most relevant examples from the last 5 years of Zn-MOFs
designed for metals, ions and small molecules with biological and
environmental relevance, and Zn-MOFs and Zn-NPs targeted for
living cell imaging and drug vectors. A selection of innovative and
significant articles has been discussed, based on the structural
model and sensing performance, with emphasis on living cell
bioimaging.

Luminescent Nanomaterials for Biological
Target Sensing
Luminescence is a phenomenon involving spontaneous emission
of radiation from an excited state generated by photonic
excitation, by chemical/electrochemical reactions, or by
applying mechanical stress. The mechanism involves electronic
transitions from the ground to an excited state by absorption of a
photon, followed by a return to the ground state with the resultant
emission of a photon. Radiative or non-radiative relaxation
processes can be involved. In the fluorescence mechanism, a
transition occurs from the singlet excited state (S1) to the ground
state (S0) with a short-excited state lifetime. In the
phosphorescence mechanism, intersystem crossing (ISC)
occurs from the singlet excited (S1) to the excited triplet state
(T1). The forbidden photon-emitting transition to the ground
state (S0) has a long-excited state lifetime.

A biosensor must, by definition, include some biomolecular
interaction able to give rise to an output signal. Fluorescent dyes
have been the most widely used in bio-applications, due to their
structures with delocalized electrons and even aromatic rings.
The energy gap between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO) is
mainly in the visible light range. Traditional fluorescent organic
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dyes were used in living cells (Jun et al., 2012; Herpoldt et al.,
2017; Kim et al., 2018) with some disadvantages such as
photobleaching, low brightness, and scarce permeability.
Biology and nanotechnology both inhabiting the same length
scale are designed to move synergically, but the properties of the
material can be dramatically altered when one or more
dimensions are reduced to the nanoscale.

Among the many methods developed for the sensitive
detection of biological molecules, luminescence signal
detection has advantageous properties over other methods.
From a synthetic point of view, the PL response can be
preserved and even enhanced judiciously turning the macro-
scaled into nano-scaled probes. On the other hand, the easy-to-
operate PL signal guarantee a low expansive, real-time, in situ
analysis. Finally, the mimic behavior of the nanoprobes into the
living cell benefits from the non-invasiveness proper of the
biomolecules (Liu et al., 2021). As will be discussed in the
next section, the tailored composition of nanosized hybrid
probes can represent a value-added in the design of the new
generation of PL smart tools.

Luminescence in Hybrid Supramolecular
Materials
Density function theory (DFT), as a theoretical method for multi-
electron system calculation (Gentile et al., 2018; Tawfik et al.,
2019; Schira and Latouche, 2020), has been successfully applied in
predicting the nature of luminescence also in hybrid materials
(Chai et al., 2012; Causa et al., 2013; Işık Büyükekşi et al., 2019; Di
Palma et al., 2020). In this case, the complex mechanism of
luminescence involves metal and/or ligand-centered transitions.
Emission can arise frommetal-centered (MC) transitions due to d
and f orbitals of the metal, ligand-centered (LC) transitions due to
the organic frameworks, charge transfer processes including
ligand-to-metal charge transfer (LMCT), metal-to ligand
charge transfer (MLCT), ligand-to-ligand charge transfer
(LLCT), and metal-to-metal charge transfer (MMCT)
(Lamansky et al., 2001; Castellano et al., 2006; You and Nam,
2012; Quah et al., 2015; Jia et al., 2016; Alam et al., 2019).

Luminescence can be achieved by selecting metal cations and
organic molecular frameworks coordinated to the metal centers
and entangled solvents. A luminescence response is expected to
form the complex because of the interaction of metal ions (or
clusters) and conjugated ligand moieties. On the other hand,
sensing ability arises from the presence of guest molecules which
establish analyte-probe interactions due to sites present in the
ligand. Sensing involves alteration in the luminescence pattern,
affecting the maximum and/or intensity of the emission band of
the organic frameworks. In sensing applications, supramolecular
interactions of the probe with the analyte could provide a gradual
enhancement or quenching in the emission or a luminescence
turn-off/turn-on pattern. Luminescence sensing takes place
through different mechanistic pathways, mostly Förster
resonance energy transfer (FRET), Dexter electron exchange
(DEE) process and photo-induced electron transfer (PET)
(Lakowicz, 2013; Nakabayashi and Ohta, 2015; Steinegger
et al., 2020). FRET is a non-radiative energy transfer from a
donor to an acceptor molecule with the effect of fluorescence
reduction of the donor and enhancement of the acceptor; DEE
involves quenching of donor’s fluorescence by the transmission of
excited electron of the donor molecule to acceptor molecule via
non-radiative pathway; PET is similarly a quenching process due
to transmission of an excited electron from donor to acceptor
molecule via a non-radiative pathway. In Figure 1 is shown an
example of upconversion efficiency enhanced by FRET within
host–guest metal–organic frameworks consisting of encapsulated
high quantum yielding guest molecules. The structures reported
in all the figures have been readapted using Mercury software
(Macrae et al., 2020).

Luminescence can be due to conformational and electronic
changes of the organic part; in addition, the metal centers can
claim a role. Metal-centered electronic transitions are involved in
emission properties, mostly with lanthanide and actinide metal
cations, which show weak f–f transitions. On the other hand,
other transition metals can be utilized in the synthesis of hybrid
luminescent compounds. Strong coordination ability and variable
coordination number and geometries are desirable properties of
many complexes of first-row transition metals. Among them,

FIGURE 1 | (A) Chemical structure of the ligand trans, trans-9,10-bis(4-pyridylethenyl)anthracene (An2Py), trans,trans-4,4′ stilbenedicarboxylic acid and
anthracene. (B) Coordination environment of An2Py (C) a view of MOF containing the ligand with encapsulated anthracene (orange) guest along axis a. Readapted from
(Quah et al., 2015).
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closed-shell metal ions with d0 or d10 electron configurations play
a special role due to the deactivation of d-d transitions.

In constructing complexes and aggregates based on the closed-
shell zinc (II) cation, the emission is mainly due to LC transitions
and/or to LLC transitions. Because zinc (II) ion has no optical
signature due to the absence of d–d electronic transition, LMCT
are rare and involve s or p empty orbitals of the metal (Christie,
1994). However, even in poorly emissive ligands, fluorescence
enhancement can be achieved upon zinc (II) coordination to
stabilize the excited state (Kwok et al., 2015) through a
conformational constrain of the organic part. Furthermore,
zinc (II) cation often causes a CHEF (chelation enhanced
fluorescence) (Hancock, 2013; Panunzi et al., 2018a; Diana
et al., 2018; Patra et al., 2018; Panunzi et al., 2019b) effect in
the ligands, and therefore it is a valid building block in the
building of highly emissive architectures.

In addition to the great variability of structures and a
convenient optical pattern, zinc (II) is an environmentally
friendly metal. As opposed to rare earth metals, zinc is less
expensive, easy to dispose of, and managed. For this reason,
“green” zinc (II) metal cation meets the sustainability
requirements that are in growing demand in biological contexts.

From Zinc-Based Coordination Polymers to
Nanoparticles: The Aim and the Scope of
the Review
Metal ions are present everywhere in living or non-living species
so that they play significant roles in many environmental,
medical, and industrial purposes. Some metals are essential to
chemical, enzymatic, biological processes. Some of them cause
health risks and hazards. Other small molecules, such as H2S,
sulfur oxides, carbon oxides, chromates and dichromates, NH3,
nitrogen oxides, methane, nitroaromatic compounds, volatile
organic compounds (VOCs, as chlorofluorocarbons,
hydrocarbons, fluorocarbons), can be dispersed in air and/or
in water as common toxic and hazardous pollutants. Moreover,
the specific detection of bio-relevant molecules such as
trichloroacetic acid, antibiotics, histidine, or cellular pH and
temperature parameters is a diagnostic tool.

The development of chemosensors selectively trapping
environmental and biological relevant analytes have some definite
advantages over conventional time-consuming and expensive
spectrophotometric and electroanalytical techniques. Specifically,
luminescence sensing offers simple naked-eye perception and
real-time responses so that fluorescence chemo and bio-sensing is
a rapidly growing field. Many macromolecular hybrid sensing
systems have been reported in recent years; among them, several
examples of responsive CPs have been explored. From the first work
in 1997 (Petrochenkova et al., 1997) to recent years, more than 4,000
works have been published in CPs. The construction of CPs has been
a hot topic in sensing of anions,metal cations (Zhao S.-N. et al., 2018;
Qu et al., 2018; Pamei and Puzari, 2019; Xie S. et al., 2020; Wang Y.
et al., 2020; Razavi andMorsali, 2020), organic solvents (Li and Song,
2011; Xiao et al., 2015; Roales et al., 2017; Kustov et al., 2019; Wang
et al., 2019) and gases (Liu et al., 2018), present in environmental and
industrial samples, and for medical and biological applications. CPs

are rightly placed among the emerging luminescence sensors for
common pollutants and biological targets due to the highly
modulable structural and optical features, predictable
mechanisms, and selective responses. In addition, the use of zinc
(II) d10 metal nodes guarantee eco-compatibility and low-cost.

In the last 5 years,macro-sized Zn (II) basedCPswere found to be
successfully employable in sensing metals, small organic molecules,
anions, and cations (Jia et al., 2016; Park et al., 2016; Gu et al., 2017;
Zhang et al., 2017; Fan et al., 2020a). Lessons learned from the mono
and bi-dimensional macroscopic tools aid the construction of highly
engineered three-dimensional nano-architectures, able to cell
permeation. MOFs and other nanosized bioengineered probes,
highly symmetric structures held by supramolecular interactions,
are designed to detect metals and small molecules, carry drugs for
cancer therapy, and monitor/mark specific cells or subcellular
parameters (Kang et al., 2017). They can take advantage of the
employ of the eco-friendly and versatile zinc (II) ion in their
architectures. Zinc-based nanoprobes are among the recent
advanced tools for sensing of biological relevant entities and
parameters and for understanding cellular functions in medical
diagnostic. The structural versatility of the zinc coordination core
can be exploited in building tailored nanosized architecture. On the
other hand, the desired PL properties of the nano-tools can be
modulated by the optically innocent “clip approach” (Diana and
Panunzi, 2021) due to zinc cation. Finally, in the live observations
cells and tissues can be both deeply penetrated and preserved thanks
to the small non-toxic zinc ion.

This reviewwill provide a systematic and consequential approach
to the zinc-based nanoprobes, including zinc-based MOFs
(abbreviated Zn-MOFs) and other zinc-based nanoparticles
(abbreviated Zn-NPs), The progression of the review will start
from the targeted biological systems pursuing the nanosized
intracellular sensors/markers/carriers. A selection of significant
cutting-edge articles about zinc (II) nanoprobes collected in the
last 5 years will be discussed, based on their structural pattern and
sensing performance. Synthetic novelty, study completeness,
selective response, symmetric pattern, and theoretical deepening
will be underlined, with special notice to living cell bioimaging as the
most targeted and desirable application.

We review the literature organizing the discussion in the
following sections:

Zn-MOFs for biological targets and environmental pollutants
sensing;
Zn-MOFs and other Zn-NPs for living cell determinations.

Our final aim will be to highlight the recent challenges and
goals in luminescent zinc nanoprobes, bringing the layman closer
to this topic and stimulating the research to novel working
hypotheses.

ZINC-METAL-ORGANIC FRAMEWORKS
FOR BIOLOGICAL TARGETS SENSING

Due to their unique porous crystalline structure, high surface
area, and versatile functionalities, MOFs are considered ideal
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candidates for selective sensing (Fan et al., 2020b; Roy et al., 2020;
Lei et al., 2021; Li et al., 2021).

The sensing properties can be tuned depending on the binding
affinity of the metal cation, the design and chelation ability of the
linker, the number and size of available open sites, the coordination
pattern, the symmetry and the crystalline arrangement, the
potential interactive free sites. The common design idea in the
construction of LMOFs is the employ of rigid organic ligands with
a π-conjugated system and specific functions. The formation of the
MOF architecture involves metal-ligand bonds able to produce a

rigid structure undergoing a decrease in the vibration and rotation
of the ligands. The resulting non-radiative relaxation and decay
improve the emission.

In designing a fluorescence sensor, attention must be paid to
the host-guest interactions and the electronic structure of the host
frames. The symmetry of the scaffold and the introduction of
specific functions leads to selective sensing properties. On the
other hand, the nature of the metal ions should be generally
considered, as it affects both the chemo and physical properties of
the sensor and the sensing specificity and mechanism.

FIGURE 2 | Some representative structures of Zn-MOFs for biologically and environmentally relevant analytes. (A) Ligand and 3D structure of Zn (II) MOF BIPT-1
viewed along the c axis, form ref (Qu et al., 2018). (B) Ligands and 3D framework of Zn (II) MOF along the a axis, form ref (Zou et al., 2018). (C) Ligands and the two-fold
interpenetration TMU-16, form ref (Farahani and Safarifard, 2019).

FIGURE 3 | Some representative structures of Zn-MOFs for pH and temperature measurement. (A) H4L tetracarboxylic acid ligand and the MOF ZJU-21
framework viewed along the c direction, from ref (Zhao et al., 2017); (B) ligands and 3D framework representation of the Zn MOF viewed along the c direction, form ref
(Yang et al., 2020).

Frontiers in Materials | www.frontiersin.org October 2021 | Volume 8 | Article 7502475

Diana et al. Luminescent Zn (II)-Based Nanoprobes for Biological Applications

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


The fluorescence sensing by LMOFs can result in fluorescence
enhancement or quenching due to the molecular interactions
between the LMOFs and analytes. In some cases, the detected
target analyte interferes with the ligand’s electronic structure,
thereby reducing the energy transfer from the ligand to the
central metal ions. Therefore, the sensing process results in a
decrease in fluorescence intensity. In other cases, a fluorescence
enhancement can be obtained due to the activation of an emissive
channel in bonding the target analyte. In this case, the sensing
process involves originally weak emissive MOFs, which become
strong emissive LMOFs after detection.

The zinc (II) d10 cation is a “unique individual” in the MOFs
building.When employed as a metal node of LMOFs, zinc (II) ion
can both retain the fluorescence of the linkers or activate their
emission channel, easily affording strong luminescent LMOFs
due to constraining effect on the ligands (CHEF). In the closed-
shell cation, the lowest energy excited states are mainly LCT
(ligand charge transfer) transitions and/or LL’CT (ligand to
ligand charge transfer) transitions. Thus, zinc ions can freeze a
favourable emissive configuration of the ligand, with scarce
electronic contributes. Due to its wide range of architecture,
porosity, and functionality, Zn-MOFs can represent unique
LMOFs, and potential candidates in the fields of storage, drug
delivery, and sensing (Jiang et al., 2017; Zhao et al., 2019).

In Zinc-Metal-Organic Frameworks for Biological Targets
Sensing, we will report the most relevant examples of novel
Zn-MOFs used as sensors for biological targets. Specifically,
iron and other metal cations, both essential for life (as Cu2+)
and toxic/mutagens (as Cd2+), hazardous analytes such as Cr (VI)
oxides and nitroaromatic compounds, environmental organic
pollutants, such as organic dyes, pesticides, antibiotics, and
finally analytical parameter such as pH have been considered
in this section. Our discussion will be articulated based on
structural similarities and differences in the targeted analytes
and the sensing mode. The most representative structures have
been reported in Figures 2, 3.

Iron cation is a relevant biological target. As an essential trace
element in the human body, it plays a crucial role in biological
processes such as oxygen transport, cell metabolism, and electron
transfer processes in DNA and RNA syntheses. In the same year
(2018), two researchers groups produced two different LMOFs
for the detection of iron. Huan Yang and coworkers (Wang et al.,
2018) produced a one-dimensional zinc MOF based on 5-(5-
norbonene-2,3-dicarboximide) isophthalic acid) with
encapsulated Tb3+ and Eu3+ cations. The composite
luminescent (Tb3+)@Zn-MOF undergoes selective and linear
luminescence quenching effect upon addition of Fe(III) cation
and low detection limit (LOD � 7.5 × 10−6 M). Analogously, a
selective and reversible quenching response to Fe (III) cation was
obtained by employing a LMOF based on Li+ and Zn2+ and the
quadridentate carboxylate ligand 5-[bis(4-carboxybenzyl)amino]
isophthalic acid by Guangshan Zhu and coworkers (Ren et al.,
2018).

Many cases are known of ZnMOFs for simultaneous detection
of iron and other analytes. In some cases, the other analyte is a
metal cation. In 2017 Xin Liu and coworkers (Lv et al., 2017)
produced a Zn LMOF based on TPOM � tetrakis (4-

pyridyloxymethylene) methane and H2ndc � 2,6-
naphthalenedicarboxylic acid with Eu3+ encapsulated cations,
able to detect Fe(III) and Cr(VI) ions with high selectivity,
scarce interference, and short response time. In 2018, Xia Li
and coworkers (Zhang M.-N. et al., 2018) assembled three MOFs
based on Zn(II), Cd(II) and Cu(II) and the ligands dpdc � 3,3′-
diphenyldicarboxylate and btb � 1,4-bis(1,2,4-triazol-1-yl)
butane. The Zn MOF can act as a bi-functional chemosensor
for Fe3+ and Al3+ ions. In 2019 Vahid Safarifard and coworkers
(Farahani and Safarifard, 2019) synthesized a bipyridyl ligand
containing a bridging azine group to fabricate the Zn MOF
named TMU-16. The MOF displays high luminescence
emission and can detect Fe(III) (quenching response) and
Cd(II) (enhancement response) ions with high selectivity and
sensitivity (LOD � 0.2 and 0.5 μM, respectively) and short
response time (<1 min). The MOF also gives a luminescence
response toward a small molecule such as CH2Cl2. Wei-Yin Sun
and coworkers in 2018 (Liu et al., 2018) presented six MOFs):[Cd
(L1) (oba)]·DMF (1), [Ni3(L1)2(BPT)2(H2O)4] (2), [Zn2 (L1)2-
(HBPT)2]·H2O (3), [Ni(L1) (BPTC)0.5(H2O)2] (4), [Ni2(μ2-O)
(L2)3(Hoba)2-(H2O)2] (5), and [Ni2(L2)3(BPTC) (H2O)2]·6H2O
(6) [H2oba � 4,4’-oxybis-(benzoic acid), H3BPT � biphenyl-
3,4’,5-tricarboxylic acid, H4BPTC � biphenyl-3,3’,5,5’-
tetracarboxylic acid, DMF � N,N-dimethylformamide] derived
from 1H-imidazol-4-yl-containing ligands 1,3-di (1H-imidazol-
4-yl)benzene (L1) and 4,4’-di (1H-imidazol-4-yl)biphenyl (L2)
with varied carboxylate ligands. Zn MOF (3) shows highly
efficient quenching for detecting Fe (III) cation and acetone
molecules.

Several other efficient zinc-based LMOFs for the detection
of small hazardous analytes are known. Specifically, Cr2O7

2-,
CrO4

2-, and nitroaromatic compounds are potent pollutants of
aqueous solutions, widely used in industrial applications and
highly carcinogenic (Ostrowski et al., 1999; Levina et al., 2005;
Zhitkovich, 2011). The ability of LMOFs to detect hazardous
analytes can be precious. Several recent examples of Zn MOFs
detecting nitro derivatives are known. Ming Ho and coworkers
in 2017 (Zhang et al., 2017) produced a series of chiral 3d-4f
heterometallic interpenetrating Zn MOFs based on a
multidentate terpyridyl carboxylic acid ligand. The Eu (III)
based compound proved to be a luminescent sensor to detect
nitrobenzene molecules with high sensitivity. Xiangyang Qin
and coworkers in 2019 (Lu et al., 2019) prepared a Zn MOF
using benzene-1,3-dicarboxylic acid (H2BDC) and 1,4-bis(2-
methyl-imidazole-yl)-propane (bip) which behaves as a
sensitive luminescent probe for quenching detection of
nitroaromatics (NACs), especially 2,4,6-trinitrophenol
(TNP). In the same year, T. Thonhauser and coworkers
(Jensen et al., 2019) examined the quenching mechanism
undergoing a Zn2 (bpdc)2 (bpee) MOF, (bpdc � 4,40-
biphenyldicarboxylate; bpee � 1,2-bipyridylethene), upon
nitroaromatic molecule adsorption by ab initio simulation.
Sheng-Yong You and coworkers in 2020 (Li L. et al., 2020)
obtained a two-fold interpenetrating pillar-layer Zn MOF
from thiophene-2,5-dicarboxylic acid (H2tda) and 4,4’-
azobispyridine (azopy) as a chemosensor for nitroaniline
detection. The fluorescence resonance energy transfer
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(FRET) process resulted in dominating the luminescence
quenching response of the MOF.

Multifunctional MOF sensors able to selectively detect both
biologically relevant and hazardous analytes can be versatile tools.
For example, in several cases, iron can be detected by multiple
function Zn MOFs together with nitroaromatic compounds or/
and Cr2O7

2- and CrO4
2- anions.

Xiao Zhang and co-workers in 2019 (Zhuang et al., 2019)
synthesized a Zn MOF with a 3-fold interpenetrating 3D
framework based on tpt � 2,4,6-tri (pyridin-4-yl)-1,3,5-triazine
and H2tda � 2,5-thiophene dicarboxylic acid acting as a very
sensitive probe for Fe(III) ions and 2,4,6-Trinitriphenol detection
by fluorescence quenching behavior and visible color change in
the presence of iron. Very recently, Lirong Yang and coworkers
(Yang et al., 2021) reported three MOFs by hydrothermal
reactions with 440,400-nitrilotribenzoic acid (H3NTB), 1,10-
phenanthroline (phen) and Zn(II), Mn(II) and Cu(II) ions,
respectively. The Zn-MOF exhibits a dual fluorescent response
toward nitrobenzene and Fe(III) ion.

Suna Wang and coworkers in 2018 (Chen et al., 2018)
produced two LMOFs based on S-containing carboxylate acid
and N-donor ligands, {[Zn(L) (bpp)]·DMF}n (1) and {[Zn(L)
(bpe)]·DMF}n (2) (where L � 2,2’-[benzene-1,3-diylbis
(methanediylsulfanediyl)]dibenzoic acid, bpp � 1,3-bis(4-
pyridyl)propane, bpe � 1,2-Bis (4-pyridyl) ethylene, DMF �
N,N-Dimethylformamide), with selectivity for Fe3+ and
Cr2O7

2- in DMF. In the same year He-Gen Zheng and
coworkers (Xiao et al., 2018) produced three Zn MOFs, {ZnL
(chd)}n (1), {[Zn(L)0.5 (oba)]·DMF·H2O}n (2) and {[Zn(L)0.5
(sdb)]·H2O}n (3) [where L � E,E-2,5-dihexyloxy-1,4-bis-(2-
pyridin-vinyl)-benzene; H2chd � 1,4-cyclohexanedicarboxylic
acid, H2oba � 4,4’-oxybisbenzoic acid, H2sdb � 4,4’-
sulfonyldibenzoic acid], able to selective sensing still for Fe3+

and Cr2O7
2-. Xian-He Bu and coworkers in 2020 (Yin et al., 2020)

used the MOF [Zn (dptz) (BDC) (H2O)]n [1, dptz � 3,6-di (1H-
pyrazol-4-yl)-1,2,4,5-tetrazine, H2BDC � terephthalic acid] for
the same sensing analyte, and so Tuoping Hu and coworkers in
2019 (Gao L. et al., 2019) starting from three 3D metal–organic
frameworks (MOFs), namely, {[Cd2(HL) (4,4-bipy) (H2O)]
n_H2O} (1), {Zn2(HL) (phen)}n (2) and {Zn2(HL) (2,2-bipy)}n
(3) obtained from the V-pattern multi-carboxylic acid ligand H5L
(H5L � 3,5-di (2’,5’-dicarboxylphenyl)benzoic acid) and Cd(II)/
Zn(II) salts.

The multi-responsive tools attract the interest of both
researchers and technicians. Some Zn MOFs are multi-
responsive probes for sensing biologically sensible targets.
Zhong-Feng Shi and coworkers in 2020 produced (Xu et al.,
2020) the LMOF [Zn2 (4,4’-nba)2 (1,4-bib)2]n (1) where 4,4’-
H2nba � 3-nitro-4,4’-biphenyl dicarboxylic acid and 1,4-bib �
1,4-bis(imidazole-1-ylmethyl)-benzene, which can be used as a
sensitive multi-responsive luminescent sensor for detecting of
Fe3+, Cr2O7

2- and CrO4
2- anions in water and for sensing of

nitrobenzene in ethanol. LOD values reach 1.76, 3.25, 3.8 and
0.19 mM, respectively. Another Zn MOF acting as a multi-
response chemo-sensor was proposed in 2018 by Shao-Wei
Zhang and coworkers (Zou et al., 2018). The MOF
{[(CH3)2NH2]2 [Zn5 (TDA)4 (TZ)4].4DMF}n (1) (H2TDA �

thiophene-2,5-dicarboxylic acid and HTZ � 1H-1,2,4-Triazole)
based on Zn5(COO)2 (TZ)4 pentametallic clusters and thiophene-
2,5-dicarboxylic acid was synthesized and post-functionalization
via cation exchange with Eu3+ and Tb3+ afforded two other
lanthanide MOFs: Eu3+@1 and Tb3+@1. The MOFs were
utilized as selective and sensitive turn-off luminescent sensors
for aniline, benzaldehyde in DMF and Cr2O7

2- and CrO4
2- anions

in water.
In some cases, Zn MOFs are designed to be strongly selective

toward a highly specific small molecule. Bing-Hui Wanga and
Bing Yan in 2019 (Wang and Yan, 2019) produced a Zn MOF
based on fluorescein (FS) dianion dye functionalized
([Zn2IJTipa)2IJOH)]·3NO3·12H2O). The MOF was designed to
effectively detect trichloroacetic acid (TCA), a carcinogen
metabolite in human urine. Jian-Zhong Cui and coworkers in
2018 (Cui et al., 2018) produced an anionic Zn MOF
{[(CH3)2NH2][Zn(FDA) (BTZ)2]} n (1) (H2FDA � furan-2,5-
dicarboxylic acid and HBTZ � 1H-benzotriazole) undergoing
post-synthetic cation exchange with Cu2+, Co2+, and Ni2+. The
probe works as a turn-off luminescent sensor sensitively and
selectively detecting acetylacetone, a widely utilized volatile and
flammable analytical reagent, with LOD � 0.647 μmol/L.

The interactions and the structural pattern in MOFs make
them ideal candidates for detecting volatile organic
compounds upon adsorption of the guest molecules. Yao Li
and coworkers in 2020 (Guo et al., 2020) synthesized CNT@
ZnSnO3 hollow boxes via hydrothermal reaction by using the
Zn-MOF(ZIF-8) as the Zn source and carbon nanotubes
(CNTs). CNT@ZnSnO3 demonstrated a large specific
surface area (up to 45.73 m2/g), highly responsive to ethanol
up to 166 at 240°C at the concentration of 100 ppm. Patima
Nizamidin and coworkers in 2019 (Tuergong et al., 2019)
proposed a series of Zn MOFs, [Zn2 (bdc)2 (dpNDI)]n
(where bdc � terephthalic acid and dpNDI � N,N’-di (4-
pyridyl)-1,4,5,8-naphthalenediimide), moulded in optically
transparent membranes grown on a tin-diffused glass
substrate. They display a large pore size (380 nm), uniform
surface and lower refractive index. The films display a selective
adsorption response to meta-xylene gas over interferents such
as toluene, styrene and benzene gases, harmful and poisonous
to the human body and the environment.

Zn MOFs responsive towards biologically harmful molecules,
which are environmental organic pollutants, such as organic dyes,
pesticides, antibiotics, are highly required sensing probes. Many
industrial processes generate a large amount of wastewater
containing organic dyes (Gupta and Suhas, 2009). Many
commonly used dyes are toxic, and mutagens and their
monitoring and removal are essential for water quality and the
ecosystem. In 2017 Ruiping Deng and coworkers (Guo et al.,
2017) reported a Zn MOF namely [Zn2 (btb)2
(bbis)](Me2NH2)2·6DMF, built from bbis � bis(4-
benzylimidazol-ylphenyl)sulfone and H3btb � 4,4’,4’’-benzene-
1,3,5-triyltribenzoic acid exhibiting a post-synthetic cation
exchange with Eu3+, Tb3+, Dy3+ and Sm3+. The LMOF was
found responsive in selective separation of methylene blue.
Wen-Li Guo and coworkers in 2018 (Qu et al., 2018) and Lun
Zhao and coworkers in 2019 (Zhao et al., 2019) presented two
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multifunctional systems able to sense iron and a dye. Specifically,
in (Qu et al., 2018), a 2D Zn MOF, ZnL (H2O)3]_3H2O_DMF
(BIPT-1_3H2O_DMF) has been synthesized by using bis-(3-
carboxy-phenyl)furan-2,5-dicarboxamide (H2L) exhibiting high
selectivity and sensitivity fluorescence quenching toward to Fe3+

ions in water and selectively adsorbing cationic dyes like
methylene blue. In (Zhao et al., 2019) a Zn MOF, {[Zn2L2
(bibp)2]·H2O}n (L � N,N0-bis(4-carbozylbenzyl)-4-
aminotoluene) presenting an 8-fold interpenetrating diamond
networks can sensitively detect Fe3+ ions in water and selectively
adsorbing methyl orange.

A Zn MOF for sensing of dichloronitroaniline pesticide and
nitrofuran antibiotics in water was realized by Xiutang Zhang and
coworkers in 2020 (Fan L. et al., 2020). A 3D self-penetrated
framework, {[Zn (tptc)0.5 (bimb)]H2O}n (NUC-6), was built
from 1,3-bis (imidazol-1-ylmethyl)benzene (bimb) and
π-conjugated aromatic p-terphenyl-2,2”,5”,5”’-tetracarboxylate
acid (H4tptc). The LOD was measured as 116 ppb for DCN
pesticide, 16 ppb for NFT antibiotic, and 12 ppb for NTZ
antibiotic. In the same year, Jarugu Narasimha Moorthy and
coworkers (Mukhopadhyay et al., 2020) published a Zn-MOF
(Zn-DBC), with ca. 27% solvent-accessible void volume from a
tetracarboxylic acid linker based on a twisted dibenzo (g,p)
chrysene core, 2,7,10,15-tetrakis [2,6-dimethyl-4-(α-carboxy)
methoxyphenyl]-dibenzo (g,p) chrysene (H4DBC). The Zn-
MOF shows sensing ability toward hazardous “quat” dicationic
herbicide containing a diquaternary bipyridyl motif, with LOD<
2.8 ppm in water.

Still, in 2020, Qinhe Pan and coworkers in (Qin et al., 2020)
designed a ZnMOF (HNU-50) for the detection and extraction of
U (VI) as a potential environmental pollutant. The amide groups
on N-pyridin-4-ylpyridine-4-carboxamide ligands and two
uncoordinated carboxyl oxygen atoms on pyromellitic acid
ligands provide potential uranium-binding sites allowing
fluorescence sensitive and selective detection of U(VI) with
LOD � 1.2 × 10–8 M for U(VI).

As a fundamental parameter for life, pH plays a pivotal role in
many biological processes, so accurate monitoring of pH is highly
required. Yulin Yang and coworkers in 2018 (Xing et al., 2018)
produced a biocompatible ZnMOF as a drug delivery carrier with
a high loading ability of 5-FU drug molecules. The Zn MOF [Zn-
cpon-1 with the (3,6)-connected rtl 3D topological network
constructed by semirigid 5-(4’-carboxyphenoxy)nicotinic acid
(H2cpon)] was verified as a pH-responsive dual-emission tool,
the controllable releasing being triggered via the thermal and pH
dual stimulus. In 2020, En-Qing Gao and coworkers (Yang et al.,
2020) produced a three-dimensional Zn MOF from a bipyridyl-
tetracarboxylic ligand composed of 4-fold interpenetrated
diamond frameworks (Figure 3). The free basic N sites make
the probe pH-responsive. A reversible on-off fluorescence
transition in the narrow pH range of 5.4–6.2 can be used for
precise pH monitoring. In addition, the pH-responsive Zn MOF
shows sensing performance towards 3-nitropropionic acid, a
major mycotoxin in moldy sugar cane. Xiu-Li Wang and
coworkers in 2019 (Lin et al., 2019) fabricated a dual-
responsive Zn MOF, Zn-MOF@SWCNT composite with
single-wall carbon nanotubes (SWCNTs). Zn-MOF@SWCNT

exhibited a selective fluorescence quenching response to Fe
(III) ions and a relationship between pH value and
fluorescence intensity in the pH range from 1 to 13.

Temperature is a basic physical parameter of science, and its
accurate measurement is crucial in scientific and technological
contexts. A ratiometric fluorescence sensor can measure emission
intensities at two or more wavelengths to accurately detect
changes to the local environment/analyte. Several promising
ratiometric Zn (II) LMOFs have been developed. Guodong
Qian and coworkers in 2017 (Zhao et al., 2017) employed a
tetracarboxylic acid ligand containing a highly polarized
benzothiadiazole moiety to construct the luminescent porous
Zn MOF ZJU-21 (Figure 3), which can absorb the luminescent
dye 4-[p-(dimethylamino)styryl]-1-methylpyridinium (DMASM)
affording the dual-emitting MOF*dye composite ZJU-
21*DMASM. The emission color of the resulting composite
can be modulated based on the amount of dye, and the intensity
ratio of the two emissions can be used as a ratiometric probe for
temperature measurement. Very recently, Banglin Chen and
coworkers (Wang et al., 2021) synthesized two isostructural
NbO-type Zn MOFs, where two similar tetracarboxylate
ligands, 5,5’-(pyrazine-2,5-diyl) diisophthalic acid (H4PZDDI)
and 5,5’-(pyridine-2,5-diyl) diisophthalic acid (H4PDDI), with
pyridine or pyrazine moieties were used as the organic linkers.
By absorbing pyridinium hemicyaninedye 4-[p-
(dimethylamino) styryl]-1-methylpyridinium (DSM) and
Eu3+ different composites were obtained, specifically DSM@
ZnPZDDI and DSM@ZJU-56, and Eu3+@nPZDDI and Eu3+@
ZJU-56. The europium adducts Eu3+@ZnPZDDI and Eu3+@
ZJU-56 proved to be ratiometric luminescence thermometry
with large sensing temperature range and higher sensitivities.

ZINC-METAL-ORGANIC FRAMEWORKS
AND OTHER NANO-ENGINEREED
ZINC-BASED TOOLS FOR LIVING CELL
DETERMINATIONS

Fluorescence microscopy is the preferred choice by biologists
owing to its high sensitivity, rapid response, and spatio-temporal
resolution. Moreover, the possibility of a non-destructive analysis
at the molecular level is a relevant added value. A wide array of
fluorescent probes is available for use in fluorescence microscopy.
Nanotechnology is a rapidly developing field with various
applications in science and technology (Jun 2021). Nanosized
fluorescent probes for bioimaging and living cell determination
were recently discussed in several excellent reviews (Mittal and
Banerjee, 2016; Zhao et al., 2016; Hemmer et al., 2017; Yang et al.,
2019; Parmar et al., 2020). These fluorogenic probes include
nanomaterial-based probes, (Nicewarner-Pena et al., 2001;
Kamat, 2002; Singh and Lillard, 2009; Mittal and Banerjee,
2016; Macairan et al., 2020), from quantum dots and carbon
nanomaterials to organic and inorganic nanoparticles for
multimodal bioimaging and targeted therapy (Yang et al.,
2019), and near-infrared emitting nanoparticles for imaging,
thermal sensing, and photodynamic therapy (Hemmer et al.,
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2017). Another group of nanosized organic-inorganic hybrid
materials, highly symmetric, used in fluorescence analysis are
LMOFs. They are used as markers to detect biomolecules and
therapeutic applications (antimicrobial, antiplatelet, drug
delivery, and photothermal therapy) (Singh et al., 2020).
Owing to their unique structures and properties, such as
targeted symmetry, high surface area and density of active
sites, tuneable pore size, various MOF-based sensing platforms
have been reported for living cell detection and subcellular units.
On the other hand, fluorescent NPs are commonly used to
visualize the spatio-temporal dynamics of cells in various
biomedical applications (Singh et al., 2017).

Recently, there has been considerable interest in developing
nanoprobes based on bio-compatible cations together with
organic scaffolds. The employ of metal nodes of zinc (II) ion
in building novel engineered tools for bioimaging is quite recent.
In many cases, such hybrid organic-inorganic nanoprobes meet
the requirement of good cell penetration without perturbing the
cell physiology. Most Zn-MOF and Zn-NPs were studied for their

sensing ability. Moreover, several zinc-based MOFs and
nanoprobes have been designed as a specific therapeutical tool
against cancer cell proliferation.

In this section, we summarize the progress made during the
past 5 years in the field of zinc-based nanoprobes acting in
living cells, with an emphasis on the advantages of each
specified system. Specifically, sensing performance toward
toxic ions and small molecules in living cells, anticancer
drug (such as 5-fluorouracil) delivery, anti-viability and
anti-proliferation ability, efficient cellular uptake by high
optical penetrating power at the deep tissue level to target
cancer cells in bioimaging will be discussed. Some relevant
structures of the most recent examples of Zn-MOFs and other
highly engineered nanosized in vivo zinc tools are reported in
Figure 4.

The sensing performance of Zn-MOFs already discussed in
Zinc-Metal-Organic Frameworks for Biological Targets Sensing,
finds the more desirable bioengineered application in the living
cell imaging (Martynov et al., 2018; Macairan et al., 2020).

FIGURE 4 | Some representative structures of Zn-MOFs for living cell determinations. (A) by Hua Yang (Hu et al., 2020); (B) by Wei-Ping Zhang (Wu et al., 2021).
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Xiaoyan Liu and coworkers in 2018 (Pan et al., 2018) produced
a Zn-MOF based on L � 2,5-bis (phenylamino)-1,4-
benzenedicarboxylic acid named Zn2(L)2 (DMF)2H2O for
sensing applications in a living cell. The probe exhibited
fluorescence enhancement for cadmium (II) ion and
fluorescence quenching sensing in presence of nitrobenzene
with LOD � 0.12 mM for Cd2+ and 1.19 mg/ml for
nitrobenzene. To explore whether Zn-MOF can be used for
cell imaging, its toxicity to living cells was investigated. It was
found that the cellular viability of HepG2 remains over 94% in the
presence of 4.0 mg/ml Zn-MOF and that the cytotoxicity in DMF
results in more than 88% of cells surviving at 8.0 mg/ml Zn-MOF.
The Zn-MOF sensing ability toward Cd2+ was tested in real water
samples and in HepG2 living cells, where an obvious yellow
fluorescence was observed in the presence of the adduct
probe-Cd2+.

In addition to sensing performance, several Zn-MOFs tailored
as therapeutic tools were recently proposed. In 2020 Hua Yang
and coworkers (Hu et al., 2020) presented a novel Zn-LMOF
named [Zn2 (OH)2 (H2TCPP)](DMF)3 was synthesized by using

the rigid symmetric 2,3,5,6-tetrakis (4-carboxyphenyl)pyrazine
ligand and zinc (II) crosslinkers obtaining a sea-type net 3D
structure. The MOF can selectively detect picric acid in solution
with a quenching effect. Moreover, the Zn-MOF’s inhibitory
effect on various cancer cell lines (HeLa, CHO, HepG2, U251,
MDA-MB-435 S and BEAS-2B) was detected via CCK-8 (Cell
counting kit-8) method. The influence on the U251 human
glioma cells invasion, migration and proliferation was detected
with the transwell method. In the same year, Xiao-Ming Han and
coworkers (Peng et al., 2020) produced a Zn-MOF named [Zn2
(cipa) (H2O)2] (DMF) from 5,5’-carbonyldiisophthalic acid
(H4cipa) in a mixed DMF/water solvent (Figure 5). The
treatment activity against the Mg63 osteosarcoma cell line was
evaluated, and the mechanism was proposed. Real-time RT-PCR
(reverse transcription-polymerase chain reaction) assay was used
to measure the relative expression levels of the autophagic genes
under treatment. Due to the porous size-selectivity, an interesting
application as a heterogeneous catalyst for forming C–C bonds of
carbonyl compounds was also detected. Interestingly, catalytic
activity can accompany the therapeutic purpose or be an integral

FIGURE 5 | Perspective view of the channels and cages formed within the three-dimensional skeleton of (A) ZnMOF for drug release by Xiao-Tao Xin and Jia-Ze
Cheng, 2018 (Xin and Cheng, 2018); (B) ZnMOF for drug release and anticancer activity by Xiao-Ming Han, 2020 (Peng et al., 2020).

FIGURE 6 | Zn-MOF 5-Fu@1a by (Yan et al., 2020). (A) The one-dimensional triangular channels along b axis with the coordinated bpy ligand. (B) The
one-dimensional rhombic channels along the c axis. (C) The 5-Fu molecule’s advantageous binding site.
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part of it. Still, in 2020, a catalytic activity (for aromatic aldehydes
cyanation) was detected for a Zn-MOF obtained by Wei-Ping
Zhang and coworkers in (Wu et al., 2021). The MOF was
obtained from a rigid V-shaped ligand 2,6-di (2’,5’-
dicarboxylphenyl)pyridine in DMF/water solvent and named
[Zn3(L) (OH)2(H2O)4](DMF)5. The reverse transcription-
polymerase chain reaction (PT-PCR) was used to determine
cylindromatosis (CYLD) and miR-130 relative expression in
bladder cancer cells. The treatment ability of the compound
on bladder cancer cells was assessed and the mechanism
explored by evaluating the level of autophagic programmed
cell death by western blot.

The employ of LMOFs as drug-delivering nanoprobes could
be the application with the strongest biomedical impact. Suhui
Wu and coworkers in 2020 (Yan et al., 2020) affords a new Zn-
MOF [Zn3(OH)2(H2tccp)2 (bpy)2](H2O)3 (DMF)3 from ligand
2,3,5,6-tetrakis (4-carboxyphenyl)pyrazine (H4tcpp) and 4,4’-
bipyridine (bpy) (Figure 6). The anticancer drug 5-
fluorouracil (5-Fu) resulted in being captured into the
nanopores preferentially with a loading capacity of 30.7% from
the drug loading experiment. At the same time, the 5-fluorouracil
was controlled to release in the artificial human body with a
phosphate-buffered saline solution. The anti-viability and anti-
proliferation activity of 5-Fu@1a vs. CoC1 ovarian cancer cells
was carried out by Cell Counting Kit-8 (CCK-8) assay and clone
formation assay. 5-Fu@1a showed an excellent anticancer effect
in a caspase-dependent manner, causing CoC1 ovarian cancer
apoptotic death. Another 5-Fu carrier was designed and studied
in 2018 by Xiao-Tao Xin and Jia-Ze Cheng (Xin and Cheng, 2018)
which produced a Zn-MOF, [Zn(BTC) (HME)](DMAc) (H2O)
(where H3BTC � 1,3,5-benzenetricarboxylic acid, HME �
protonated melamine, DMAc � N,N-dimethylacetamide)
(Figure 5). Due to many N-donor sites and suitable pore size,
the de-solvated MOF was a moderate loading carrier of 5-Fu
molecules. The cytotoxicity was evaluated using MTT assays

against human oral squamous cell carcinoma (SCC-251 and
HSC-4).

Huwei Liu and coworkers in 2017 (Qi et al., 2017) proposed a
functional MOF modified with antibodies to combine cell
recognition and targeted cell capture with controllable drug
delivery. A ZnMOF-COOH assembled in situ forms a
platform for further functionalization (Figure 7). The
derivatization of surface acid groups to give peptide linkages
offers a strategy for immobilizing antibodies on the MOF. The
resulting Zn-MOF core acts as a selective tumor cells trapper. Due
to the peculiar structure, the Zn-MOF is able to deliver and to
release drugs in specific conditions and in response to external
stimuli. An interesting engineered application of Zn-MOF as an
antibacterial tool was designed by ChunshengWu and coworkers
in 2020 (Chen et al., 2020) by using a zeolitic imidazolate
frameworks-8 (ZIF-8) to build a cell-in-shell structure onto
living cells. The in-situ encapsulation process involved cell
death depending on the zinc (II) salt employed in forming the
MOF. The ZIF-8 coating could engineer the cell division,
suppressing cell budding and growth. After the removal of the
MOF shell, the cell growth could recover. This coating method
was applied to yeast cells and can be used in the treatment of
bacteria cells.

Nanoprobes for bioimaging selectively e specifically
monitoring tumor cells, are highly required. Upconverting
nanoparticles (UCNPs) are nanoscaled particles exhibiting
photon upconversion. In this process, two or more incident
photons of low energy are absorbed and converted into one
emitted photon with higher energy. Typically, emission occurs in
the visible region of the electromagnetic spectrum. UCNPs are
known for their applications in bioimaging, biosensing, and
nanomedicine thanks to their highly efficient cellular uptake,
high optical penetrating power, and little background noise at the
deep tissue level. Yu Tang and coworkers in 2017 (Cai et al., 2017)
produced a core-shell MOF-based nanocomposite UCNPs/MB@

FIGURE 7 | Schematic Illustrating the Synthetic Strategy for fabricating a MOF-Based Immunotrapper (Qi et al., 2017).
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ZIF-8@ catalase (UCNPs � upconverting nanoparticles; MB �
methylene blue; ZIF � zeolitic imidazolate framework) useful in
bioimaging and NIR/H2O2-responsive in photodynamic therapy
vs. hypoxic tumor cells. The nanoporous MOF shell prevents
aggregation of photosensitizers and acts as an efficient, self-
sufficient oxygen gas acceptor.

The employ of fluorescence AIE (aggregation induced
enhancement) active markers state exhibit stronger emission
in the concentred solution (Caruso et al., 2018; Diana and
Panunzi, 2021) than in diluted ones. AIE undergoing probes
can solve problems due to fluorescence quenching of the
aggregates in aqueous physiologic media and are very useful in
bioimaging (Fan et al., 2020b; Ying et al., 2021). Dongdong Sun
and coworkers in 2019 (Zhang et al., 2019) fabricated gold
nanoprisms (AuNPR) conjugated to phenanthroline
derivatives functionalized tetraphenylethene (TPE) with
aggregation induced enhancement (AIE) of fluorescence. The
probe was stabilized with target peptide aptamers via Au-S bonds
(Au-Apt-TPE). The free nitrogen atoms in Au-Apt-TPE chelate
zinc (II) ions (Au-Apt-TPE@Zn) which was used for selectively
monitoring early-stage apoptotic cells. Au-Apt-TPE@Zn showed
deep penetration and photothermal therapy against SGC-7901
human gastric carcinoma cells growth under NIR irradiation.
Another AIE-based system was developed in 2018 by Yun Yan

and coworkers (Wei et al., 2018). A fluorescent vesicle based on
triarylamine carboxylate AIE molecules (TPA-1) interacts with
zinc (II) ion, and forms the complex Zn (TPA-1)2, which further
self-assembles into vesicles. The vesicles are cell imaging probes
as tested in Hela cells.

Nanotechnology based on MOF NPs is a valid strategy to
improve the efficacy of cell-mediated drugs delivery for cancer
therapy. Dong-Pyo Kim and coworkers in 2021 (Ha et al., 2021)
employed Janus carrier cells coated with MOFs by asymmetrical
immobilizing the nanoparticles of a Zn-MOF with cytotoxic
enzymes encapsulated on the surface of carrier cells
(Figure 8). Retaining the biological and structural features of
the living cells, theMOF-coated Janus cells have the same binding
ability as the regular cells to their microenvironment. Still, they
are protected from the cytotoxic drug contained in MOFs. When
a chemotherapeutic protein of proteinase K is released from the
MOF nanoparticles in an acid environment, the composite MOF-
Janus probe can eliminate three-dimensional (3D) tumor
spheroids. Still, in 2021 Mosad A. El-ghamry and coworkers
(El-Ghamry and El-Shafiy, 2021) produced several complexes
from Co(II), Ni(II), Cu(II), Zn(II), and Fe(III) and the ligand 3-
(1-methyl-4-hydroxy-2-oxo-1,2-dihydroquinolin-3-yl)-2-nitro-
3-oxopropanoic acid (H3L). The antimicrobial properties of the
ligand showed enhancement upon coordination, and the

FIGURE 8 | Schematic Illustration of the development of MOF-Janus cell-based drug delivery system (Ha et al., 2021).

FIGURE 9 | Fluorescent dipeptide nanoparticles DNPs obtained from Trp-Phe dipeptides and Zn (II) by Mingjun Zhang (Fan et al., 2016).
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antitumor activity was evaluated against the Hepatocellular
carcinoma cell line (HepG-2 cells). The Zn (II) complex
exhibits bio-efficiency over other complexes. Nanosized Zn (II)
complex exhibited IC50 value (2.90 μg/ml) smaller than the
standard antitumor drug cis-platin (IC50 ∼ 3.27 μg/ml) towards
HepG-2 cells.

Peptide nanoprobes and DNA functionalized nanomaterials
showed great potential in biomedical applications. In
2016 mingjun Zhang and coworkers (Fan et al., 2016)
designed tryptophan–phenylalanine dipeptide (Trp-Phe DNPs)
self-assemblies through Zn (II) coordination in nanoparticles
(Figure 9) emitting the visible range rather than in the
ultraviolet (as for the neat peptide), and therefore employable
in bioimaging. The probe resulted in photostable and
biocompatible. Trp-Phe DNPs functionalized with the MUC1
aptamer and doxorubicin can target cancer cells and can be used
in bioimaging and monitoring drug release. In 2020 Shengfeng
Wang and coworkers (Wang S. et al., 2020) explored the use of
nanoscale zeolitic imidazolate framework-8 (ZIF-8) as a building
block for DNA-based nanoprobe. Specifically, they designed a
DNAzyme embedded molecular beacon (DMB) to functionalize
ZIF-8. Upon endocytosis, ZIF-8 was disintegrated to release DMB
for target mRNA detection. The co-released zinc (II) cation acts
as an effective cofactor to activate the embedded DNAzyme for
mRNA regulation.

Rare examples of Zn-MOFs in the effective fabrication of
nano-engineered biomedical devices and supplies are known.
They are a very interesting check of the technological potential
of Zn-MOFs. Yongan Wang and coworkers (Yao et al., 2021)
fabricated a biocompatible and degradable Zn-MOF named
ZIF-8@MeHA-MNs by encapsulating zeolitic imidazolate
frameworks-8 (ZIF-8) into a photo-crosslinked
methacrylated hyaluronic acid (MeHA) hydrogel and
formed into microneedles (MNs) by using the molding

method (Figure 10). MNs array loaded with active can
produce remarkable therapeutic effects benefiting from the
large contact area between the MNs patch and the wound. Due
to the zinc ion gradually released from the Zn-MOF, the MNs
array presents antibacterial activity and steadily releases the
active ingredients. The low molecular weight hyaluronic acid
(HA) generated by hydrolysis of MeHA is advantageous for
tissue regeneration and neovascularization. Live/Dead cell
staining of NIH-3T3 cell lines was examined.

CONCLUSIONS AND PERSPECTIVES

The review summarizes the recent achievements of zinc-based
luminescent nanoprobes. During the past 5 years, the
development of nanoprobes able to cell permeation has
undergone rapid growth.

The wide application of nanotechnology is moved by the
growing demand of biomedical imaging techniques. In the
continuous efforts to develop novel efficient and specific
nanoprobes, the medical application of Zn nanoparticles has
expanded horizons in the field of diagnosis, monitoring, and
therapeutic delivery. Highly bioengineered structures can be
built using zinc (II) atoms in hybrid organic-inorganic
supramolecular structures. In the search for such hybrid
nano-organised tools with unique photophysical properties,
zinc (II) cation claims a role in designing novel chemo and
biosensors, markers, and drug carriers. The non-toxic,
abundant, and inexpensive zinc (II) metal cation offers
several benefits in building versatile CPs structures, MOFs,
and other NPs. The scale and the nature of cell and tissues is
meaningful and imposes some structural, optical, and biological
constraints that zinc ion can satisfy. The most relevant examples
of Zn MOFs and Zn-NPs from the last 5 years (2016–2021) were

FIGURE10 | Biocompatible and degradable ZIF-8, by Yongan Wang (Yao et al., 2021).
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collected and discussed with a systematic and consequential
approach. A progression from detecting the biological target to
the intracellular sensing/marking/carriage has been followed.
A selection of significant cutting-edge articles has been
discussed, based on the structural pattern and sensing
performance, with special notice to living cell bioimaging as
the most targeted and desirable application. In short, the
review displays an overview, from the latest Zn-MOFs
designed for metals, ions, and small molecules with
biological and environmental relevance, to the Zn-MOFs
and Zn-NPs targeted for living cell imaging and drug
carriers. We trust that the short but comprehensive
approach can put foundations for new projects in the

biosensing technological frontier. Finally, we believe and
expect that zinc-based nanoprobes will be developed by
researchers in near future, with the aim of combining
highly biocompatible systems with deeply permeation PL
instruments for treatment, targeting and diagnosis of cancer.
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