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New insights into the structure—performance
relationships of mesoporous materials in
analytical science

Jie Wang, 2 Qingin Ma,{ Yinggian Wang,{ Zhiheng Li, Zhihao Li and
Quan Yuan & *

Mesoporous materials are ideal carriers for guest molecules and they have been widely used in analytical
science. The unique mesoporous structure provides special properties including large specific surface
area, tunable pore size, and excellent pore connectivity. The structural properties of mesoporous
materials have been largely made use of to improve the performance of analytical methods. For
instance, the large specific surface area of mesoporous materials can provide abundant active sites and
increase the probability of contact between analytes and active sites to produce stronger signals,
thus leading to the improvement of detection sensitivity. The connections between analytical
performances and the structural properties of mesoporous materials have not been discussed
previously. Understanding the “structure—performance relationship” is highly important for the develop-
ment of analytical methods with excellent performance based on mesoporous materials. In this review,
we discuss the structural properties of mesoporous materials that can be optimized to improve the
analytical performance. The discussion is divided into five sections according to the analytical perfor-
mances: (i) selectivity-related structural properties, (i) sensitivity-related structural properties, (i) response
time-related structural properties, (iv) stability-related structural properties, and (v) recovery time-related
structural properties.

1. Introduction

Mesoporous materials refer to a special class of materials that
possess pores with diameters in the range of 2 to 50 nm."™®

Wuhan 430072, China. E-mail: yuanquan@whu.edu.cn As the size of mesopores well matches the size of a great variety
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mesoporous materials can serve as excellent supports or carriers
for a wide range of guest molecules.” > Mesopores can provide a
unique nano-confinement effect and significantly alter the local
environment of guest molecules to regulate their movements or
properties,'®>' which make it possible to accomplish many
reactions that cannot be replicated in the bulk phase. Since
the first reports on the synthesis of mesoporous materials by
Japanese researchers, and Mobil scientists, in the 1990s, '
research studies on mesoporous materials have attracted
burgeoning attention.>®°'*?>"?” Recently, a great variety of
synthesis methods have been developed and mesoporous
materials with different porous structures, compositions and
morphologies have been prepared.”** Along with the develop-
ment of synthesis strategies, mesoporous materials have also
been largely applied to various areas®” including sensing,''*¢~38
cancer therapy,®*™? tissue engineering,***° catalysis,'®*”*® ion
batteries>>*° and solar cells.>>*° The unique porous structures
provided by mesoporous materials have revolutionized many
research areas in the past decades.’*>*

The exploration of mesoporous materials in analytical
science has significantly improved the performance of many
existing analytical techniques and lots of new detection
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methods have also been developed.'"'*****7® In particular,
mesoporous materials offer attractive structural features including
large specific surface area, tunable pore size or shape, tunable pore
connectivity, and facile surface functionalization.'*****% Many
previous studies have demonstrated that the analytical perfor-
mance could be significantly improved by rationally tailoring the
structural properties of mesoporous materials, ' 1%26:0:59:59,60
For instance, the large specific surface area can provide abun-
dant active sites to increase the contact probability between
analytes and the active sites,”***®" leading to the enhancement
of signal intensity and improvement of detection sensitivity.
Large pore volumes have shown good promise in loading a large
amount of reporter molecules for signal amplification,'*3%60:6>
Large and interconnected mesopores can facilitate the diffusion
of analytes, thereby increasing the accessibility of inner active
sites and shortening the response time.***®®* Such unique
structural properties make mesoporous materials ideal candi-
dates for analytical applications. By rationally tuning the struc-
tural properties of mesoporous materials, analytical systems
with good sensitivity, high selectivity, fast response and good
stability can be achieved.''***”%* Over the past decades,
different kinds of mesoporous materials with fascinating
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Fig. 1 Schematic illustration of the structural properties of mesoporous
materials that contribute to the improvement of analytical performance.

structural properties have been developed and various kinds of
analytical methods have been designed for sensing applica-
tions ranging from environmental monitoring to disease
diagnOSiS.l1’13’25’26'55’56’65

Many previous excellent reviews have summarized the methods
for the preparation of mesoporous materials and the exploration of
mesoporous materials in analytical science,'*2¢*%7°>%%7 However,
the connections between the structural properties of mesoporous
materials and the analytical performance have not been discussed.
Understanding the “structure-performance relationship” can con-
tribute to developing analytical methods with excellent performance
based on mesoporous materials. In this review, we provide a
discussion focusing on the unique structural properties of meso-
porous materials that have been used to improve the performance of
analytical methods. Several important analytical performance para-
meters that can be improved by tailoring the structural properties of
mesoporous materials are discussed (Fig. 1): (i) selectivity-related
structural properties, (ii) sensitivity-related structural properties,
(iii) response time-related structural properties, (iv) stability-related
structural properties, and (v) recovery time-related structural proper-
ties. Among the above mentioned analytical performances, selectiv-
ity, sensitivity and stability are the most important criteria of an
analytical method. A detailed discussion will be made on the
structural properties of mesoporous materials that are correlated
with detection selectivity, sensitivity, response time, stability, and
recovery time. The “structure-performance relationship” discussed
in this review may provide potential instructions for the develop-
ment of analytical science in the future.

2. Selectivity-related structural
properties

Selectivity describes the capability of analytical methods to dis-
criminate analytes from other compounds in the sample.®**°
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The Western European Laboratory Accreditation Cooperation
defines selectivity as the extent to which analytes can be
detected in complex sample matrices without interference from
other compounds.®®®® The basic principle to achieve selectivity
is to construct recognition subunits that can discriminate the
different characteristics between analytes and background
compounds.”®”" At the molecular level, the analyte may show
many different characteristics from the background compounds,
such as size, shape, hydrophilicity/hydrophobicity, and charge.*>®”
In the past decades, mesoporous materials have been largely
employed to discriminate such different characteristics and good
selectivity has been achieved.”””* The structural properties
of mesoporous materials that contribute to the selectivity of
analytical methods will be discussed in this section.

2.1 Pore size

Size-selective adsorption of small molecules has been observed
in zeolites with micropores long ago.”>””” However, similar size-
based selective adsorption of molecules with larger size such as
proteins was beyond reach for a long time due to the lack
of porous materials with pore sizes that accommodate larger
molecules. The successful development of mesoporous materials
makes it possible to realize size-selective adsorption of large
molecules for the first time.”®*® As the size of mesopores ranges
from 2 to 50 nm, size-selectivity towards different kinds of
analytes can be easily achieved by controlling the pore diameters
to allow the analytes to pass in but exclude large interfering
compounds (Fig. 2).”>*"%? In the past decades, considerable
efforts have been devoted towards tailoring the size-selectivity,
also known as the size-exclusion effect, of mesoporous materials
for analytical applications.®*%

The size-exclusion effect of mesoporous materials has been
widely used in the separation and preconcentration of analytes
from complicated sample matrices for further analysis.®*®® In
particular, researchers have combined mesoporous materials with
matrix-assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF MS) for biofluid proteomics.”*#78971
The human plasma proteome can help researchers to elucidate
the molecular basis of biological activities, and much attention
has been paid to the proteomic profile in the low-molecular-
weight (LMW) range since the LMW peptidome can provide
rich disease-specific information. Due to their tunable pore
size and large loading capacity, mesoporous materials offer a
highly-efficient and easy-to-perform way for selective capture
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Fig. 2 Schematic illustration of the size-selectivity of mesoporous materials.
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and enrichment of the LMW peptidome from biofluids.®**%°
In efforts to exploit the applications of the size-exclusion effect
of mesoporous materials in LMW peptide analysis, Zou et al.
pioneered the selective enrichment of the peptidome from
human plasma with mesoporous silica in 2007.>” In this study,
mesoporous silicas MCM-41 (pore size around 2 nm), C-SBA-15
(pore size around 8 nm) and L-SBA-15 (pore size around 12 nm)
were prepared. The size-exclusion efficiencies of the prepared
mesoporous silicas towards high-molecular-weight (HMW)
proteins were compared. Lysozyme (14.4 kDa, 3 nm X 3 nm X
4.5 nm) was used as the model of HMW proteins for size-
exclusion study. The authors showed that the amounts of
lysozyme adsorbed on MCM-41, C-SBA-15 and L-SBA-15 were
63.6 mg mL ™", 191.3 mg mL ™" and 420.8 mg mL"*, respectively.
These significantly different adsorption efficiencies were due to
the different pore sizes of the three kinds of mesoporous silica;
that is, the pore size of the MCM-41 mesoporous silica was
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smaller than the size of lysozyme but C-SBA-15 and L-SBA-15
showed pore sizes well accommodating lysozyme. Therefore,
MCM-41 is more efficient in excluding lysozyme, suggesting
that MCM-41 can selectively enrich LMW peptides but exclude
HMW proteins by the size-exclusion mechanism. The MCM-41
mesoporous silica particles were further used to enrich pep-
tides from native human plasma. For direct analysis of human
plasma, strong background signals emerged and only a few
peptide peaks could be discriminated (Fig. 3a). However, strong
and well-resolved peptide peaks were observed in the mass
spectrum in the LMW range (Fig. 3b) after enrichment of the
peptides with the MCM-41 mesoporous silica. Moreover, the
peaks corresponding to HMW proteins such as human serum
albumin that were clearly observed by direct plasma analysis
(Fig. 3c) disappeared after treatment with the MCM-41 meso-
porous silica (Fig. 3d), which clearly suggested that HMW
proteins were efficiently excluded by MCM-41. This study shows

60
1/%
40
“r “wlw
o b
3000 6000 9000 12000 15000
100
T 80+
60
1/%
40
201
N ‘
2000 4000 6000 8000 10000
miz —»
f 600
I 300 Ll Direct analysis
I 500 L Treatment by UF/SPE
[ Treatment by MCM-41
! 300ﬂ | u“ll J.[ 4 reatmen y )
T 10000
J soog | LLL o lT:iatmjent by OIVJC
1000 2000 3000 4000 5000 6000

m/z — >

Fig. 3 MALDI-TOF MS analysis of human plasma (a) without and (b) with pretreatment with MCM-41 mesoporous silica particles (in the MW range
of 1-15 kDa). MALDI-TOF MS analysis of human plasma (c) without and (d) with pretreatment with MCM-41 mesoporous silica particles (in the
MW range of 10-100 kDa). Reprinted with permission from ref. 37. Copyright 2007, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Schematic
diagram of the enrichment of serum endogeneous peptides with mesoporous carbon. (f) MALDI-TOF MS analysis of human serum endogeneous
peptides without or with pretreatment by US/SPE, MCM-41, and OMC. Reprinted with permission from ref. 89. Copyright 2011, Wiley-VCH Verlag

GmbH & Co. KGaA, Weinheim.
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that good selectivity can be easily achieved by simply tuning the
pore size of mesoporous materials.

Although the directly synthesized mesoporous silica showed
good size-exclusion function, researchers found that consider-
able amounts of analytes are not extracted due to the weak
interaction between the pore surface and the analytes.*® To
further improve the enrichment efficiency, researchers have
prepared mesoporous materials with both tailored pore sizes
and surface properties.®>*>°* zou et al. prepared mesoporous
carbon for LMW peptide enrichment (Fig. 3e). They found that
the mesoporous carbon displayed a stronger retention of LMW
peptides compared to MCM-41 mesoporous silica (Fig. 3f),
which was attributed to the hydrophobic interaction between
the pore surface and peptides in the mesoporous carbon.®® In
another work, Yu et al. synthesized mesoporous silica with
different pore sizes and surface modification for insulin enrich-
ment. They showed that mesoporous silica with critical pore
sizes and methyl modification was much more efficient in
selective enrichment of human insulin than hydrophilic meso-
porous silica or mesoporous silica with too large/small pores.”®

In addition to MALDI-TOF MS, the size-selectivity of meso-
porous materials has been widely used in many other analytical
techniques.”®* In 2009, Sailor et al. designed a single meso-
porous nanoreactor that can isolate the reaction products from
the original analyte in real time for further quantification based
on imprinted porous silicon.’ The reactor consists of two layers
of porous films with different pore sizes. The upper layer with
larger pore sizes of about 100 nm could trap protease and serve
as a nanoreactor. On the other hand, the lower layer with
smaller pore sizes of about 6 nm could exclude the proteases
but allow the small reaction products to enter for quantifica-
tion. Pepsin (10 nm x 6 nm x 20 nm) was employed as a model
protease and it was loaded into the upper layer through
electrostatic adsorption. Substrates such as o-casein in the
upper layer were digested by pepsin, and the smaller digestion
products diffused into the lower layer, leading to significant
changes in the optical reflectivity of the lower layer. With this
size-selective nanoreactor, the activity of the proteins could be
sensitively quantified without using fluorescently tagged pro-
tein substrates.

In the above mentioned methods, the size-selectivity effect
of mesoporous materials was utilized to isolate analytes from
complicated sample matrices. The most straightforward use of
size-selective mesoporous materials allows analytes to enter
into mesopores to react with immobilized probes to produce
prompt signals. In 2001, Lin and coworkers immobilized amine-
sensitive o-phthalic hemithioacetal (OPTA) groups on the surfaces
of MCM-41 mesoporous silica nanoparticles (OPTA-MSNs) for
detecting amines.*® Due to the size-exclusion effect, only small
molecules with amino groups could diffuse into the mesopores
and further react with the grafted OPTA groups to produce highly
fluorescent isoindole. Small biomolecules such as dopamine and
glucosamine can lead to a significant increase in fluorescence
intensity from the OPTA-MSN mesoporous sensing system. This
study again demonstrates that good selectivity can be easily
achieved by controlling the pore size of mesoporous materials.
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In addition to mesoporous materials, many other materials,
such as polymers and carbon nanotubes, are also widely employed
for selective adsorption of analytes based on the size-exclusion
mechanism.”® In adsorption and separation related areas, meso-
porous materials, along with polymers, carbon nanotubes, etc.,
are called restricted access materials (RAMs) since they can
retain analytes and exclude large interfering compounds.’®™®
Many of the RAMs are obtained by introducing small pores into
conventional sorbents or modifying the surfaces of conventional
sorbents with functional groups.”® Among these “intelligent”
sorbents, RAMs with mesoporous structure possess unique
advantages including tunable pore size and high porosity.”>"%
The tunable pore size makes mesoporous materials suitable
for the selective adsorption of a large variety of analytes in a
user-defined manner, while the high porosity of mesoporous
materials makes it possible to retain large amounts of analytes
by a small amount of sorbents, which suggests that high
adsorption/separation efficacy can be achieved with mesoporous
RAMs. Thus mesoporous materials are widely used as RAMs in
separation related applications.

From the above mentioned works, one can get the idea that
selectivity can be achieved by controlling the pore size of
mesoporous materials to allow the passage of analytes with
smaller size but exclude interfering molecules with larger size.
Significant achievements have been made in selective adsorp-
tion and separation of targets with the size-exclusion effect of
mesoporous materials. However, considering that there are
usually many interfering molecules with size close to those of
the analytes existing in sample matrices, mesoporous materials
will retain both the analytes and the interfering molecules. That
is, the size-exclusion effect is not selective enough to discriminate
the analytes and interfering molecules with similar sizes. In this
case, selectivity achieved with the other structural properties of
mesoporous materials is preferred, as will be introduced in the
following sections.

2.2 Pore shape

It has been reported that zeolites are capable of discriminating
molecules with different shapes due to the close matching
in shape between the molecules and pores, which was
termed “molecular shape selectivity”.”>'°»1%% Researchers
have‘ developed the elegant molecular imprinting approach
to replicate the shape selectivity observed in zeolites.'® One
of the well-known materials with excellent shape selectivity
gifted by molecular imprinting is molecularly imprinted poly-
mers (MIPs).'®*'%* MIPs are polymer networks with binding
cavities that are well complementary to the analytes. The
preparation of MIPs usually involves the copolymerization
of cross-linking monomers and functional monomers in
the presence of templates, namely analytes or the structural
analogs of the analyte. Further removal of the embedded
templates from the polymer matrix leaves binding cavities that
can rebind to the analytes selectively in preference to other
compounds.'® MIPs with specific recognition function have
been widely applied in the adsorption/separation of analytes for
analytical applications.'**0%107

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Schematic illustration of the shape-selectivity of mesoporous materials.

Mesoporous materials possess large surface area, which
makes it possible to generate large quantities of binding
cavities on the walls of the mesopores. Therefore, the contact
possibility between analytes and the binding cavities can be
significantly improved by tailoring the large surface area of
mesoporous materials. These unique structural properties can
make mesoporous materials highly efficient in shape selective
recognition of analytes. In the past decades, attempts have been
made towards designing imprinted mesoporous materials
that combine the advantages of mesoporous materials (fast
diffusion, good accessibility) with those of zeolites (shape
selectivity, abundant binding cavities) (Fig. 4).”>'°%'% The
binding cavities in the pore walls of imprinted mesoporous
materials that mimic the shape-selective pores in zeolites are
also obtained by molecular imprinting."*>"*" The procedure
includes three main steps:"'*'*>'*? (1) formation of dual-template
(mesoporous templates and the analyte analogs) complexes;
(2) addition of polymerization monomers for oriented imprinting;
and (3) removal of the dual-template complexes to form meso-
pores and binding cavities. In the synthesis process, a large
number of specific binding cavities that closely match the
shape of analytes are generated on the pore walls; thus analytes
can specifically bind to the imprinted mesoporous materials.
In addition to shape-selectivity, the functional groups on the
surfaces of the binding cavities may also show binding affinity
to the analytes, which further enhances the selectivity of the
imprinted mesoporous materials.®*****12

Imprinted mesoporous materials with specific binding
cavities are able to discriminate molecules with minor struc-
tural differences since only molecules with exactly the same
shape can perfectly fill the cavities.'"*"** It has been reported
that imprinted mesoporous materials can even achieve enantio-
selective recognition."*®"*" For instance, Kuhn et al. reported
the construction of chirally imprinted mesoporous Pt by a
simple electrochemical reduction method in which platinum
salts were reduced in the presence of chiral template molecules
and a liquid crystal phase.’*® The obtained imprinted meso-
porous Pt well retained the chiral feature after removing the
template molecules. The authors showed that the chirally
imprinted mesoporous Pt was able to stereo-selectively recog-
nize isomers such as 1-3,4-dihydroxy-phenylalanine and p-3,4-
dihydroxy-phenylalanine in a racemic mixture. Compared to
the electrochemical reduction method, other strategies'>'"**

This journal is © The Royal Society of Chemistry 2018

such as the polymer templating sol-gel approach are more
convenient and widely used in the preparation of imprinted
mesoporous materials. In one of these works, Mastai and
coworkers reported the preparation of chiral mesoporous silica
with chiral block copolymers.’” The designed chiral meso-
porous silica was successfully applied in the enantioselective
separation of p- or r-valine from racemic solutions. These
studies clearly demonstrated the highly specific recognition
capabilities of imprinted mesoporous materials with shape-
matching cavities. The shape-selectivity of mesoporous materials
has been widely explored for analytical applications.

Chang et al. developed imprinted mesoporous silica nano-
particles (MSNs) loaded with quantum dots (QDs) as signal
transducers for highly selective and sensitive detection of
bisphenol A (BPA) (Fig. 5a)."** The large specific surface area
and nano-sized wall thickness of MSNs make it possible to
generate binding cavities near the surface and offer high
accessibility to BPA. Due to the close proximity between the
binding cavities and QDs, fluorescence resonance energy transfer
from QDs to BPA was efficiently constructed. In the presence of
BPA, a concentration-dependent quenching of QDs’ fluorescence
was observed. The imprinted mesoporous sensing system was
also subjected to BPA structural analogs including 4,4’-biphenol,
diethylstilbestrol (DES) and hydroquinone (HQ) (Fig. 5b). The
quenching constant of the imprinted mesoporous sensing
system to BPA was more than ten times larger than those to
BPA analogs, showing that the analogs could not bind to the
cavities tightly due to shape mismatch. This study showed that
the good potential of imprinted mesoporous materials for
highly selective recognition of analytes further provided a general
approach for the construction of imprinted mesoporous material
based fluorescence sensors.

In addition to the shape-matching effect of binding cavities,
the functional groups on the surfaces of the cavities that show
binding affinity to analytes can further enhance the binding
specificity of imprinted mesoporous sensing systems.'*" 4123126
Chen et al. reported a QD-encapsulating imprinted mesoporous
silica with binding cavities that exhibit both shape selectivity
and hydrogen bonding interaction with analytes.'** In that
work, a broad-spectrum antibiotic (tetracycline) was employed
as the model target. The binding cavities were functionalized
with amino groups to provide hydrogen bonding interaction
between the cavities and tetracycline. The excited energy of the

Chem. Soc. Rev., 2018, 47, 8766-8803 | 8771
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Fig. 5 (a) Schematic illustration of BPA imprinted MSNs. (b) The quenching constants of imprinted MSNs and non-imprinted MSNs in the presence of
BPA, 4,4'-biphenol, diethylstilbestrol (DES) and hydroquinone (HQ). Reprinted with permission from ref. 124. Copyright 2012, Royal Society of Chemistry.
(c) Schematic representation of MALDI-TOF MS analysis of phosphopeptides after enrichment with phosphate-imprinted MSNs. (d) MALDI-TOF MS
spectra of the tryptic digests of B-casein before (black line) and after (blue line) enrichment with the imprinted MSNs. (e) MALDI-TOF MS analysis of a
tryptic digest mixture of B-casein and BSA (1:100, w/w) before (black line) and after (blue line) enrichment with the imprinted MSNs. + and # represent
the phosphopeptides and dephosphorylated peptides, respectively. Reprinted with permission from ref. 61. Copyright 2015, American Chemical Society.

QDs could transfer to the tetracycline trapped in the binding
cavities and result in fluorescence quenching for tetracycline
detection. The selectivity of the imprinted mesoporous sensing
system was tested by measuring the fluorescence intensity in
the presence of structural analogs of tetracycline, including
chlortetracycline and BPA. Results showed that the structural
analogs of tetracycline led to much weaker fluorescence
changes compared to tetracycline, showing that the imprinted
mesoporous silica displayed good selectivity for tetracycline
detection. This study again demonstrated that good selectivity
can be achieved by imprinting mesoporous materials with
binding cavities that well match the analytes in shape.
Similar to size-selectivity, the shape-selectivity of meso-
porous materials has also been largely utilized in MS for the

8772 | Chem. Soc. Rev., 2018, 47, 8766—-8803

analysis of peptides in biofluids. In 2015, Liu et al. developed
a dual-template docking oriented molecular imprinting
strategy for highly efficient and facile preparation of imprinted
mesoporous materials."'® Later, they synthesized phosphate-
imprinted MSNs functionalized with urea groups on the surfaces
of the mesopores and the binding cavities.®® The imprinted
mesoporous silica nanoparticles were used to enrich phospho-
peptides for protein phosphorylation analysis with MS (Fig. 5c).
In addition to the shape-selectivity offered by the binding
cavities, the urea groups on the pore surfaces show strong
binding affinity to the phosphopeptides because they can act as
two-fold donors and form cyclic hydrogen bonds with the
phosphopeptides. Using a mixture of the tryptic digests of
phosphoprotein B-casein and nonphosphoprotein BSA as the
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test sample, they showed that the imprinted mesoporous silica
displayed excellent selectivity for phosphopeptides in the
presence of interfering nonphosphopeptides at 100-fold higher
concentration (Fig. 5d and e). With this method, phosphoryla-
tion analysis of a nonfat milk sample was realized. These results
clearly confirm the excellent ability of the imprinted mesoporous
materials for highly selective recognition of analytes due to the
good shape selectivity and molecular interaction offered by the
functionalized binding cavities.

The above mentioned studies demonstrated that imprinted
mesoporous materials with excellent selectivity can be obtained
by molecular imprinting. Imprinted mesoporous materials
provide the charming prospect of highly specific antibody-
mimicking recognition with specific binding cavities. Also,
imprinted mesoporous materials have many advantages such as
the size-exclusion effect and excellent stability. Although imprinted
mesoporous materials display excellent selectivity, the kinds of
currently available imprinted mesoporous materials are rather
limited due to the difficulties in the synthesis process, such as
the co-assembly of mesoporous templates and analyte analogs.
In the past decades, researchers have developed more general
and easy-to-perform methods for the preparation of mesoporous
materials with specific recognition capabilities based on the
surface physicochemical properties of mesoporous materials,
as will be discussed in the following section.

2.3 Surface physicochemical properties

Mesoporous materials exhibit abundant surface physicochem-
ical properties and they can be readily functionalized with a
great variety of functional molecules on their surfaces,*®*2”2°
which endows mesoporous materials with functions beyond
their original chemical composition and structure.”>**° Thus in
addition to size and shape, selectivity can also be achieved with
surface physicochemical properties by modifying mesoporous
materials with chemical molecules or biomolecules with
specific recognition functions (Fig. 6). In the past decades, a great
variety of targeting molecules, including organic ligands,”®"*'"'33
DNA  molecules,"**"*®  aptamers,"*”"*°  DNAzymes,"**"**
enzymes,"** peptides and antibodies,"**"**> have been immobilized
on the surfaces of mesoporous materials to prepare meso-
porous sensing systems for detection of analytes ranging
from metal ions to living cells.">>® Many interesting sensing
strategies such as gated sensing have been developed through

Surface
modification q

% ® :Different kinds of targeting molecules

A
AE—
L

N

Fig. 6 Schematic illustration of the surface functionalization of meso-
porous materials with various targeting molecules.
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the combination of mesoporous materials with other func-
tional molecules."**'*’

2.3.1 Surface functionalization for the gated sensing
approach. Developing stimuli-responsive gated mesoporous
materials that can release loaded guest molecules under external
stimulation has attracted much attention and these materials
are widely used in analytical chemistry.'*3%6%67148152 Gated
mesoporous sensing systems are usually prepared by function-
alizing the pore entrance of mesoporous materials with switch-
able gatekeepers that are capable of being “opened” or ‘“‘closed”
in the presence of analytes.®”'>* Martinez-Mafiez and coworkers
described two basic principles in using gated mesoporous
materials for sensing, that is, the “on-off” and “off-on” strategies
(Fig. 7).5967:146:1%3 1 the “on-off” strategy, mesopores are open
and reporter molecules are released into the solution. In the
presence of the analyte, gatekeepers on the pore entrance bind to
the analytes and close the gate to block the release of reporter
molecules.®® As for the “off-on” strategy, mesoporous materials
loaded with reporter molecules are capped with gatekeepers. The
presence of the analyte induces the opening of the mesopores
and release of the reporter molecules.'>® Over the past decades,
the Martinez-Manez group has reported the fabrication of
various “on-off” and “off-on” gated mesoporous sensors for the
detection of a wide variety of analytes.®” They also provided very
comprehensive reviews about the applications of gated meso-
porous silica in the detection of anions, cations, small molecules
and biomolecules.®®®” In this section, gated mesoporous sensing
systems will be discussed according to the kinds of gatekeepers
(organic molecules, nucleic acids, peptides/proteins, and nano-
particles). Also, since the “off-on” strategy is easy to perform
and has been widely explored by researchers, this section will
focus on gated mesoporous sensors in the “off-on” manner.

The gatekeepers immobilized on the pore entrance of meso-
porous materials for “off-on” control of the mesopores should
have several key properties:'>*”¢71** they should (1) be large
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Fig. 7 Schematic illustration of the (a) “on—off” and (b) “off-on" principles
of gated mesoporous sensing systems. Reprinted with permission from
ref. 146. Copyright 2006, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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enough to cap the mesopores; (2) have selective recognition due to their synthetic versatility and low cost.®>**® Small organic
function; (3) change shape or location upon recognizing analytes; molecules with recognition capability are usually integrated with
and (4) have functional groups for the immobilization around the ~macromolecules to design gatekeepers.">>">”"*° The competitive
pore entrance. In the past decades, molecules with large size and binding of analytes to the recognizing moieties displaced the
specific recognition function, such as antibodies, aptamers and gatekeepers to open the mesopores. In 2009, Martinez-Mafiez
DNAzymes, have been largely explored to serve as the gatekeepers. et al. pioneered the use of gated mesoporous materials for
Many new gatekeepers have also been developed by the fusion of  analytical applications with an “off-on” strategy (Fig. 8a).">” In
small molecules that have selective recognition function with that study, they developed an integrated macromolecule-
large molecules that can cap the mesopores."”” Nanoparticles capped MCM-41 mesoporous silica for CH3;Hg" detection.
functionalized with recognition moieties have also been used as The mesoporous silica was loaded with a reporter dye and
the gatekeepers for the design of gated mesoporous sensors.">> (3-mercaptopropyl)trimethoxysilane was functionalized on the
surface of the MCM-41 mesoporous silica. The mercaptopropyl

2.3.1.1 Organic molecule gated mesoporous sensing systems. groups on the surface of the mesoporous silica can react with
Organic molecules have gained increasing attention as gatekeepers Hg?". However, the size of the mercaptopropyl groups is too
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Fig. 8 (a) Schematic illustration of detecting CHsHg™ with gated mesoporous silica in an “off-on” manner. (b) The absorbance of solutions containing
gated mesoporous materials in the absence (dotted line) and presence (solid line) of CHzHg*. Reprinted with permission from ref. 157. Copyright 2009,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Schematic representation of sensing a nitroaromatic explosive with pyrene derivative capped
mesoporous materials. (d) Fluorescence intensities of the gated mesoporous materials upon addition of nitroaromatic and non-aromatic derivatives.
Reprinted with permission from ref. 160. Copyright 2013, Royal Society of Chemistry. (e) Schematic illustration of the sensing mechanism based on
supramolecular gated enzyme-encapsulated mesoporous silica nanoparticles. (f) Changes in the fluorescence intensity of the gated mesoporous silica
with the addition of different compounds. Reprinted with permission from ref. 164. Copyright 2013, American Chemical Society.
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small to cap the mesopores. To solve this problem, a large
squaraine derivative was further added to react with the
mercaptopropyl groups to form the 2,4-bis(4-dialkylaminophenyl)-
3-hydroxy-4-alkylsulfanylcyclobut-2-enone (APC) groups. The
bulky APC groups can efficiently close the pores and inhibit
the release of the dye. In the presence of CH;Hg', the APC
moieties can react with mercury, which led to the coordination
of CH;Hg" to the mercaptopropyl group and the release of the
large squaraine moiety. As a result, the pores were opened and
the loaded dye was released from the mesopores (Fig. 8b). The
gated mesoporous sensor was able to distinguish CH;Hg" from
Hg>". Other cations (Pb>*, Cd>", etc.) and various organic species
(sodium lauryl sulphate, cysteine, etc.) also did not affect the
response of the gated mesoporous sensor toward CH;Hg". These
results clearly suggested the good selectivity of the developed
gated mesoporous sensing systems. Moreover, this study offered
a new conception for the design of probes with good selectivity
based on mesoporous materials.

Many supramolecules with recognition function have been
directly explored as the gatekeepers in the design of gated
mesoporous sensors. *>'°1%> supramolecules that can undergo
shape or position changes upon recognizing analytes are ideal
gatekeepers. In one of these studies, Martinez-Manez et al.
designed a pyrene derivative capped mesoporous sensor for
the detection of nitroaromatic explosives (Fig. 8¢)."®® In their
design, the release of the reporter dye Ru(bipy);>" was inhibited
by the bulky pyrene moieties immobilized on the pore entrance
of MCM-41 mesoporous silica. In the presence of nitroaromatic
explosives, pyrene-nitroaromatic complexes were formed, which
would push away the bulky pyrene moieties from the pore
entrance to release the entrapped dye. The authors showed that
nitroaromatic explosives such as tetryl and trinitrotoluene (TNT)
were able to induce the release of the loaded dye, whereas other
aromatic derivatives induce the negligible release of the dye
(Fig. 8d). The good selectivity was ascribed to the strong electron
acceptor feature of tetryl and TNT that leads to the formation of
charge-transfer compounds between the grafted pyrene moieties
and the target tetryl or TNT. The same research group further
explored the applications of MCM-41 mesoporous silica capped
with tetrathiafulvalene derivatives in the detection of nitroaro-
matic explosives."> The gated mesoporous sensing systems
showed ‘zero release” in the absence of the analytes due to
the formation of dense tetrathiafulvalene networks around the
pore entrance. In the presence of nitroaromatic explosives,
charge transfer compounds were formed between the electron-
accepting nitroaromatic explosives and the electron-donating
tetrathiafulvalene derivatives, which leads to the uncapping of
the mesopores and the release of the entrapped dyes. These
studies thus clearly demonstrate that good selectivity can be
achieved by modifying mesoporous materials with molecules
showing specific recognition function.

Zink and coworkers have also designed many interesting
gated mesoporous systems.'*>1%>1%% I one of their studies, they
designed an enzyme-encapsulated mesoporous silica modified
with a supramolecular gatekeeper that can regulate the access
to the loaded enzyme (Fig. 8e).'®* When the analytes opened the

This journal is © The Royal Society of Chemistry 2018
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gatekeeper and exposed the encapsulated enzymes, a catalytic
reaction would be initiated to produce fluorescent molecules.
As a proof of concept, mesoporous silica was loaded with
porcine liver esterase (PLE) and further functionalized with
pH-responsive supramolecules as the gatekeepers. Analytes
with small sizes such as 4-acetoxycinnamic acid (ACA) can
diffuse into the mesopores to produce acids under the catalysis
of the PLE. The pH-sensitive imine bonds within the gate-
keepers are cleaved in an acidic environment and molecules
with larger sizes can freely diffuse into the mesopores. Once the
enzymes loaded into mesopores were accessible, 5-carboxy-
fluorescein diacetate molecules would diffuse into the meso-
pores and react with the enzymes, which led to the catalytic
production of fluorescent molecules. As a result, the selective and
sensitive detection of ACA and 5-carboxyfluorescein diacetate
could be realized (Fig. 8f). The developed gated mesoporous
sensing systems allow the coexistence of the reporter molecules
(enzyme substrates) and the enzymes, and the sensing system can
prevent their interaction before the system is selectively activated
by the analytes. This study provides a new concept for the design
of sensing probes that can simultaneously detect multiple
analytes with mesoporous materials, which makes this work
highly valuable in areas such as disease diagnosis.

2.3.1.2 Nucleic acid gated mesoporous sensing systems.
Nucleic acids are polyanions that have relatively large size and
good molecular recognition capability.'®>'°® The most famous
specific recognition ability of nucleic acids is the classical
Watson-Crick base pairing.'®” Moreover, some nucleic acids
with unique sequences and structures display extraordinary
specific recognition capabilities, such as aptamers'®*™"”" and
DNAzymes."”>'”? Additionally, nucleic acids can also respond to
enzymes.'® Due to their versatile specific recognition function
and relatively large sizes, nucleic acids have been extensively
combined with mesoporous materials to develop highly selective
gated mesoporous sensing systems for the detection of a wide
range of analytes, such as metal ions, small molecules, and
biomacromolecules.®"3*136,140,174

In 2010, Martinez-Mariez et al. demonstrated a gated meso-
porous sensing system with mesopores that can be uncapped by
the hybridization of the gatekeeper nucleic acids with the target
oligonucleotide (Fig. 9a)."** The sensing system was based
on fluorescein-loaded MSNs with surface functionalization of
(3-aminopropyl)triethoxysilane. The nucleic acid sequence
5'-AAT GCT AGC TAA TCA ATC GGG-3' was used to cap the
mesopores via electrostatic interactions with the anchored amines.
In the presence of the complementary oligonucleotide, fluorescein
was released into the solution due to the hybridization between the
gatekeeper and the target complementary oligonucleotide. The
developed gated mesoporous sensing system can discriminate
the full complementary sequence from other oligonucleotides
with a single or two-base mismatch sequence, clearly suggesting
its excellent selectivity (Fig. 9b). This study demonstrated a
general and easy-to-perform strategy for the construction of
target-responsive mesoporous sensing systems, which can
further contribute to areas such as drug delivery.
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Fig. 9 (a) Schematic illustration of DNA-gated mesoporous silica for the detection of single-stranded oligonucleotides. (b) Fluorescence intensity of the

mesoporous sensing system in the presence of a complementary oligonucleotide and oligonucleotides with one or two base mismatches. Reprinted
with permission from ref. 134. Copyright 2010, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Schematic illustration of DNA aptamer-gated
mesoporous silica for the detection of Hg?*. (d) The response of the aptamer-gated mesoporous probe upon addition of different metal ions. Reprinted
with permission from ref. 139. Copyright 2012, American Chemical Society. (e) Schematic illustration of DNAzyme-gated mesoporous silica for the

detection of Mg?* or Zn?*

. (f) Fluorescence intensity of the DNAzyme-gated mesoporous sensing platform with the addition of different cations.

Reprinted with permission from ref. 140. Copyright 2013, American Chemical Society.

As we mentioned above, nucleic acids such as aptamers
display specific recognition function beyond Watson-Crick base
pairing. In 2012, Tan et al. developed DNA aptamer-capped
mesoporous silica nanoparticles for the detection of Hg*"
(Fig. 9¢).* In this study, mesoporous silica nanoparticles were
loaded with Rhodamine 6G. A short arm-DNA strand labeled
with an amino group (5'-GAA GAA CAA CAA AAA-NH,-3') was
modified on the mesoporous silica nanoparticles. The DNA

8776 | Chem. Soc. Rev., 2018, 47, 8766-8803

aptamer that can recognize Hg>" (5-GTT GTT CTT CCT TTG
TTT CCC CTT TCT TTG GTT GTT CTT C-3') was used to cap the
mesopores through hybridizing with the arm-DNA. As Hg>* can
bind to two T bases to form a more stable T-Hg*'-T duplex
than the aptamer-arm-DNA duplex, the aptamer gatekeeper
prefers to bind to Hg>" and open the mesopores. Results show
that the mesoporous silica nanoparticles were tightly capped by
the aptamer with the negligible release of Rhodamine 6G in the
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absence of Hg”". On the other hand, in the presence of Hg>", a
large release of dye molecules was observed. The gated meso-
porous sensor shows good selectivity to Hg®" due to the good
specific recognition capability of the DNA aptamer (Fig. 9d).
The sensing strategy reported in this study can serve as a new
prototype for the construction of highly selective and sensitive
sensing systems with aptamers. Moreover, this study can further
be promoted to the detection of various targets by simply using
the corresponding aptamers.

DNAzymes are single stranded DNA molecules that can
catalyze various reactions, such as RNA cleavage."”>'”* Based on
the specific cofactor dependence and potent catalytic ability of
DNAzymes, Willner et al. have developed a series of DNAzyme
capped mesoporous silica nanoparticles for the detection of
analytes such as metal ions and small biomolecules (Fig. 9e)."*°
In one of their studies, mesoporous silica nanoparticles were
loaded with methylene blue as the reporter molecules. The
substrate strand of the metal ion dependent DNAzymes was
immobilized on the pore entrance of the mesoporous silica
nanoparticles, and DNAzymes further hybridize with the sub-
strate strand to cap the mesopores. In the presence of target
metal ions Mg”* or Zn>*, the DNAzymes bind to the metal ions
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and further catalyze the specific cleavage of the substrate
strands. As a result, the DNAzymes detach from the substrate
strands and the mesopores are opened, leading to the release of
the reporter molecules. Results showed that enhanced fluores-
cence can be observed only in the presence of Mg>", showing
good selectivity of the gated mesoporous sensors (Fig. 9f). Since
metal ions can serve as the specific cofactor for DNAzymes to
cleave the substrate strand,'®*'®® the DNAzyme gated meso-
porous systems show great potential for the construction of
metal ion responsive sensing probes or drug delivery systems.

2.3.1.3 Protein/peptide gated mesoporous sensing systems.
Proteins such as antibodies possess both specific recognition
capability and relatively large size,'”> making them excellent
gatekeepers in the design of gated mesoporous sensing
systems."**'7®7% In 2009, Martinez-Mafiez et al. described
the design of an antibody capped mesoporous system for
selective detection of sulfathiazole (Fig. 10a)."”® In this study,
mesoporous silica was loaded with Ru(bipy);>* as the reporter,
and the pore entrance was further functionalized with a hapten,
4-(4-aminobenzenesulfonylamino)benzoic acid. Antibody can bind
to the hapten and cap the mesopores to block the diffusion of
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permission from ref. 176. Copyright 2009, American Chemical Society.

(c) Glutathione detection with Fmoc-CGGC-SS gated mesoporous silica. (d) The detection of Zn®* with Fmoc-CGGC-Zn gated mesoporous silica.
Reprinted with permission from ref. 178. Copyright 2014, American Chemical Society.
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Ru(bipy);>" into the solution. In the presence of sulfathiazole,
the antibody was displaced from the mesoporous silica due to
its stronger binding affinity to sulfathiazole than to hapten,
leading to the release of Ru(bipy);>" into the solution (Fig. 10b).
The structural analogs of sulfathiazole caused the negligible release
of Ru(bipy);>*, suggesting good selectivity of the antibody-gated
mesoporous sensing system (Fig. 10b). This antibody gated
mesoporous system can further be promoted to other countless
controlled release systems using different cargos and antibodies,
making this design highly valuable for a broad range of stimuli-
responsive delivery purposes in different areas.

In addition to antibodies, peptides have also been employed
as the gatekeepers."’®'”? Lee and co-workers showed that
peptide Fmoc-CPGC with a turn structure can efficiently cap
the mesopores and inhibit the release of calcein loaded into
mesoporous silica, whereas Fmoc-CGGC with a random struc-
ture cannot inhibit the release of the entrapped calcein.'”®
Based on this phenomenon, they proposed that peptides with
conformational conversion between a turn and a random struc-
ture can serve as stimuli-responsive gatekeepers. As a proof
of concept, they designed Fmoc-CGGC-SS gated mesoporous
sensing systems that are responsive to biological stimuli such
as glutathione. In the designed systems, the two cysteine units in
the peptides were linked via a disulfide bond to form a turn-like
structure for capping the mesopores (Fig. 10c). With the addition
of glutathione, the disulfide bond within Fmoc-CGGC-SS was
reduced and the turn-like structure was converted to a random
structure, leading to the opening of mesopores and the release of
the entrapped calcein. Lee and co-workers further designed
another stimuli-responsive system with Zn>* ion stabilized
Fmoc-CGGC (Fig. 10d). In the presence of Zn**, the two thiol
groups within CGGC can chelate a Zn>" ion to form a turn
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structure; thus the mesopores can be efficiently capped.
Further addition of EDTA can remove the Zn>" from Fmoc-
CGGC-Zn and the peptide is converted to a random structure,
leading to the release of the entrapped cargo. This work
provides a new way for the design of stimuli-responsive peptide
gatekeepers in the construction of gated mesoporous sensing
systems, which can contribute to the design of delivery vehicles
with user-defined release characteristics.

2.3.1.4 Bio-functionalized nanoparticle gated mesoporous
sensing systems. Due to their controllable size and abundant
surface properties, nanoparticles functionalized with specific
recognizing molecules have also been widely employed as
the gatekeepers in the design of gated mesoporous sensing
systems.'>>'807186 [n 2011, Yang et al. described the conception
of a novel and general bioresponsive gated mesoporous sensing
system by capping mesoporous silica nanoparticles with
aptamer functionalized gold nanoparticles (Fig. 11)."*> In this
study, mesoporous silica nanoparticles were functionalized
with adenosine. The Au nanoparticles were modified with the
adenosine triphosphate (ATP) binding aptamer further and
they can bind to adenosine to cap the mesopores (Fig. 11a).
The binding affinity of the ATP aptamer toward adenosine is
much weaker than that toward ATP. Therefore, in the presence
of ATP, the Au nanoparticles were displaced from the surfaces
of the mesoporous silica nanoparticles due to the competitive
displacement reaction (Fig. 11b and c). The gated mesoporous
sensing system displayed negligible dye leaching in the absence
of ATP, whereas addition of ATP to the system can trigger
the considerable release of reporter fluorescein (Fig. 11d). Such
target-responsive mesoporous systems can further provide a
promising route for the construction of stimuli-responsive
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Fig. 11 (a) Schematic illustration of bio-functionalized nanoparticle capped mesoporous silica for the detection of ATP. TEM images of Au-capped
mesoporous silica in the absence (b) and presence (c) of ATP. (d) Fluorescence intensity of the released fluorescein in the presence of ATP, CTP, GTP and
UTP. Reprinted with permission from ref. 155. Copyright 2011, American Chemical Society.
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sensing systems and controlled-delivery nanodevices. Further-
more, considering the good specificity and biocompatibility of
aptamers, the gated mesoporous system reported in this study
is promising for in vivo biosensing and cancer therapy.

2.3.2 Surface functionalization for the binding site—signalling
subunit approach. In the above mentioned works, the binding
molecules are immobilized on the pore entrance of mesoporous
materials as gatekeepers to control the access of mesopores for
sensing applications.®”®” Due to the large inner surface of
mesoporous materials, a large variety of binding and signalling
subunits have been immobilized on the inner pore surface for
the construction of sensing systems.'®”'°° The binding sub-
units can specifically bind to analytes in such a way that the
properties of the signalling subunits can be changed to pro-
duce signals, such as fluorescence signals,'?”13%147,188,1917193
In 2001, Wirnsberger, Stucky and co-workers demonstrated
that dye-functionalized mesoporous thin films can serve as
solid-state pH sensors.'®® The pH sensitive dye fluorescein
was covalently anchored to the surfaces of the mesopores.
The fluorescence intensity of the thin films was dependent on
the pH and the observed fluorescence intensity was stronger in
a basic environment. Moreover, due to the high porosity of the
mesoporous film, the pH sensor displayed fast response in
pH sensing. The developed solid-state pH sensors showed high
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processibility and this design can be further extended to other
sensing arrangements including pH sensing microtips.
Martinez-Manez and co-workers have made much efforts in
the design of mesoporous sensing systems with the binding
site—signaling subunit approach.'3!147:187:195196 They reported
the grafting of supermolecular receptors onto the inner pore
surface of mesoporous silica for the detection of anions such as
ATP (Fig. 12a).""” Mesoporous silica was first treated with
3-aminopropyltriethoxysilane to introduce amino groups onto
its surface, and the obtained mesoporous silica was further
allowed to react with 9-anthraldehyde for the preparation of
mesoporous sensing systems. The binding of 9-anthraldehyde
to ATP molecules can lead to efficient quenching of the
fluorescence of 9-anthraldehyde (Fig. 12b), leading to the detection
of ATP. The addition of structural analogues of ATP including
adenosine 5’-diphosphate (ADP) and adenosine 5’-monophosphate
(AMP) resulted in much weaker fluorescence quenching than
ATP. Other small anions such as chloride, bromide, and
phosphate did not cause any significant change to the fluores-
cence intensity, showing good selectivity of the mesoporous
sensing system. The same group further promoted the meso-
porous sensing system for the detection of anions such as fatty acids
(long-chain carboxylates)."*' In that work, a spacer-substituted
7-urea-phenoxazin-3-one was employed as the signaling
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Fig. 12 (a) Schematic illustration of ATP detection with supermolecular receptor functionalized mesoporous silica with the binding site—signaling subunit

approach. (b) The fluorescence intensity of supermolecular receptor functionalized mesoporous silica and supermolecular receptor functionalized
commercial silica fume matrix upon addition of ATP with different concentrations. Reprinted with permission from ref. 147. Copyright 2002, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (c) Schematic illustration of Hg?* detection with the acyclic receptor functionalized mesoporous silica.
(d) Photographs of the acyclic receptor functionalized mesoporous silica with the addition of different kinds of metal ions. Reprinted with permission
from ref. 127. Copyright 2008, Royal Society of Chemistry.
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receptor and it was modified on the pore surface of the UVM-7
mesoporous silica. The functionalized mesoporous silica
showed both fluorescence red-shift and the enhancement of
fluorescence intensity upon binding to long-chain carboxylates
such as dodecanoate and stearate. Short-chain carboxylates,
medium-chain carboxylates, and aromatic, (poly)hydroxy, and
polycarboxylic acids do not lead to obvious changes to the
fluorescence intensity of the mesoporous sensing system. Anions
play crucial roles in chemical reactions and biological processes.
The anion sensing strategy developed here may further contri-
bute to fields including reaction kinetics study and biosensing.

In another work, Jung et al. reported the preparation of
mesoporous silica functionalized with azobenzene-coupled
acyclic receptors through the hydrolysis of a triethoxylsilyl
group-terminated acyclic receptor.’”” The bridgehead nitrogen
atom of the aniline group on the acyclic receptor can form a
strong coordination bond with Hg>*, which leads to significant
changes to the color of the mesoporous sensing system (Fig. 12c).
The functionalized mesoporous silica displayed an obvious color
change from light yellow to red within 10 s in the presence of Hg>*
(Fig. 12d). However, upon addition of metal ions including Co**
cd™, Pb**, Zzn>*, Fe*" and Cu®', no obvious color changes of the
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mesoporous silica powder were observed (Fig. 12d), suggesting
that the developed mesoporous probe can be used for selective
detection of Hg>". The reported solid state sensor holds great
promise in point of care detection of heavy metal ions.

2.3.3 Surface functionalization for the displacement approach.
In addition to gated sensing and binding site—signalling subunit
sensing approaches, researchers have also developed the dis-
placement approach for sensing applications.””*?”**® The
mechanism of the displacement approach involves the displace-
ment of the signalling unit from the binding unit by analytes
due to the stronger interaction between the binding unit and
the analytes."”°" Generally, the binding units are immobi-
lized on the surfaces of mesoporous materials through the
co-condensation method or post grafting. Signalling reporters,
such as organic dye, bind to the binding units via electrostatic
or covalent interaction.”®® In the presence of analytes, the
signalling units are displaced from the binding sites and are
released into the solution to produce detectable signals.

In 2005, Martinez-Manez et al. developed a mesoporous
sensing system for colorimetric and fluorogenic detection
of anions based on the displacement approach (Fig. 13a).”° In
this study, mesoporous silica was covalently functionalized
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Fig. 13 (a) Schematic illustration of anion detection with a mesoporous sensor through the displacement assays. (b) The absorbance spectra of the
mesoporous sensing system in the presence of different carboxylates. Reprinted with permission from ref. 70. Copyright 2005, Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. (c) Schematic representation of imprinted mesoporous silica for the detection of saccharides in the displacement approach.
(d) The quenching constant of the imprinted mesoporous silica and non-imprinted mesoporous silica for saccharides. Reprinted with permission from

ref. 197. Copyright 2009, American Chemical Society.

8780 | Chem. Soc. Rev., 2018, 47, 8766-8803

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8cs00658j

Published on 11 October 2018. Downloaded by Wuhan University on 7/29/2021 4:31:48 AM.

Review Article

with 2-methylthio-2-imidazoline hydroiodide to serve as the
binding units. The signalling reporter methylthymol blue further
bound to 2-methylthio-2-imidazoline hydroiodide via coordina-
tive interaction. The guanidinium groups of 2-methylthio-2-
imidazoline hydroiodide can form hydrogen bonding inter-
actions with carboxyl groups, leading to the displacement
and release of the methylthymol blue. As a result, an obvious
colour change and significant fluorescence enhancement can be
observed (Fig. 13b). In this study, borate has also been selectively
detected using mannose as the binding molecule and azoic dye
as the reporter molecule. Their work proved that new chromo/
fluorogenic probes can be designed based on mesoporous
materials functionalized with different binding units through
the displacement approach. The same research group has also
designed mesoporous chemosensors for detecting other kinds of
ions based on the displacement assay.'®>?% In the sensing
protocol, different kinds of binding molecules immobilized on
the surface of mesoporous silica acted as the binding sites,
which can interact with ions through electrostatic attractive
forces or hydrogen bonding interaction. Analytes such as nucleo-
tides, Hg** and a family of carboxylates have been detected
with the developed sensing strategy. These studies can open
new possibilities for the promotion of mesoporous materials in
solid-state/supramolecular chemistry. The countless molecules
with recognition function make this approach highly promising
in developing new colorimetric or fluorogenic sensors for the
detection of a wide range of analytes.

By coupling the signaling unit-displacement strategy
with the molecular imprinting technique, Yan et al. reported
a fluorescent sensor based on imprinted mesoporous silica
functionalized with phenylboronic acid for the detection of
saccharides.'®” In that work, the phenylboronic acid moiety was
used as the saccharide receptor and fluorescent dye Alizarin
Red S (ARS) was used as the reporter. The imprinted mesoporous
silica was obtained by the co-condensation of triethoxysilane-
terminated phenylboronic acid and the saccharide template with
tetraethoxysilane. The ARS dye was further covalently conjugated
to the inner pore surface to form fluorescent mesoporous silica.
With the addition of the analyte saccharide, the ARS was
displaced and released from the phenylboronic acid moiety,
which resulted in a decrease of fluorescence intensity (Fig. 13c).
Also, p-fructose imprinted mesoporous silica (FruIM) and
p-xylose imprinted mesoporous silica (XylIM) were prepared.
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The mesoporous sensors displayed the strongest response to
their corresponding templates (Fig. 13d). p-Fructose and p-xylose
were successfully quantified even in the presence of structural
analogues including p-arabinose, p-glucose and b-galactose,
showing good selectivity of the imprinted mesoporous sensing
systems. Saccharides are primary biological substances and
they play fundamental roles in many biological activities. Also,
saccharides are widely used as food and cosmetic additives.
This mesoporous sensing system may further find broad applica-
tions such as biosensing and food analysis.

3. Sensitivity-related structural
properties

Sensitivity is defined as the change in the signal response
(optical signals, magnetic signals, electrical signals, etc.) induced
by a change in the analyte concentration.®®®**°* For analytical
methods with high sensitivity, a small amount of analyte is
sufficient to trigger a high signal response. The structural
properties of mesoporous materials have been largely explored
to improve the sensitivity of many analytical methods,>®6%:20%:204
For instance, large pore volumes are widely used to load reporter
molecules for signal amplification.®>***** Upon addition of a
small amount of analyte, large amounts of reporter molecules
can be released and strong signal responses are produced. In
this section, the structural properties of mesoporous materials
that are conducive to the sensitivity will be discussed. Also, the
representative works that achieve high detection sensitivity by
making use of the structural properties of mesoporous materials
will be introduced.

3.1 Pore volume

The large pore volume of mesoporous materials makes it
possible to load large amounts of reporter molecules into the
mesopores.>*°0:65:155,203,205 giona] amplification can be easily
achieved by triggering the release of reporter molecules with
a handful of analytes (Fig. 14). Such signal amplification
processes are usually realized with the above mentioned
gated mesoporous sensing systems.®”®” Any molecule with
detectable physicochemical properties (fluorescence properties,
redox activity, etc.) and suitable size can be used as the reporter
molecules for signal amplification in the design of mesoporous
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Fig. 14 Schematic illustration of signal amplification based on the large pore volume of mesoporous materials.
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molecules, glucose and many other molecules have largely
been loaded into mesoporous materials as the reporter
molecules.®%133:203:206.207 Al 3 wide range of analytes, such
as metal ions, small biomolecules, peptide, proteins, and DNA,
have been detected with high sensitivity by making use of
the large pore volume of mesoporous materials for signal
amplification.38,67,136,139,208

3.1.1 Loading fluorescent molecules. Fluorescence analy-
sis offers many advantages, such as easy operation, high
spatiotemporal resolution, and noninvasive and real-time
analysis, making fluorescence analysis suitable for wide use
in analytical science.®>*°® Small organic fluorescent molecules
show bright fluorescence, high quantum efficiency and tunable
optical properties.>'® Notably, it’s easy to load a large amount of
small organic fluorescent molecules into the mesopores, and
further capping the mesopores with appropriate gatekeepers
results in the creation of mesoporous sensing systems with
signal amplification capability.?°>*''"2!* Upon recognizing the

In the past decades, fluorescence
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analytes, fluorescent molecules are released into the solution to
give strong fluorescence signals.®”®>*”

In 2013, Ju et al. reported a sensitive fluorescent probe that
consists of dye-loaded mesoporous silica and DNA gatekeepers
for the detection of intracellular telomerase activity (Fig. 15a).%>
Telomerase is a ribonucleoprotein that can add the repeated
DNA sequence TTAGGG to the 3’ end of telomeres. In cancer
cells, the telomerase is overexpressed and thus the telomeres
can maintain their length to cause unlimited cell proliferation.
Ju and coworkers designed the telomerase-responsive meso-
porous probe by wrapping dye-loaded mesoporous silica nano-
particles with DNA molecules containing the TTAGGG
sequence (Fig. 15a). In particular, the surfaces of the mesopores
were functionalized with a black-hole-quencher (BHQ), and
fluorescein was further loaded into the mesoporous silica to
serve as the reporter. The DNA strand adsorbed onto the surface
of mesoporous silica via electrostatic attraction to serve as the
gatekeeper. Due to the efficient quenching of fluorescence from
fluorescein by BHQ, the mesoporous probe displayed negligible
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Fig. 15 (a) Schematic illustration of the fluorescein loaded mesoporous probe for intracellular telomerase activity detection. (b) The fluorescence

intensities of the mesoporous probe after incubation with telomerase for different times. (c) Fluorescence intensity of the mesoporous probe after
incubation with cell extract (A) or with telomerase spiked cell extract (B). (d) Confocal images of Hela cells incubated with the mesoporous probe at
different time points. Reprinted with permission from ref. 62. Copyright 2013, American Chemical Society. (e) Schematic representation of the dual-
responsive fluorescence dye Rhod-SP loaded mesoporous probe for Cu?* detection in lysosomes. (f) The fluorescence spectra of the mesoporous probe
in the presence of Cu?* with different concentrations at pH = 5.0. (g) Confocal microscopy image of Hela cells pre-incubated with CuCl, and then
incubated with the mesoporous probe. Reprinted with permission from ref. 210. Copyright 2015, American Chemical Society.
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fluorescence in the absence of telomerase. With the addition of
telomerase, telomeric repeats can be in situ added at the 3’ end
of the DNA gatekeeper and drive the detachment of the DNA
gatekeeper from the surface of mesoporous silica, resulting in
the release of fluorescein and the recovery of fluorescence
(Fig. 15b). Telomerase in cell extract was efficiently detected
using the developed probe (Fig. 15c). The mesoporous probe
was further used for in situ imaging of intracellular telomerase.
Upon addition of the mesoporous probe, a gradual increase
in fluorescence intensity was clearly observed within a single
cell (Fig. 15d), showing high sensitivity of the developed
mesoporous sensing system. Due to its high sensitivity and
good selectivity, this mesoporous probe achieved tracking of
intracellular enzyme activity in situ. This strategy can further
contribute to studying the molecular mechanisms of enzyme
involving biological activities.

In addition to commercially available fluorescent dyes,
researchers have also designed fluorescent molecules with
unique properties to serve as the reporters. Yang and coworkers
synthesized a dual-responsive fluorescence dye as reporter
molecules for the detection of lysosomal Cu®** (Fig. 15€).>"°
The dual-responsive fluorescence dye is made of rhodamine
and spiropyran (Rhod-SP), and it can coordinate with Cu®* to
form a fluorescent complex under acidic medium. The Rhod-SP
was loaded into mesoporous silica nanoparticles, and the RGD
peptide was further conjugated on the surface of mesoporous
silica for targeted recognition of specific cancer cells (Fig. 15e).
Upon activation by lysosomal acidic pH, the Cu®" ions can enter
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the mesopores and react with Rhod-SP to produce strong
fluorescence signals. The as-designed mesoporous probe dis-
played good response to Cu®* ions in an aqueous solution at a
pH of 5 (Fig. 15f). The mesoporous probe was further incubated
with HeLa cells, a cell line derived from cervical cancer,
to detect the intracellular exchangeable Cu®" ions. Without
the addition of CuCl,, a negligible fluorescence signal was
visualized. On the other hand, strong fluorescence appeared in
cells that were pre-incubated with exogenous CuCl, (Fig. 15g).
The developed mesoporous probe shows good promise in
tracking and locating specific targets in living systems, making
it valuable in research studies such as understanding the
cellular functions and cation physiology.

3.1.2 Loading molecules with redox activity. Molecules
with redox activity is another class of commonly used reporters
in the design of mesoporous sensing systems.'*»'#32%” Glucose
is one of the most widely used redox molecules and it can be
easily detected with a personal glucose meter (PGM),3%180:185,186
Tang et al. designed a general and easy-to-perform sensing
strategy with PGM read out using glucose-loaded mesoporous
silica nanoparticles (MSNs) (Fig. 16a).'®> Glucose is loaded into
MSNs and a single-stranded DNA molecule (DNA1) is grafted
onto the surfaces of the MSNs (DNA1-MSNs). Au nanoparticles
modified with another single-stranded DNA molecule (DNA2)
(DNA2-AuNPs) are used to cap the mesopores. With the addi-
tion of the DNA aptamer as the linker, DNA1 on mesoporous
silica and DNA2 on Au nanoparticles hybridize with the
aptamer to form a three-strand complex (MSN-AuNPs); thus
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the mesopores are capped by the Au nanoparticles. In the
presence of analytes, the DNA aptamer specifically binds to
the analytes and the three-strand complex is disrupted, leading
to the detachment of gold nanoparticles from mesoporous silica.
As a result, the glucose is released into the solution and is
further detected using the PGM. As a proof of concept, ATP was
used as the model analyte in this study. Upon addition of ATP,
Au nanoparticles were efficiently detached from the MSNs due to
the specific binding of the DNA aptamer to ATP (Fig. 16b and c).
The PGM signal increased gradually with increase of ATP
concentration and a detection limit of 8 uM was achieved
(Fig. 16d). In addition, ATP analogues including CTP, GTP and
UTP induced much weaker glucose release than ATP (Fig. 16e),
showing good selectivity of the developed sensor. This strategy
can further be promoted to point-of-care detection of many other
analytes by simply changing the DNA aptamer.

3.1.3 Loading enzymes. Enzymes exhibit many unique prop-
erties such as high catalytic activity and excellent selectivity.'®*'®
Benefiting from their highly efficient catalytic capability,
enzymes have been widely used in analytical chemistry for signal
amplification.'®'®?!® However, the analytical applications of
enzymes in their native form are usually hampered by their
low stability and difficulties in reuse.*” Immobilization of
enzymes into mesoporous materials have been demonstrated
to be one of the most efficient methods to overcome the
above mentioned drawbacks.”*®?" Previous studies on enzyme
immobilization on mesoporous materials have shown that
enzyme confinement in mesopores can increase its stability and
reduce denaturation by protein unfolding.*>*'”*'° In addition
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to the intrinsic enzymatic signal amplification, a large amount
of enzymes can be loaded into mesoporous materials, which
further results in an increase of sensitivity.'*>'7'%*2° In the
past decades, various types of enzymes have been loaded into
mesoporous materials for the design of highly sensitive detec-
tion methods.'®"3198:213

In 2004, Ju et al. constructed an electrochemical sensor by
modifying a glassy carbon electrode (GCE) with hemoglobin
loaded mesoporous silica (Hb/HMS-GCE).>*' The mesoporous
structure offers a favorable microenvironment to facilitate the
direct electron transfer between the enzyme and electrode
surface. Besides, the immobilized Hb can retain its bioactivity,
leading to fast response to both hydrogen peroxide and nitrate.
Compared to the bare GCE, HMS modified GCE (HMS-GCE)
and Hb modified GCE (Hb-GCE), the Hb/HMS-GCE displayed
two couples of stable redox peaks indexed to the redox of Hb
(Fig. 17a). Besides, the Hb/HMS-GCE exhibited better reversi-
bility and larger response than the Hb-GCE, suggesting that the
immobilization of Hb in mesoporous silica can efficiently
facilitate the electron transfer process between the loaded Hb
and the GCE. The amperometric responses of the HMS-GCE,
Hb-GCE and Hb/HMS-GCE electrodes to H,0, were investi-
gated. As expected, the Hb/HMS-GCE displayed the highest
response upon addition of H,O, (Fig. 17b). Moreover, the
Hb/HMS-GCE also showed high sensitivity and fast response
in the detection of NO,~ (Fig. 17¢), showing great versatility of
the developed mesoporous electrochemical sensor in sensing.

Apart from electrochemical sensing, mesoporous materials
have also been used in enzyme-linked immunosorbent assay
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Fig. 17 (a) Cyclic voltammograms of the bare GCE, HMS-GCE, Hb-GCE and Hb/HMS-GCE in PBS (0.1 M, pH = 7.0). (b) Amperometric responses of the
HMS-GCE, Hb-GCE and Hb/HMS-GCE upon successive addition of 5 uL H,O, (0.2 mM) to PBS buffer (5.0 mL, 0.1 M). (c) Amperometric responses of the
HMS-GCE and Hb/HMS-GCE upon successive addition of 5 uL NaNO, (0.4 mM) in PBS buffer (5.0 mL, 0.1 M). Reprinted with permission from ref. 221.
Copyright 2003, Elsevier B. V. (d) Schematic illustration of traditional ELISA and the DMSN-H involving ELISA. (e) Activity of the DMSN-H relative to free
HRP in the presence of TMB/H,O, substrates. (f) Comparison of the responses of traditional ELISA and the DMSN-H involving ELISA at different insulin
concentrations. Reprinted with permission from ref. 203. Copyright 2016, Royal Society of Chemistry.
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(ELISA) to achieve high sensitivity, stability and reproducibility.
In the efforts to develop ultrasensitive ELISA with enzyme-
loaded mesoporous materials, Yu et al. reported the use of
dendritic mesoporous silica nanoparticles (DMSNs) immobi-
lized with horseradish peroxidase (HRP) for the detection of
insulin (Fig. 17d).>>> The DMSN-stabilized HRP (DMSN-H) was
functionalized with the 2nd antibody for specific recognition
of insulin. The insulin was captured by the 1st antibody
immobilized on the test plate, and the DMSN-H further bound
to the captured insulin. With the addition of the substrates
3,3,5,5'-tetramethylbenzidine (TMB) and H,0,, a significant
color change was observed. The activity of the immobilized
HRP was largely maintained and the easily accessible pore
channels contribute to high enzyme activity (Fig. 17e). Ultra-
sensitive insulin detection in human serum was realized and a
limit of detection (LOD) of 3.85 fg mL " was achieved, which is
1/2000 of the LOD of a commercial ELISA kit (7.7 pg mL™")
(Fig. 17f). Such a significant decrease in the LOD clearly demon-
strates that the large pore volume can contribute to the improve-
ment of detection sensitivity. This study showed great versatility of
the large pore volume of mesoporous materials in constructing
highly sensitive sensing strategies. The proposed ELISA method
based on enzyme loaded mesoporous materials holds good
promise for the ultrasensitive detection of bioactive molecules
for disease diagnosis.

3.2 Specific surface area

One of the most unique characteristics of mesoporous
materials is their large specific surface area.”**%2?*223 Dye to
this unique feature, mesoporous materials can provide abun-
dant active sites in detection,****” which can significantly
increase the probability of contact between analytes and the
active sites to produce detectable signals (Fig. 18). This feature
is essentially important especially in the case of detection of
low abundance analytes.>>® That is, the detection sensitivity
can be improved by making use of the large specific surface
area of mesoporous materials to promote the binding of
analytes to the active sites.'*>**** The large specific surface
area of mesoporous materials has been largely explored
to achieve high sensitivity in analytical chemistry.'***®* Many
interesting analytical methods have been developed and highly
sensitive detection of a wide range of analytes has been
achieved in the past years.>®>%3%%7
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Fig. 18 Schematic illustration of analyte binding to mesoporous materials
with abundant surface active sites and nonporous materials with limited
surface active sites.
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3.2.1 Fluorescence sensing. The large specific surface area
of mesoporous materials makes it possible to immobilize large
amounts of fluorescent probes on their surfaces, resulting in
the creation of abundant active sites for analyte binding.'*3%>°
By making use of the large specific surface area of mesoporous
materials, Kim and coworkers designed a mesoporous sensing
system for Cu®" detection by modifying a chemodosimeter on
the surface of mesoporous silica.>?® In the presence of Cu**, the
chemodosimeter on the surface of mesoporous silica can bind
to Cu®" and undergo desulfurization and cyclization to produce
strong yellow fluorescence (Fig. 19a). Results showed that the
addition of Cu®" into the colloid dispersion of the mesoporous
chemodosimeter led to a significantly enhanced fluorescence
emission at around 560 nm (Fig. 19b). On the other hand, the
mesoporous chemosensor did not show any obvious increase
in fluorescence intensity or colour changes in the presence
of other metal ions including Li", Na‘, K', Rb", Cs',
cd*, Ag*, Mg**, Zn**, sr** and Pb** (Fig. 19b and c). The
designed mesoporous chemodosimeter shows great potential
in detecting Cu®" ions in many cases such as in living systems
or environmental samples.

Imprinted mesoporous materials with specific binding cavities
are widely employed in analytical applications.®>%711412%226-228
Due to their large specific surface area, mesoporous materials can
provide abundant binding cavities for recognizing analytes.”® Xu
and coworkers designed a molecularly imprinted mesoporous
silica immobilized with carbon dots (M-MIPs@CDs) for highly
sensitive and selective detection of TNT (Fig. 19d).**® The TNT
molecules can enter the binding cavities within the pore walls
of the mesoporous silica, and the fluorescence of the CDs is
quenched due to the electron transfer from the CDs to TNT.
With the continuous addition of TNT into the mesoporous
sensing system, the fluorescence intensity of the M-MIPs@CDs
decreased gradually. A good linear relationship was observed
between the fluorescence quenching amount and the TNT
concentration ranging from 50 nM to 2.0 pM. The LOD for
TNT was determined to be as low as 17 nM. For comparison, a
non-mesoporous imprinted fluorescence sensor (MIPs@CDs)
was also prepared and used for TNT detection. The LOD of the
MIPs@CDs sensor towards TNT was 0.19 pM, which is much
higher than the LOD of 17 nM obtained on M-MIPs@CDs.
These results clearly demonstrated that the mesoporous
structure can significantly improve the detection sensitivity by
providing large amounts of accessible binding sites. Due to its
simplicity and high sensitivity, the developed sensing strategy
has great potential in applications including pollutant analysis
and security.

3.2.2 Electrochemical sensing. Electrochemical sensing
has many advantages including easy operation, low cost and
suitability for point of care detection.™**>7%* To improve the
sensitivity of electrochemical sensors, one of the most classic
methods is to use nanomaterials with large specific surface
area to functionalize the electrodes.'****”**° Mesoporous
materials deposited on electrodes can increase the electroactive
surface area of the electrodes by several orders of magnitude,
thus significantly increasing the sensitivity of the resulting
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mesoporous chemosensor in the presence of different metal ions. (c) Photograph and fluorescence images of the mesoporous chemosensor upon addition
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of preparation of a TNT imprinted M-MIPs@CDs mesoporous chemosensor. Reprinted with permission from ref. 228. Copyright 2016, Elsevier B. V.

electrochemical device.”****' Moreover, the large specific

surface area of mesoporous materials allows the immobiliza-
tion of other functional reagents that can impart new proper-
ties to the electrodes for sensing applications.'*?*” Many kinds
of mesoporous materials with large specific surface area and
excellent hosting properties have been designed for highly
sensitive electrochemical analysis of analytes. 33234

The gas sensing performance of electrochemical sensors can
be greatly improved by mesoporous materials because the large
specific surface area of mesoporous materials can provide
abundant active sites to promote the contact between the active
sites and the gas molecules.’®***>*” In mesoporous gas sensing
systems, gas molecules diffuse into the mesopores of meso-
porous materials to react with the electroactive sites, which
usually leads to a change in the conductance of the mesoporous
sensor.”***® Liu and coworkers designed a highly sensitive
gas sensor based on hierarchical mesomacroporous SnO,.>*

8786 | Chem. Soc. Rev., 2018, 47, 8766-8803

The mesomacroporous SnO, displayed a large surface area of
23.6 m”> g~ '. The mesoporous structure of SnO, can provide
large amounts of active sites for surface reactions and the
macroporous structure can benefit the diffusion of gas mole-
cules into the sensing film. Several kinds of indoor air pollu-
tants including ethanol, benzene and toluene can react with the
surface-bound oxygen on mesomacroporous SnO, and release
electrons into the sensing film, which results in a change in the
conductance of the mesomacroporous SnO, sensing film.
Compared with traditional nonporous SnO,, the hierarchical
mesomacroporous SnO, displayed much higher response to all
of the tested gases including ethanol (Fig. 20a), benzene
(Fig. 20b) and toluene (Fig. 20c), clearly suggesting that the
large specific surface area of the mesomacroporous structure
can significantly increase the sensitivity of gas sensors. The
detection of the target gas over a wide range of concentrations
was also achieved with the mesomacroporous sensor (Fig. 20d).

This journal is © The Royal Society of Chemistry 2018
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a traditional SnO, sensor to ethanol, (b) benzene and (c) toluene. (d) The

response of the mesomacroporous SnO, sensor to the target gas with different concentrations. Reprinted with permission from ref. 239. Copyright 2012,
Elsevier B. V. (e) Schematic illustration of the mesoporous Pt electrode. (f) The responses of the flat Pt electrode and the mesoporous Pt electrode to
glucose, AA and AP. Reprinted with permission from ref. 242. Copyright 2003, American Chemical Society. (g) Cyclic voltammograms of the TiO,/Nafion
modified GCE, GOx/Nafion modified GCE, and GOx/1DHS TiO,/Nafion modified GCE in PBS (0.1 M, pH = 7.4). (h) Cathodic branches of the background-
subtracted CVs of the GOx/1DHS TiO,/Nafion modified GCE in the presence of glucose with different concentrations. Reprinted with permission from

ref. 251. Copyright 2011, American Chemical Society.

Moreover, compared with the traditional mesoporous SnO,, the
hierarchical mesomacroporous SnO, based sensor displayed
much shorter response times in gas sensing. The good sensi-
tivity, short response time and facile preparation of the meso-
macroporous gas sensor make it valuable in the fabrication of
novel gas sensing devices. In addition to gas sensing, meso-
porous materials have also been largely employed to modify
electrodes for detecting analytes in aqueous solution,'!:64230240,241
Metal electrodes with an ordered pore structure possess the
unique advantage of ultra-large electroactive surface area, which
can boost the faradaic currents several orders of magnitude higher
than those of classical flat electrodes.* Kim and coworkers con-
structed mesoporous Pt electrodes with a specific area of 37 m* g "
(Fig. 20€).>*> The electrochemical responses of glucose, r-ascorbic
acid (AA), and 4-acetamidophenol (AP) on both flat and
the mesoporous Pt electrodes were investigated. The flat Pt
electrode responded negligibly to glucose, and only a slight
increase in current density was observed in the presence of AA
and AP (Fig. 20f). In contrast, the mesoporous Pt electrode gave
sensitive response to glucose with concentrations in the range
of 0-10 mM. Moreover, the sensitivity of the mesoporous Pt
electrode towards glucose was as high as 9.6 pA cm > mM ™.
Additionally, the mesoporous Pt electrode also displayed much
higher response to AA and AP than the flat Pt electrode (Fig. 20f).
This work clearly demonstrated that mesoporous materials can
significantly increase the sensitivity of electrochemical sensors
by providing large amounts of electroactive sites. Due to its
high sensitivity, good selectivity and stability, the developed
mesoporous Pt sensor can serve as a potential candidate for
nonenzymatic glucose sensing.

Other metal-free mesoporous materials with good conductivity
have also been largely used in electrochemical sensing.>**>*¢
Ordered mesoporous carbons (OMCs) with superior conductivity,

This journal is © The Royal Society of Chemistry 2018

good stability, chemical inertness, and low costs are ideal
candidates in the preparation of modified electrodes.'"*3">4>7247
Guo et al. reported the preparation of OMC-modified GCEs for the
detection of morphine.>*® Mesoporous carbons OMC-75, OMC-
100, and OMC-125 with surface areas of 903 m*> g~*, 900 m* g~ *
and 1155 m*> g~ were systematically prepared. The reduction
currents of K3;[Fe(CN)s] on the OMC-75/GC, OMC-100/GC and
OMC-125/GC electrodes were determined to be 9.28 mA,
9.47 mA, and 11.68 mA, respectively. These results clearly
suggested that OMC-125 with the largest specific surface area
produced the highest reduction current, which could be
ascribed to the fact that the abundant electroactive sites in
OMC-125/GC can facilitate the electrocatalytic reduction of
K;[Fe(CN)¢]. This simple comparison test clearly confirms that
the large surface area of mesoporous materials can provide
large amounts of surface active sites to promote the binding of
the analytes to the active size. Thus sensitivity can be efficiently
improved by making use of the large specific surface area of
mesoporous materials.

In addition to serving as the electroactive units in electro-
analysis, mesoporous materials have also been widely employed
to immobilize other electroactive molecules for sensing due to
their large specific surface area.'®'%216:223:248-250 por ingtance,
enzymes are usually immobilized on the surfaces of meso-
porous materials for electro-biosensing because large amounts
of enzymes can be immobilized on electrodes with the assistance
of mesoporous materials.'”"® Additionally, the mesoporous
structure can protect the enzymes from denaturing. Kim et al
synthesized a novel one-dimensional hierarchically structured
TiO, (1DHS TiO,) using multi-walled carbon nanotubes as the
template.”>" The 1DHS TiO, possessed a large surface area of
218.4 m> g~ ', and it was used to immobilize glucose oxidase for
glucose sensing. The large specific surface area of the 1DHS TiO,

Chem. Soc. Rev., 2018, 47, 8766-8803 | 8787


https://doi.org/10.1039/c8cs00658j

Published on 11 October 2018. Downloaded by Wuhan University on 7/29/2021 4:31:48 AM.

Chem Soc Rev

made it possible to immobilize large amounts of GOx on its
surface. The GOx/1DHS TiO,/Nafion-modified GCE displayed
significantly higher response than the TiO,/Nafion- or GOx/Nafion-
modified GCE (Fig. 20g) in PBS solution, clearly suggesting that
mesoporous materials can help in improving the detection
sensitivity. Direct analysis of glucose with different concentra-
tions was realized (Fig. 20h). Also, the reported mediator-free
electrochemical sensor displayed long-term stability in glucose
detection. This study shows that mesoporous materials are
promising in immobilizing functional guest molecules for the
fabrication of novel biosensors.

3.2.3 Microgravimetric sensing. Gravimetric-type sensors
can realize analyte detection through direct readout of the
frequency shift induced by mass change.””*>>® The sensitivities
of gravimetric-type chemical sensors are largely determined by
the diffusion, sorption, and/or reaction of analyte molecules on
the accessible surfaces of the sensing materials.*>* Since meso-
porous materials feature large accessible surface area and good
pore connectivity, they can serve as the ideal candidates to
construct microgravimetric sensors with high sensitivity.**> In
this section, representative works about using the large specific
surface area of mesoporous materials to construct highly
sensitive gravimetric-type sensors will be introduced.

Quartz crystal microbalance (QCM) is a kind of well established
gravimetric-type sensor and it can determine a small electrode-
mass change down to the nano-gram level.>*>*>® Moreover, QCM
shows advantages including fast response, low cost and small
dimensions. The QCM has been widely used in the detection of
trace amounts of analytes, especially chemical vapors.>®” To detect
chemical vapors with relatively small molecular weight, adsorption
materials that possess large specific surface area should be used
to provide the maximum variation of mass.>****®* Mesoporous
materials with large accessible surface area can allow more
molecules to be adsorbed to generate a higher mass-adding-
induced frequency-shift sensing signal. Li et al developed a
high-performance integrated QCM sensor for the detection of
trinitrotoluene (TNT) vapors.”®* In this study, mesoporous silica
SBA-15 with a specific surface area of 385 m> g~ " was prepared and
further functionalized with hexafluoro-2-propanol (HFIP) for
the efficient capture of TNT (Fig. 21a). With the introduction of
45 ppt of TNT vapor into the testing chamber, the frequency of the
QCM sensor significantly decreased by about 2.6 Hz (Fig. 21b).
Such high sensitivity can be attributed to the abundant adsorp-
tion sites towards TNT provided by the large specific surface area
of the functionalized mesoporous silica. Stronger single output
was observed when the amount of TNT vapor was increased to
90 ppt and 135 ppt. Fig. 21c shows that H,O also causes obvious
signal changes, which may cause false positive signals in a
humid environment. Nevertheless, the QCM sensor displayed
good selectivity towards TNT (Fig. 21c). The developed QCM
sensor shows good potential in areas such as security inspec-
tion and pollutant analysis.

Kimura et al. reported the modification of the Au electrode
in a normal QCM system with mesoporous silica to improve the
sensing performance (Fig. 21d).>>* The performances of normal
QCM and the developed meso-QCM system in the detection of
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chemical vapors including CH;CH,OH and CH3;CHO were
compared. For normal QCM, frequency shifts were barely
observed with the injection of CH;CH,OH with concentrations
as high as 1000 ppb. However, a frequency shift was distinctly
observed for the meso-QCM system in the presence of
CH;3;CH,OH with a concentration of 100 ppb (Fig. 21e), clearly
suggesting that the large surface area of mesoporous materials
can lead to the enhancement of QCM sensitivity. The meso-
QCM system also displayed good sensitivity in the detection
of CH3;CHO. Most excitingly, the meso-QCM system could
quantitatively analyze mixed vapors of CH;CH,OH/CH;CHO
and calculate the concentration of each component (Fig. 21f).
This method is extensively useful for quantitative analysis of
gases and vaporized molecules of different components.

3.2.4 Mass spectrometry. Preconcentration is an efficient
method to improve the detection sensitivity by collecting low
abundance analytes from complex sample matrices to obtain
detectable signals."*”"'”* To achieve highly-efficient preconcen-
tration, adsorbents should possess abundant binding sites to
promote the adsorption of trace analytes.”>***® Mesoporous
materials feature large specific surface area and can provide
abundant binding sites for efficient adsorption of analytes
from sample solutions.”®**> Mesoporous materials have been
largely explored for the preconcentration of analytes with low
abundance to improve the sensitivity of mass spectrometry
(MS).61:7486,89,92,263,264 1y thig section, several preconcentration
analyses that make use of the large specific surface area of
mesoporous materials to improve the detection sensitivity of
MS will be discussed.

Li et al. reported the enrichment of phosphopeptides from
biological samples with their developed Ti**-immobilized gra-
phene/mesoporous silica composites (Ti*-MGMSs).>> The
mesoporous composites display large surface areas and large
amounts of immobilized Ti*" for the adsorption of phospho-
peptides. High efficiencies were observed in the enrichment of
phosphopeptides from both a B-casein tryptic digest (0.5 pM)
and from a B-casein tryptic digest/a-casein mixture (mass ratio
1:500). Moreover, after enriching phosphopeptides with the
Ti*"-derived mesoporous composites from B-casein digest
solution with ultra-low concentration (0.5 aM), a phosphopeptide
signal with a signal-to-noise ratio over 10 was observed. Such a
low detection limit and high sensitivity could be attributed to
the abundant binding sites provided by the large surface area of
Ti**-MGMSs. The developed MS strategy holds good promise in
proteomics and disease diagnosis.

Compared to Ti*" ions, mesoporous TiO, is much more
specific in recognizing phosphoproteins or phosphopeptides
because the metal oxides display more specific and reversible
chemisorption of phosphate groups on their amphoteric
surface.>*>?%¢"2%% Wang et al. reported a novel method for the
preparation of magnetic mesoporous Fe;0,@mTiO, microspheres
with a highly accessible mesoporous TiO, layer.>*® The Fe;0,@
mTiO, microspheres can specifically bind to phosphopeptides
through the classical bridging bidentate bonds between the
surfaces of TiO, mesopores and the phosphoric acid groups. The
preconcentration efficiency of the Fe;0,@mTiO, microspheres

This journal is © The Royal Society of Chemistry 2018
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Fig. 21 (a) Schematic representation of a hexafluoro-2-propanol (HFIP) modified SBA-15 mesoporous QCM sensor for TNT sensing. (b) Responses of the
QCM sensor upon addition of TNT with concentrations of 45 ppt, 90 ppt and 135 ppt. (c) Responses of the QCM sensor to different kinds of chemical vapors.
Reprinted with permission from ref. 254. Copyright 2011, American Chemical Society. (d) Schematic representation of the meso-QCM system. (e) Responses of
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was compared with that of non-mesoporous TiO, coated Fe;O,4
(Fe;0,@Ti0,) microspheres. The non-mesoporous Fe;0,@TiO,
microspheres gave an enrichment capacity of 20 mg g~ . In contrast,
the enrichment capacity of the Fe;0,@mTiO, was as high as
225 mg g ', much higher than that of the non-mesoporous
Fe;0,@TiO0, microspheres. The significantly increased adsorption
capacity can be ascribed to the abundant binding sites provided by
the large specific surface area of the mesoporous TiO,. Due to the
good enrichment capacity of the Fe;0,@mTiO, microspheres, the
target phosphopeptide in the complex samples can be easily
adsorbed and further separated. The authors showed that a signal-
to-noise ratio as high as 56 was obtained even in the presence of only
10 fmol B-casein. These results demonstrated that the Fe;0,@mTiO,

This journal is © The Royal Society of Chemistry 2018

microspheres exhibited extreme sensitivity due to the abundant
binding sites provided by the mesoporous structure. The outstand-
ing feature of the Fe;0,@mTiO, microspheres demonstrated that
sensitivity can be improved by increasing the amount of surface
active sites. The prepared Fe;O,@mTiO, microspheres have good
potential in mass spectrometric analysis of phosphopeptides.

4. Response-time-related structural
properties

The response time is the time taken for a sensor to respond to a
step concentration change from a certain concentration value
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to another value.®®°°

Mesoporous materials with large specific
surface area provide abundant active sites that can bind to
analytes and convert the binding events into measurable
signals.>®?”%* The large specific surface can significantly
increase the probability of binding of the analytes to the active
sites; thus the response time can be shortened.’®*** Also, it
should be noted that analytes have to diffuse into the meso-
pores to reach the active sites regardless of the sensing
principles.?® That is, the response time of mesoporous sensors
is also influenced by the diffusion of analytes in mesopores.
Previous studies demonstrated that porous materials with large
pore sizes and connected channels favor molecular diffusion
and thus ensure a fast response.’***2%°7272 Therefore, in addi-
tion to specific surface area, pore size and pore connectivity can
also influence the response time.

4.1 Specific surface area

Mesoporous materials have large specific surface area and can
provide enormous binding sites for the detection of analytes.***>’
The abundant binding sites can significantly increase the prob-
ability of contact between analytes and the binding sites to
produce detectable signals, thus contributing to shortening the
response time (Fig. 22).>*°° Several previous studies have
demonstrated that the large specific surface area of mesoporous
sensors can provide fast response in detection.”®%>”* Pellicer
et al. prepared two different crystalline mesoporous WO; replicas
using SBA-15 and KIT-6 mesoporous silicas as the templates for
NO, gas detection.””®> Brunauer-Emmett-Teller (BET) surface
analyses (Fig. 23a) showed that the specific surface areas of
the WO; KIT-6 and SBA-15 replicas were 48.2 m> g~ ' and
12.6 m* g, respectively. As expected, the WO, KIT-6 replica is
more sensitive than the SBA-15 replica in NO, detection
(Fig. 23b). Moreover, in the presence of NO, with the same
concentration, the signal on the WO; KIT-6 replica reached

Mesoporous materials

Nonporous materials

1
Quick response

Response

Slow response
1

Time

Fig. 22 Schematic illustration of the response of mesoporous sensing
systems and nonporous sensing systems to analytes.
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equilibrium much more rapidly than that on the WO; SBA-15
replica (Fig. 23b). The response time of WO; KIT-6 was estimated
to be half of that of WO; SBA-15. The shorter response time to
NO, gas by the WO; KIT-6 replica was due to the fact that the
KIT-6 replica had a higher surface area than the SBA-15 replica.
Therefore, the number of active sites that were accessible to the
NO, gas in the WO; KIT-6 mesoporous sensor was much larger
than that in the WO; SBA-15 mesoporous sensor. These results
thus confirmed that the response time of a mesoporous sensor
can be largely influenced by the specific surface area of the
employed mesoporous materials.

The influence of the specific surface area of a mesoporous
sensor on the response time was also investigated by other
researchers. Deng, Zhao and co-workers developed OMCs with
two-dimensional hexagonal mesostructure and unique buckled
large mesopores via a micelle fusion-aggregation assembly
method using poly(ethylene oxide)-block-polystyrene (PEO-b-
PS) diblock copolymers as the template (Fig. 23c).®® The pore
size of the OMCs was fine-tuned from 26.2 to 36.3 nm by simply
using diblock copolymers with different hydrophobic PS seg-
ment lengths. Moreover, the pore volume and specific surface
area of the OMCs could reach as high as 0.54 cm® ¢~ and
571 m”> g, respectively. The applications of the prepared
OMCs in sensing NH; at room temperature were investigated.
The OMCs (carbon-PEO117-b-PS198) with a high density of
surface active sites (0.188 nm™?) displayed a quick response
to 5 ppm of NH; in 2 min (Fig. 23d). Mesoporous carbon
C-FDU-15 was also prepared and its NH; sensing performance
was compared with that of carbon-PEO117-b-PS97. Both the
C-FDU-15 and carbon-PEO117-b-PS97 OMCs displayed similar
two dimensional (2D) hexagonal mesoporous structures. The
densities of surface active sites of C-FDU-15 and carbon-
PEO117-b-PS97 are 0.083 nm™ > and 0.131 nm™ >, respectively.
The response time of the C-FDU-15 based sensor to NH; input
of 15 ppm exceeded 7 min, much longer than that of the
carbon-PEO117-b-PS97 based sensor (6 min). This study clearly
demonstrates that mesoporous materials with large surface
area can shorten the response time of the mesoporous sensor
towards analytes.

4.2 Pore size

As mentioned above, analytes need to diffuse into mesoporous
materials to reach the active sites regardless of the sensing
principles.*® Pore size is one of the important factors that
influence the diffusion rate of analytes in mesoporous sensors
(Fig. 24).>>% Sakai et al. theoretically illustrated the theory of
gas diffusion in mesoporous film sensors in detail. When the
pores are in the range from 2 to 100 nm, the target gas moves in
the film on the basis of Knudsen diffusion. The increase of the
pore size will promote gas diffusion in the film and shorten the
response time.>”*

In 2004, Vallet-Regi et al. studied the influence of the pore
size of MCM-41 mesoporous silica on the diffusion of guest
molecules and they found that the diffusion rate of molecules
decreased as the pore size decreased.””” In this study, MCM-41
mesoporous silicas with pore sizes of 3.6 nm, 3.3 nm, 2.7 nm

This journal is © The Royal Society of Chemistry 2018
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Fig. 23 (a) The N, adsorption curves of the KIT-6 and SBA-15 based mesoporous WOs. (b) Responses of KIT-6 and SBA-15 WOs replica samples in the
presence of NO, with different concentrations. Reprinted with permission from ref. 273. Copyright 2007, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(c) Schematic representation of the formation of the mesoporous carbon materials with rich active sites. (d) The response and recovery curves of the
carbon-PEO117-b-PS198 sensor to NHsx at different concentrations. Reprinted with permission from ref. 63. Copyright 2016, American Chemical Society.

and 2.5 nm were systematically synthesized using alkyltri-
methylammonium surfactants with different chain lengths as
the soft-templates. The mesoporous silicas were loaded with
ibuprofen as the guest molecules and the amounts of ibuprofen
delivered into the solution were monitored. Results showed
that the liberation rate increased from 5 mg h™" for a pore size
of 2.5 nm to 24 mg h™" for a pore size of 3.6 nm. This fivefold
increase in the release rate indicated that the diffusion rate of
guest molecules increased significantly with increase of the
pore size of mesoporous materials. Other studies also showed that
the diffusion rate of guest molecules in mesopores increased with
increase of pore size.”***”**”” For instance, Lindén and coworkers
prepared a series of ordered porous silicas (uSBA-3, mSBA-3 and
MCM-41) exhibiting 2D hexagonal structures with cylindrical
pores.”® The pore sizes of ISBA-3, mSBA-3 and MCM-41 were
1.7 nm, 2.6 nm and 3.3 nm, respectively. The absorption and
release behaviors of ibuprofen on these porous silicas were mon-
itored. The MCM-41 mesoporous silica with the largest pore size
(3.3 nm) exhibited the highest ibuprofen adsorption capacity with a
loading degree of up to 41 wt % (Fig. 25a). The majority of
ibuprofen loaded into the MCM-41 mesoporous silica was released
within 24 h, whereas the nSBA-3 and mSBA-3 silicas with smaller

This journal is © The Royal Society of Chemistry 2018

pore size all displayed total release times in the range of 100 h
(Fig. 25b). The absorption and release rates of ibuprofen increase in
the order pSBA-3 < mSBA-3 < MCM-41, indicating that increasing
the pore size can promote the diffusion of guest molecules.

Deng and coworkers reported the synthesis of highly
ordered mesoporous WO; with large pore size and showed
that a mesoporous WOj3-based gas sensor displayed a short
response time in H,S sensing.?”° The pore size of the prepared
mesoporous WO; was 10.9 nm and the surface area was
121 m* g~ '. The dynamic responses of the mesoporous sensor
to H,S gas with different concentrations (0.25-200 ppm) were
monitored (Fig. 25¢). With the injection of H,S gas into the test
chamber, the intensity of the signal increased rapidly. A short
response time of 2 s was observed in the detection of a low
concentration H,S with the mesoporous WO;-based H,S gas
sensor (Fig. 25d). This study clearly suggested that the uniform
large mesopores contributed to the fast diffusion of H,S
to achieve short response times. The synthesized mesoporous
WO; has potential use as a gas sensor in fields such as
environmental monitoring and food safety.

Furthermore, the Zhao group reported the preparation of
ordered mesoporous ZnO with uniform large mesopores that

Chem. Soc. Rev., 2018, 47, 8766-8803 | 8791
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Fig. 24 Schematic illustration of molecular diffusion in mesoporous
materials with relatively large and small pore sizes.

exhibited excellent ethanol sensing performance with fast
response.’® The mesoporous ZnO with a pore size of 29.0 nm
was synthesized through a citric acid assisted soft template
strategy. The obtained mesoporous ZnO displayed a continuous
and crystalline framework with open pore channels, ensuring
the rapid diffusion of analytes within the mesopores. The
dynamic electrical response of a mesoporous ZnO-based gas
sensor to ethanol gas was investigated. A non-mesoporous ZnO-
based sensor was employed for comparison. As expected, the
mesoporous ZnO-based gas sensor exhibited a much stronger
response than the non-mesoporous ZnO based sensor (Fig. 25e).
Moreover, the mesoporous ZnO-based gas sensor also exhibited
a response time of 6 s (Fig. 25f), much shorter than the response
time obtained on the non-mesoporous ZnO based sensor (11 s).
These results thus clearly show that large pore size can con-
tribute to facilitating molecular diffusion and shortening the
response time.

4.3 Pore connectivity

Interconnected mesopores provide the necessary conditions
for facile diffusion of analytes within the mesopores to
increase the probability of contact between the analytes and
the binding sites to produce detectable signals (Fig. 26), which
is especially critical when the sensing reactions are diffusion-
controlled.>®®*?”%?78 previous studies have reported that mass
transport is usually more efficient in ordered mesoporous
architectures than in disordered mesoporous structures because
the optimized communication between the pores can lead to
fast diffusion of guest molecules.®>*”"*”® Thus interconnected
mesopores can afford fast diffusion of guest molecules and
shorten the response time in detection. Many researchers have
investigated the influence of pore connectivity on the diffusion
of guest molecules in mesoporous materials.®*?7>27%28
Sanchez, Walcarius and coworkers prepared a series of
mesoporous films displaying p6m (2D hexagonal), P63/mmc
(3D hexagonal), and Pm3n (3D cubic) mesoporous structures,
as illustrated in Fig. 27a.>”" The influence of pore connectivity
on the permeability of analytes to the redox probes was studied
by cyclic voltammetry. In the presence of analytes such as
Ru(bpy);** (Fig. 27b) or FcMeOH (Fig. 27c), the P63/mmc
(3D hexagonal) and Pm3n (3D cubic) mesoporous silica films
with interconnected pores displayed significantly higher
response than the p6m (2D hexagonal) film, suggesting that
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the interconnected pores allowed faster molecular diffusion.
These results showed that 3D mesoporous films displayed
much better permeability than the 2D hexagonal mesoporous
film, which could be attributed to the fact that the inter-
connected mesopores in the 3D mesoporous films allowed fast
diffusion of the redox probes. In another study, Wu et al.
prepared highly ordered mesoporous silica films with a 2D
hexagonal structure (channel-type mesopores) and a 3D hexa-
gonal structure (cage-type mesopores).”’® The 3D hexagonal
mesoporous silica film exhibited an ink-bottle porous structure
with ideal interconnectivity, whereas the 2D hexagonal meso-
porous silica film only possessed small pores within the pore
wall to serve as open windows to connect the mesochannels.
The mesoporous silica films were loaded with fluorescein
isothiocyanate (FITC) and the release of FITC was monitored.
Results showed that the half-life value for the steady release of
FITC from the 3D hexagonal and 2D hexagonal mesoporous
silica films were 60 min and 92 min, respectively. These results
indicate that interconnected mesopores can allow fast diffusion
of guest molecules.

Fast response in the detection of analytes has been largely
achieved with interconnected mesoporous sensors in the past
years. El-Safty et al. reported the use of 3D mesoporous mono-
liths (cage-type mesopores) functionalized with different kinds
of binding receptors for highly sensitive and selective detection
of toxic ions in a few minutes.””> The cage monoliths with
spherical nanosized cavities show efficient transport of toxic
ions to the inner active sites. Due to the interconnected
mesopores, the mesoporous sensor displayed short response
times (30 s < ¢ < 3 min) in the detection of Pb>*, Cd**, Sb*",
and Hg>" ions. In another study, 3D cubic and 2D hexagonal
mesoporous WO; were used for the detection of NO, gas.*®®
A five times faster response was observed on the 3D cubic
mesoporous WO; as compared to the 2D hexagonal mesoporous
WO3;, which was attributable to the higher pore interconnectivity
in the 3D cubic mesoporous WO;. These studies show that
mesoporous materials with inter-connected mesopores favor fast
molecular diffusion and show good promise in the construction
of sensors with rapid response and low cost.

5. Stability-related structural
properties

Generally, nanomaterial-based sensors involve the immobilization
of reporter molecules or binding molecules on the outer surfaces of
nanoparticles, which inevitably suffers signal fluctuation caused by
the detachment or diffusion of the anchored molecules.> As for
mesoporous material based sensors (Fig. 28), binding molecules or
reporter molecules can be loaded into the mesopores or immobi-
lized on their inner surfaces.>>%%7%13:136:204 The ynique mesoporous
structure offers protection to the binding molecules or reporter
molecules to enhance the stability of the mesoporous sensor. As a
result, the functional binding sites and signalling subunits are
protected from the outer environment, which greatly enhances the
signal stability and eliminates the false positive signals.'"*>?%!

This journal is © The Royal Society of Chemistry 2018
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Fig. 25 (a) The adsorption isotherms of ibuprofen on MCM-41, mSBA-3 and uSBA-3 porous silicas. (b) The release curves of ibuprofen from MCM-41,
mMSBA-3 and uSBA-3 porous silica. Note: MCM-41a is the aged MCM-41. The MCM-41 and MCM-41a exhibited very similar release behavior; thus in (b)
the same curve was used for MCM-41 and MCM-41a in the original paper. Reprinted with permission from ref. 269. Copyright 2004, American Chemical
Society. (c) Response and recovery curves of a mesoporous WOsz-based gas sensor to H,S with different concentrations. (d) Response and recovery
curves of a mesoporous WOz sensor to H,S with a concentration of 50 ppm. Reprinted with permission from ref. 270. Copyright 2014, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. (e) Response and recovery curves of a mesoporous ZnO-based sensor and a non-mesoporous ZnO-based sensor to
ethanol vapor with different concentrations. (f) Response and recovery curves of a mesoporous ZnO-based sensor and a non-mesoporous ZnO-based
sensor to ethanol with a concentration of 50 ppm. Reprinted with permission from ref. 59. Copyright 2016, Royal Society of Chemistry.

Many studies have reported that mesoporous sensors dis- the preparation of mesoscopic and molecular scale periodic
played long-term stability due to the protective effect provided organosilicas functionalized with bis(rhodamine Schiff-base
by their unique mesoporous structure.””>**! Han et al. reported ~ derivative) that can selectively bind to Cu®>" (BRhPMOs)."**
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In the absence of Cu®**, the BRh chromophores were non-
fluorescent. With the addition of Cu®*, the BRh chromophores
bound to Cu** and the ring of rhodamine moieties opened,
resulting in strong fluorescence (Fig. 29a). The changes in fluores-
cence intensity from different BRh chromophores with time upon
light irradiation were further monitored (Fig. 29b). The free R6G
and the Cu®*'-chelated BRh-Si, lost about 25% and 21% of
their initial fluorescence intensities, respectively. In contrast, the
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Cu**-chelated BRhPMOs did not display any obvious photobleach-
ing under strong irradiation. These results indicated that the
Cu*'-chelated BRh chromophores immobilized on the surfaces of
the mesopores exhibited excellent photostability under long-term
irradiation. The excellent optical stability of Cu**-chelated
BRhPMOs was ascribed to the protective mesoporous silica
networks that could protect the inner immobilized fluorophores
from exoteric quenching factors such as oxygen.
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Fig. 27 (a) Schematic illustration of the structures and porosity characteristics of 2D-Hex, 3D-hexagonal and 3D cubic Pm3n mesoporous silica films.
Cyclic voltammetric curves of ITO electrodes covered with different mesoporous silica thin films in 0.05 M hydrogen phthalate solutions containing
0.5 mM Ru(bpy)s2* (b) and FcMeOH (c). Reprinted with permission from ref. 271. Copyright 2007, American Chemical Society.
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bilayers, and catalase-BMS particles coated with three PDDA/Siyp bilayers as well as four PAH/PSS bilayers in the presence of protease. Reprinted with

permission from ref. 283. Copyright 2005, American Chemical Society.

Mesoporous materials bearing enzymes have been widely
applied in biosensing applications.'®***®*> Previous studies
have demonstrated that the unique mesoporous structure con-
tributes to the retention of enzyme activity. Ackerman, Liu and
coworkers investigated the effect of mesoporous silica encap-
sulation on the specific activity of organophosphorus hydrolase
(OPH).”*° For the free OPH in solution, results showed that the
145 days of storage caused a serious decrease (about 77%) to
the specific activity of OPH. In contrast, the specific activity of
OPH entrapped in the mesoporous silica decreased only 38%
after the same storage. These results clearly suggest that the
mesoporous structure can lead to the improvement of the
stability of sensors. The rational design in this study can
provide new strategies for the stabilization of biomolecules
for a broad range of applications.

Caruso et al. prepared bimodal mesoporous silica (BMS)
displaying a series of pore sizes of 2-3 nm and 10-40 nm.**®

This journal is © The Royal Society of Chemistry 2018

Various enzymes, including catalase, peroxidase, cytochrome C,
and lysozyme, were immobilized into BMS and the enzyme-
loaded BMS was further encapsulated by multilayered nano-
composite thin shells. Due to the presence of relatively larger
pores (10-40 nm) in BMS, much higher enzyme immobilization
capacity was achieved on BMS spheres compared to MS-16 and
SBA-15 mesoporous silicas (Fig. 29¢). Moreover, the enzyme-
loaded BMS spheres were further exposed to proteases to test
the stability of the enzyme. Compared to free enzyme (Fig. 29d),
the activity of the enzyme encapsulated in BMS was efficiently
retained and no obvious decrease of enzyme activity was
observed within 2 h. The encapsulated catalase also exhibits
enhanced stability under reaction conditions over a wide pH
range (pH 5-10) and retains an activity of 70% after 25
successive batch reactions. This study clearly demonstrates
that the mesoporous structure can improve the stability of
enzyme-based sensing systems.

Chem. Soc. Rev., 2018, 47, 8766—-8803 | 8795


https://doi.org/10.1039/c8cs00658j

Published on 11 October 2018. Downloaded by Wuhan University on 7/29/2021 4:31:48 AM.

Chem Soc Rev

6. Recovery time-related structural
properties

Reusability is important for the practical use of a sensor because
good reusability can significantly lower the costs.'>”?”*?%* The
unique structural properties of mesoporous materials can con-
tribute to the short recovery times and good reusability of
mesoporous sensors.**?#2”° The recovery of mesoporous sensors
involves the detachment of analytes and the outward diffusion
of analytes from mesoporous sensors to the solution or the
air."*® The recovery time of a sensor is the time it takes for the
signal to return to its initial value upon decreasing the analyte
concentration to zero.®® Similar to the response time, the
recovery time of a mesoporous sensor is correlated with
the pore size and pore connectivity of mesoporous materials
since these two structural properties significantly influence the

diffusion of the analytes.
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6.1 Pore size

Many previous studies have demonstrated that large pore sizes
can lead to short recovery times by promoting the outward
diffusion of detached analytes.>®®3239:27%:272285 11y gne of these
studies, Deng et al. prepared ordered mesoporous carbons that
showed two-dimensional (2D) hexagonal mesopores and
unique buckled large mesopores.®® They investigated the appli-
cation of the mesoporous carbons in NH; sensing. The meso-
porous carbon (carbon-PEO;;;-b-PS;9g) consists of cylindrical
mesopores with a pore size of about 26.2 nm. The mesoporous
carbon-based gas sensor displayed good reversibility in NH;
sensing and the sensor could be efficiently recovered in 4 min.
For comparison, the mesoporous carbons C-FDU-15 and
carbon-PEO,,,-b-PSy; were also prepared and used for NH;
sensing. The C-FDU-15 and carbon-PEO,,,-b-PSy; mesoporous
carbons display similar 2D hexagonal mesopores to those of the
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(@) Response and recovery curves of the mesoporous carbon C-FDU-15 sensor to NHsz at different concentrations. (b) Response

and recovery curves of the mesoporous carbon-PEO117-b-PSg; to NHs at different concentrations. Reprinted with permission from ref. 63.

Copyright 2016, American Chemical Society.

(c) Schematic illustration of the colorimetric mesoporous sensors and the color changes

of the corresponding sensors to different heavy metals. (d) Reproducibility of the cage sensors after complexation—-regeneration cycles of
analyte ions. The number of cycles is abbreviated as n.. Reprinted with permission from ref. 272. Copyright 2006, Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.
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carbon-PEO;,5-b-PS;9s. On the other hand, the pore sizes of the
C-FDU-15 and carbon-PEO,;;,-b-PSy; mesoporous carbons are
much smaller, 3.3 nm and 13.8 nm, respectively. The recovery
times of the C-FDU-15 based sensor (Fig. 30a) and the carbon-
PEO;,,-b-PSy; based sensor (Fig. 30b) all exceeded 15 min, much
longer than that of carbon-PEO;;,-b-PS;g. This study suggests
that large pore size can shorten the recovery time of mesoporous
sensors by promoting the outward diffusion of analytes.

6.2 Pore connectivity

Good pore connectivity can also enhance the outward diffusion
of analytes and lead to good recovery of mesoporous sensors.
El-Safty and coworkers prepared a mesoporous monolith with
3D cage-typed mesopores for the detection of toxic ions
(Fig. 30c).>”> The mesoporous monolith displayed spherical
cavities and the mesopores were well-interconnected. Different
kinds of binding receptors were grafted onto the inner surface
of the mesoporous monolith for the sensing of Pb**, Cd**, Sb*",
and Hg>*. The mesoporous monolith-based sensor displayed a
short response time (¢ < 3 min) and good reusability in sensing
applications. The reusability was investigated by the designed
cycles of repeated exquisite-detection-regeneration procedures.
During the treatment, stripping agents such as EDTA were used
to remove the metal ions trapped on the surfaces of the
mesopores. Results showed that the mesoporous sensor was
efficiently regenerated without resulting in obviously reduced
response within several cycles (Fig. 30d). The slight decrease of
detection sensitivity was ascribed to the deleterious effect of
the employed stripping agents on the recognition subunits in
the repeated exquisite-detection-regeneration cycles. This work
provided a potential analytical tool for monitoring toxic metal
ions in environmental samples.

7. Summary and outlook

In the past decades, impressive progress has been achieved in
exploring mesoporous materials for analytical applications.
The variety of analytical methods developed with mesoporous
materials is ultra-large, which can be ascribed to the vast choice
of available mesoporous materials with user-defined structures
and properties. In exploring the analytical applications
of mesoporous materials, many studies have demonstrated
that the structural properties of mesoporous materials can be
rationally tailored to improve the performance of analytical
methods. Understanding the ‘“‘structure-performance relation-
ship” is of great importance for developing analytical methods
with excellent performance based on mesoporous materials. In
this review, the connections between the structural properties
of mesoporous materials and some of the important analytical
performances have been discussed. We summarized the
structural properties, including pore size, pore shape, specific
surface area, pore volume, etc.,, that can contribute to
the improvement of the selectivity, sensitivity, response time,
stability and recovery time of analytical methods, which may

This journal is © The Royal Society of Chemistry 2018
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provide potential instructions for the design of analytical
methods with mesoporous materials.

Although certain connections exist between the structural
properties of mesoporous materials and their analytical perfor-
mance, challenges remain in the design of analytical methods.
When designing analytical systems with mesoporous materials,
many factors need to be taken into account because the
structural properties may be incompatible in improving the
analytical performance. For instance, an increase of pore size
can facilitate molecular diffusion and afford a shorter response
or recovery time, whereas a decrease of specific surface area
caused by the increase of pore size inevitably leads to a decrease
of surface active sites and the compromise of detection
sensitivity. A balance between the structural properties of
mesoporous materials should be achieved to optimize their
analytical performance. On the other hand, the influence of the
structural properties on the analytical performance is qualita-
tively investigated in the past decades. More quantitative
studies need to be conducted in the coming years. The future
development of the analytical applications of mesoporous
materials requires the close collaboration of materials scien-
tists and analytical chemists. By this way, the targets of good
selectivity, high sensitivity, fast response, long-term stability,
easy recovery and low cost can be achieved with mesoporous
materials.
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