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a single sphere-based customizable sensing
platform for the discrimination of multi-analytes†
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By simultaneously exploiting the unique properties of ionic liquids and aggregation-induced emission (AIE)

luminogens, as well as photonic structures, a novel customizable sensing system for multi-analytes was

developed based on a single AIE-doped poly(ionic liquid) photonic sphere. It was found that due to the

extraordinary multiple intermolecular interactions involved in the ionic liquid units, one single sphere

could differentially interact with broader classes of analytes, thus generating response patterns with

remarkable diversity. Moreover, the optical properties of both the AIE luminogen and photonic structure

integrated in the poly(ionic liquid) sphere provide multidimensional signal channels for transducing the

involved recognition process in a complementary manner and the acquisition of abundant and sufficient

sensing information could be easily achieved on only one sphere sensor element. More importantly, the

sensing performance of our poly(ionic liquid) photonic sphere is designable and customizable through

a simple ion-exchange reaction and target-oriented multi-analyte sensing can be conveniently realized

using a selective receptor species, such as counterions, showing great flexibility and extendibility. The

power of our single sphere-based customizable sensing system was exemplified by the successful

on-demand detection and discrimination of four multi-analyte challenge systems: all 20 natural amino

acids, nine important phosphate derivatives, ten metal ions and three pairs of enantiomers. To further

demonstrate the potential of our spheres for real-life application, 20 amino acids in human

urine and their 26 unprecedented complex mixtures were also discriminated between by the single

sphere-based array.
Introduction

Differential sensing has emerged as an effective and powerful
tool for multi-analyte detection and discrimination, especially
in complex mixtures. In comparison to traditional “lock-and-
key” based molecular sensing, where a highly specic receptor
with strong affinity is required, the approach of differential
sensing relies on ngerprint information collected from the
interaction of an individual analyte or complex mixtures with an
array of cross-reactive receptors and their resulting character-
istic response patterns.1 Obviously, for the successful imple-
mentation of differential sensing, the “ideal” strategy to develop
a desired sensing array should possess the following favorable
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features. Firstly, a sufficient number of receptors or sensing
elements with different selectivities should be rapidly and
conveniently generated through the devised method. Secondly,
the collected sensing elements should exhibit high diversity
aer interacting with multi-analytes, hence allowing more
information to be extracted for the discrimination and identi-
cation of the target analytes. Ideally, a single element should
provide sufficient sensing information and serve as a virtual
sensor array to realize the miniaturization of a constructed
sensing device.2 Thirdly, as an attractive feature, the universal
applicability or broad utility of the created array is also highly
desirable. Thus, the array is expected to be a sensing platform
with high exibility and extendibility that can be facilely
tailored and customized for the discrimination of a broad
spectrum of multi-analytes. Finally, the used sensing protocol
should be handy. Over the past few years, numerous strategies
for creating sensor arrays have been developed and successfully
employed for the detection and discrimination of various
important analytes.3–9 Although great progress has been made
in differential sensing, the reported strategies with all of the
desired features mentioned above are still limited.
Chem. Sci., 2017, 8, 6281–6289 | 6281
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Fig. 2 Schematic illustration of the preparation of the AIE-doped
poly(ionic liquid) photonic sphere and the chemical structures of the
ionic liquid monomer, crosslinker and AIE luminogen used.
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In this article, the microuidic synthesis of poly(ionic liquid)
(PIL) inverse opal spheres doped with an aggregation-induced
emission (AIE) dye is described. Interestingly, it was found
that by exploiting the unique properties of ionic liquids (ILs),10

photonic structures,11 and AIE luminogens,12 the fabricated
sphere could be used as a single sphere-based customizable
platform with distinct advantages for the target-oriented
differential sensing of a broad spectrum of multi-analytes
(Fig. 1). Such a strategy allows for the facile formation of
a large number of sphere-based sensing elements through
a simple counterion exchange reaction. Due to the nearly
unlimited combinations of cations and anions in ILs, a huge
pool or library of sensing elements could be conveniently and
rapidly established from the parent PIL photonic sphere.
Importantly, we found that the extraordinary multiple types of
molecular interactions involved in ILs, including van der Waals
forces, electrostatic forces, hydrogen bonding, hydrophobic
interactions, and p–p interactions,13 provide tremendous
binding diversity upon interaction with multi-analytes, afford-
ing distinct response patterns for discrimination. Moreover, as
competent multi-channel signal transducers, the inherent
optical properties of both the photonic structure of the used
sphere and the integrated AIE luminogen are sensitive to envi-
ronmental changes, and the obtained complementary signals
from fundamentally different transduction principles provide
more efficient information,14 enabling enhanced discriminatory
performance with a miniaturized array. In fact, in our case, one
AIE-doped PIL photonic sphere alone can generate abundant
sensing information, which is enough for precisely discrimi-
nating complex systems, and namely a “lab-on-a-sphere”
concept is achieved. What is more appealing, based on the
“task-specic” concept of ILs,15 is that we also found that
different selective receptor species as counterions could be
facilely incorporated into the prepared photonic spheres by
anion exchange, and thus the recognition performance of the
spheres could be designed to be biased towards particular
analyte classes of interest. This attribute indicates that the
photonic sphere described here could serve as a single sphere-
based customizable sensing platform with high exibility and
extendibility for the on-demand detection and discrimination
of a broad spectrum of analytes. Finally, the microuidic
synthetic approach guarantees the reliable and reproducible
preparation of uniform photonic spheres on amulti-gram scale,
Fig. 1 General illustration of the construction of an AIE-doped poly(ionic
analytes and the prominent advantages of this platform.

6282 | Chem. Sci., 2017, 8, 6281–6289
and the sphere-based sensing protocol is more convenient
compared to solution-based sensing processes. As a demon-
stration of the excellent discriminatory power of our new
strategy, in this work all 20 natural amino acids and their 26
complex mixture systems, nine important phosphate deriva-
tives, ten metal ions and three pairs of dicarboxylic acid enan-
tiomers were successfully detected and discriminated between
on a single AIE-doped PIL photonic sphere with 100% accuracy.
Results and discussion
Preparation of the AIE-doped poly(ionic liquid) photonic
sphere

Fig. 2 illustrates the general process for the preparation of the
AIE-doped poly(ionic liquid) inverse opal photonic spheres, as
well as the structures of the imidazolium-based IL monomer,
crosslinker, and tetraphenylethylene-type AIE luminogen used
in this work for the formation of the spheres. Fig. S1 and S2 in
the ESI† show their synthetic routes and the corresponding
characterizations. The monodisperse SiO2 colloidal crystal
spheres were rstly prepared using a microuidic approach and
were then employed as photonic templates. Aer the inltration
of monomer solution into the interstices of the templates, the
subsequent polymerization followed by the removal of the SiO2

nanoparticles using HF afforded the AIE-doped inverse opal
PIL spheres. In our case, uniform SiO2 nanoparticles with
liquid) photonic sphere as a target-oriented sensing platform for multi-

This journal is © The Royal Society of Chemistry 2017
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a diameter of 170 nm were used to microuidically generate the
spherical template (Fig. S3†), and the monomer solution was
composed of the synthesized IL monomer, AIE luminogen, and
crosslinker, as well as the photoinitiator, for the performed
polymerization. Fig. 3a and c display the optical and SEM
images of the resultant AIE-doped PIL spheres with 3D-ordered
macropore structures. Owing to the shrinkage of the poly(ionic
liquid) hydrogel in the dry state, the observed pore diameter in
Fig. 3c is smaller than that of the used silica nanoparticles. In
fact, a similar phenomenon is oen observed in the literature.11l

The ordered macropore structure endows the PIL spheres with
photonic properties (Fig. 3a). At the same time, the doped AIE
luminogen imparts the PIL spheres with strong uorescence
(Fig. 3b). This unique photonic crystal (PhC) optical property,
together with the uorescence (FL), provides two complemen-
tary transducer channels (Fig. 3d) which can directly and
sensitively report the binding events of PIL with analytes. More
importantly, as a sensing element, the PIL-based sphere can
easily be converted into a huge number of sphere arrays
through a simple counterion exchange reaction and compared
to the covalent synthetic approaches described in the litera-
ture,1 this noncovalent method should be a more convenient
way to facilely access various sensing elements from one parent
PIL sphere.10,16 As a key point, the unique multiple intermo-
lecular interaction feature of the IL units imparts the PIL
spheres with high cross-reactivity upon interaction with
different analytes.17 Thus, with rich response information ob-
tained, a single PIL sphere could serve as a virtual sensor array
for a wide range of multi-analytes.

Single sphere-based array for 20 natural amino acids

As a proof of our concept, the identication of all 20 natural
amino acids (Fig. S4†) was rst chosen to demonstrate the
Fig. 3 (a) Optical image of the parent AIE-doped poly(ionic liquid)
photonic spheres. (b) Fluorescence image of the parent AIE-doped
poly(ionic liquid) photonic spheres (false color, exposure time 200ms).
(c) SEM image of the parent AIE-doped poly(ionic liquid) photonic
spheres with an ordered macropore structure. (d) Reflection (left) and
fluorescence (right) spectra of the parent AIE-doped poly(ionic liquid)
photonic spheres. Scale bars in (a), (b) and (c) are 200 mm, 200 mm and
500 nm, respectively.

This journal is © The Royal Society of Chemistry 2017
excellent discrimination power of the AIE-doped PIL photonic
sphere. In this case, the PIL photonic spheres of the OH� form
(Fig. S5†) were simply incubated in the analyte solutions for the
discrimination task. Aer nonspecically binding the amino
acids with the PIL spheres, the response signals from the PhC
and FL channels were gathered and are shown in Fig. 4 and S6.†
Fig. 4a and b show the optical images and the corresponding
PhC responses of the PIL spheres upon exposure to the analytes.
Expectedly, due to the unique multiple intermolecular interac-
tions involved in the imidazolium-based ionic liquids,
including electrostatic forces, hydrogen bonding, hydrophobic
interactions, p–p interactions and van der Waals forces, the
response of one PIL sphere to all of the amino acids alone was
already very sensitive and complicated. Depending on the
individual structural features of the amino acids, their
Fig. 4 The responses of the AIE-doped poly(ionic liquid) photonic
spheres (OH� form) to the 20 natural amino acids at 10 mM. (a) Optical
images. (b) Histogram of reflection peak shifts. (c) Fluorescence
images (false color, exposure time 30ms). (d) Histogram of the folds of
fluorescence enhancement. Scale bars in (a) and (c) are 500 mm.

Chem. Sci., 2017, 8, 6281–6289 | 6283
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Fig. 5 AIE-doped poly(ionic liquid) photonic spheres of the OH� form
for the discrimination of 20 natural amino acids at 10 mM. (a) 3D PCA
plot; (b) the correspondingmagnified plot of the red circle region in (a).
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interactions with the PIL spheres induced the shrinking or
swelling of the PIL photonic spheres to a varying extent, thus
generating obvious and diverse wavelength shis of Bragg
diffraction (Fig. 4b). Even a subtle difference, for example
between Asn and Gln, could cause different responses which
were clearly detectable on the PhC channel. Accompanying the
diffraction shis, distinct color changes were also observed
(Fig. 4a) even by the naked eye when the PIL photonic spheres
were exposed to Phe, Trp, Tyr, Asn, Thr, etc. Interestingly, Lys is
a typical basic amino acid with two amino groups and one
carboxyl group and has the largest shi of the Bragg diffraction
peak (227 nm) compared to all of the other amino acids. A
reasonable explanation for this observation is that the acidic
hydrogens at the C2 position on the imidazolium rings are
hydrogen bond donors which exhibit a high binding affinity
with amino groups.18

Besides the photonic responses, aer the interaction with
different amino acids, the uorescence behavior of the AIE
luminogen doped in the PIL photonic spheres also simulta-
neously varied in a “turn on” fashion with the shrinking or
swelling of the PIL spheres, as well as with the change in their
micro-environments, as shown in Fig. 4c and d. We monitored
the variation of the uorescence intensity at 515 nm and
554 nm (F515 nm for peak, F554 nm for shoulder), which
dramatically increased in most of the amino acids on light-up
mode. For example, compared to the initial intensity of the
uorescence of the PIL sphere at 515 nm, ca. 7.7-fold, 8.8-fold,
9.8-fold, 2.3-fold and 6.3-fold increases were observed for Val,
Leu, Ile, Cys and Ser, respectively. Previously, it was found
from both experiments and theoretical simulation that the
uorescence behavior of a chromophore attached onto the
ionic liquid moiety could be signicantly inuenced and
tuned by the chemical micro-environments created through
coupling with different counterions.19 Thus, it can be believed
that the micro-environment change, as well as the shrinking
or swelling of the PIL spheres induced by binding with
different amino acids, should be responsible for the observed
diverse uorescence responses of the AIE luminogens inte-
grated in the skeleton of the PIL. Notably, the AIE-based FL
channel is more sensitive, due to the intrinsic sensitivity of the
uorescence. The similar structural analytes, for example Val
and Leu, which differ only by a single methylene moiety in
their backbone chains, could be distinguished by uores-
cence. Moreover, isomers Leu and Ile could also be easily
discriminated by the FL channel. In our case, to gain richer
and more diverse information, the uorescence enhance-
ments at 515 nm and 554 nm were collected and employed for
the discrimination of the amino acids.

The complex differential information generated from the
PhC and FL dual-channels described above was evaluated by
using principal component analysis (PCA) for data reduction
and classication (3 dimensional information � 21 analytes �
7 trials ¼ a total of 147 samples). As shown in Fig. 5, the
resultant 3D PCA score plot intuitively exhibits a clear clus-
tering of all 20 different amino acids, showing the excellent
discriminatory power of the single sphere-based AIE-doped
photonic sphere. The measured data displayed in a cluster
6284 | Chem. Sci., 2017, 8, 6281–6289
in the PCA plot intuitively reects the reproducibility or
error of the corresponding set of trials. The error can be
quantitatively evaluated by the root-mean-square error
(RMSE). Additionally, the space distance between the two
closely neighboring clusters is indicative of the resolution and
this distance can be quantitatively calculated by the Euclidean
distance (ED). A bigger distance implies a higher resolution.1c

Based on linear discriminant analysis (LDA), the leave-one-out
validation routine displays 100% accuracy for the classica-
tion of all of the 147 samples in our case. The amino acids at
lower concentration (1 mM) were also used as targets to test
the classication ability of our PIL photonic spheres. Fig. S7†
presents the differential responses collected from the PhC and
FL channels and Fig. S8† is the obtained PCA plot. Though
some clusters in the plot seem a little overlapped due to visual
obstruction in the 3D space, the cross validated classication
still presents an accuracy of 99%.

Application in real-world samples and complex mixtures

Indeed, even in more complex physiological environments, our
sensing system also exhibits excellent discrimination of the 20
natural amino acids in human urine and 100% correct classi-
cation was achieved (Fig. 6). In addition to qualitative
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 AIE-doped poly(ionic liquid) photonic spheres of the OH� form
for the discrimination of 20 natural amino acids at 10 mM in human
urine. (a) 2D PCA plot; (b) the corresponding magnified plot of the red
circle region in (a).
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identication, a semiquantitative assay is also possible by using
our photonic sphere. As shown in Fig. 7, three amino acids, Trp,
Cys and Lys, are clearly separated at different gradient
concentrations (0.1 mM, 0.5 mM, 1 mM, 5 mM and 10 mM).
Each individual series of clusters is distributed along the
increasing concentrations. Fig. 7 clearly displays the depen-
dence of the recognition patterns of analytes on their
Fig. 7 3D PCA plot of the semiquantitative assay of Trp, Cys and Lys at
five different concentrations by the AIE-doped PIL photonic spheres of
the OH� form.

This journal is © The Royal Society of Chemistry 2017
concentrations, indicating that when such a dependence rela-
tionship is previously established, the target analytes at
different concentrations can be detected and discriminated. In
fact, according to the basic principle of the array-based sensing
systems, as long as the training data sets are previously estab-
lished, the sensitizing process is still precise when the
concentration of a sample is unknown.1c

To further demonstrate the discrimination power, as well
as the practical value of our single sphere-based PIL sphere,
a series of mixtures of amino acids as target analytes was
investigated. Five typical amino acids, Lys, Cys, Trp, Ile and
Glu, were selected and named as A, B, C, D and E, respectively.
A total of all 26 possible equimolar mixtures of A, B, C, D and
E were prepared and explored, including 10 binary systems
(AB, AC, AD, AE, BC, BD, BE, CD, CE and DE), 10 ternary
systems (ABC, ABD, ABE, ACD, ACE, ADE, BCD, BCE, BDE and
CDE), 5 quaternary systems (ABCD, ABCE, ABDE, ACDE and
BCDE) and 1 quinary system (ABCDE). Surprisingly, Fig. S9†
displays quite rich PhC and FL signal changes of the PIL
spheres when they were incubated in mixtures of amino acids.
Based on the differential information collected from a single
PIL sphere, the well-separated clusters in the 3D PCA plot
(Fig. 8) clearly conrm the successful classication of
the used multi-analyte systems (5 unitary analytes, 26
mixture analytes and 1 control analyte) with 100% correct
identication. Additionally, it is well-known that differential
sensing is capable of predicting unknown samples when
they have previously been used as training data sets.1c In this
work, 15 blind samples from the 32 training analytes in Fig. 8
were also correctly identied (Table S1†). This preliminary
result indicates that, as long as the training sets are appro-
priately established, it is possible for our sensing system to
predict the components or ratios of different compounds in
mixtures.

The identication of natural amino acids is biologically
important but intrinsically challenging, especially when using
a simple and feasible method to achieve this tough goal. In the
past few decades, although the detection of individual or
several specic amino acids has made great advancements,20,21

to the best of our knowledge, there are only three reports from
Severin,22a Lin22b and the Song group22c describing the detec-
tion of all 20 amino acids. In their studies, cross-reactive
arrays with about ten sensing elements are generally
required and at the same time the performed detections are
usually accompanied with a complicated operation procedure
and low throughput. In our case, however, a single sphere is
enough for implementing the same sensing purpose, even for
broader mixture systems which have never been reported, and
the experimental procedures used are greatly simplied. It
should be noted that the sensor arrays reported so far can only
be applied to identify mixtures with large differences in their
components.23 Any change of the target mixture, such as
slightly adjusting the relative proportions of the components
or adding new components, may cause trouble for the
discrimination. None of the reported arrays demonstrated the
sensing of all 26 possible equimolar mixtures of ve compo-
nents, as in our case.
Chem. Sci., 2017, 8, 6281–6289 | 6285
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Fig. 8 AIE-doped poly(ionic liquid) photonic spheres of the OH� form for the discrimination of 1 control analyte, 5 unitary analytes and 26
mixture analytes at 10 mM for all of the amino acids. (A–E) represent Lys, Cys, Trp, Ile and Glu, respectively. (a) 3D PCA plot; (b) corresponding
magnified plot of the red circle region 1 in (a); (c) corresponding magnified plot of the green circle region 2 in (a) and (d) correspondingmagnified
plot of the blue circle region 3 in (a).

Fig. 9 2D PCA plot of the AIE-doped PIL photonic spheres (OH� form)
for the discrimination of nine phosphate derivatives at 10 mM.
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Customizable arrays for target-oriented discrimination

The unique multiple intermolecular interaction feature enables
ILs to strongly interact with different classes of compounds and
thus to have strong solvation power. Owing to this benecial
property, ILs have already been demonstrated to be used as
a universal solvent for different classes of materials,10 even for
tough celluloses.24 In our work, due to this universal structural
feature, we also found that the created PIL spheres could
actually be used as a multi-channel sensing platform to effec-
tively detect a broader class of analytes, not only for amino acids
but also for other classes of multi-analytes. As a demonstration,
the discrimination of nine biologically important phosphate
derivatives (Fig. S10†) was chosen as another challenge system
for our study, including phosphoric acids bearing different
nucleobases (AMP, UMP, GMP and CMP) and different numbers
of phosphate groups (AMP, ADP and ATP), as well as inorganic
phosphates (phosphate, pyrophosphate and triphosphate).
Fig. S11† shows the differential information collected from the
dual optical signal channels of the PIL spheres as mentioned
above. In Fig. 9, all of the nine phosphate derivatives are well
clustered into nine different groups and a jackknifed matrix
with cross-validation reveals a discrimination accuracy of 100%
using this “lab-on-a-sphere” paradigm. Compared to the
6286 | Chem. Sci., 2017, 8, 6281–6289
reported arrays for phosphate derivatives, our single sphere-
based array shows prominent advantages.25,26

As one of the most distinct features of ILs, counterion
exchange provides a very efficient and convenient way to access
This journal is © The Royal Society of Chemistry 2017
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Chart 1 (a) Five representative classes of targeted multi-analytes
including chiral dicarboxylic acids, metal ions, sugars, biothiols and
bioamines. (b) Corresponding customizable counteranions for target-

Fig. 11 2D PCA plot of the AIE-doped PIL photonic spheres (citrate
form) for the discrimination of ten metal ions at 100 mM.
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various ILs with tunable physicochemical properties. This
benecial feature allows for the rapid establishment of a library
of sensing elements as well as for the facile modulation and
high-throughput screening of the required sensing perfor-
mance. More attractively, when functional counterions are
employed, the ILs could be designed or customized for
a specic task. Based on this “task-specic” concept,15 we also
found that the prepared photonic spheres could be biased
towards a particular class of analytes by using selective recep-
tors as counteranions. As an exemplication, in this work, the
AIE-doped PIL photonic spheres with chiral spiral borate as the
counteranion were rstly constructed through an anion
exchange of the prepared parent PIL spheres (with Br� as the
anion) with a spiral borate salt (Fig. S12†) and used for the
identication of three pairs of dicarboxylic acid enantiomers
(Fig. 10a). Based on the differential response information ob-
tained from the PhC and FL channels (Fig. 10b), the PCA results
are presented in Fig. 10c. As expected, the three classes of chiral
dicarboxylic acids could be excellently detected and discrimi-
nated. Importantly, besides the chemical selectivity, the enan-
tioselective discrimination between a pair of enantiomers was
also well achieved.27 As a control experiment, the parent PIL
spheres (with Br� as the anion) were used for identifying the
dicarboxylic acids mentioned above. The obtained results reveal
that the incorporated chiral counteranion is important for the
observed enantiomeric recognition ability of the PIL spheres. In
fact, a similar observation was also found for the detection of
multi-metal ions.28 When citrate, which is a very good chelating
oriented sensing, including the selective recognition of chiral dicar-
boxylic acids by a chiral spiral borate anion, of metal ions by citrate, of
sugars by phenyl boronic acid, of biothiols by a vinyl anion, and of
bioamines by a Lewis acid.

Fig. 10 (a) Chemical structures of the three pairs of dicarboxylic acid
enantiomers. (b) Responses of the AIE-doped poly(ionic liquid)
photonic spheres (chiral spiral borate form) to the three pairs of
dicarboxylic acid enantiomers at 10 mM. (c) 2D PCA plot of the AIE-
doped poly(ionic liquid) photonic spheres (chiral spiral borate form) for
the discrimination of the six chiral vicinal dicarboxylic acids at 10 mM.
Here 1D/L, 2D/L and 3R/S represent di-p-toluoyl-D/L-tartaric acid, D/L-
malic acid and (1R,2R)/(1S,2S)-cyclohexane-1,2-dicarboxylic acid,
respectively.

This journal is © The Royal Society of Chemistry 2017
agent for metal ions, was used as the counteranion (Fig. S13†),
the resultant PIL photonic sphere became an excellent sensing
platform for metal ions, as shown in Fig. 11.

In our recent work, several other functional counterions
(Chart 1) were successfully introduced into our PIL spheres by
simple anion exchange reactions. The preliminary sensing
results are very promising. All of these PIL spheres could be
facilely biased for implementing a specic task on demand, for
example for the identication of sugars, biothiols or bioamines.
All of the results indicate that the described PIL spheres are
highly designable, customizable and exhibit extraordinary
extendibility. Notably, the unique multiple intermolecular
interaction feature of the IL units imparts our PIL spheres with
high cross-reactivity upon interaction with different analytes,
either of the same class or not, while functional counteranions
with selective recognition capability make the PIL spheres
customizable for different classes of analytes, thus offering our
spheres the concept of “selective array-based sensing”.29
Conclusions

The tendency of sensing device miniaturization necessitates the
creation of an efficient array system with aminimum number of
Chem. Sci., 2017, 8, 6281–6289 | 6287
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sensing elements. Multidimensional sensing devices based on
a molecule or a particle represent a very promising concept with
numerous advantages for multi-analyte identication, such as
miniaturizing the sensing device, simplifying its implementa-
tion, enhancing its differential efficiency and in particular
promoting its development in high-throughput screening.2,30

Although great progress has been made over the past few years,
the facile construction of such a sensing system from a single
material is still a big challenge, in particular for developing one
system with a customizable feature for the target-oriented
discrimination of a broad spectrum of multi-analytes. In this
work, based on an AIE-doped poly(ionic liquid) photonic
sphere, a novel single sphere-based multi-channel sensing
system with a series of advantages was developed. By simulta-
neously exploiting the unique properties of ionic liquids, AIE
luminogens and photonic structures, such a single-sphere
system can discriminate broader classes of multi-analytes on-
demand and exhibit excellent discriminatory power, enhanced
selectivity, high exibility and great extendibility. The chosen
model recognition systems above clearly highlight the signi-
cant value of our customizable AIE-doped photonic sphere as
a target-oriented sensing platform for multi-analyte detection.
Furthermore, the successful differential sensing of all 20 amino
acids in human urine and their 26 unprecedented complex
mixtures demonstrates the tremendous potential of our sphere
system for practical application. More importantly, by doping
differently colored AIE luminogens the single-sphere strategy
can be facilely extended to produce higher-level multi-channel
signals. On the other hand, by co-polymerizing multiple func-
tional ionic liquids with different counteranions, the obtained
multi-component sphere can acquire more remarkable diversity
and sensitivity upon interacting with analytes. These two
proposed strategies will be very useful in the future for precisely
identifying more complicated multi-analyte systems, especially
in real-life samples.
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M. E. Kozelkova, Chem. Soc. Rev., 2010, 39, 3954–3979; (d)
J. R. Askim, M. Mahmoudiab and K. S. Suslick, Chem. Soc.
Rev., 2013, 42, 8649–8682; (e) K. Severin, Curr. Opin. Chem.
Biol., 2010, 14, 737–742.

2 (a) P. Wu, L.-N. Miao, H.-F. Wang, X.-G. Shao and X.-P. Yan,
Angew. Chem., Int. Ed., 2011, 50, 8118–8121; (b) Y. Lu,
H. Kong, F. Wen, S. Zhang and X. Zhang, Chem. Commun.,
2013, 49, 81–83.

3 Z. Kostereli, R. Scopelliti and K. Severin, Chem. Sci., 2014, 5,
2456–2460.

4 (a) N. A. Rakow and K. S. Suslick, Nature, 2000, 406, 710–713;
(b) J. R. Askim, Z. Li, M. K. LaGasse, J. M. Rankin and
K. S. Suslick, Chem. Sci., 2016, 7, 199–206.

5 (a) M. De, S. Rana, H. Akpinar, O. R. Miranda, R. R. Arvizo,
U. H. F. Bunz and V. M. Rotello, Nat. Chem., 2009, 1, 461–
465; (b) J. Han, M. Bender, K. Seehafer and U. H. F. Bunz,
Angew. Chem., Int. Ed., 2016, 55, 7689–7692; (c) J. Han,
B. Wang, M. Bender, S. Kushida, K. Seehafer and
U. H. F. Bunz, ACS Appl. Mater. Interfaces, 2017, 9, 790–797.

6 Y. Zhao, G. Markopoulos and T. M. Swager, J. Am. Chem. Soc.,
2014, 136, 10683–10690.

7 Y. Koshi, E. Nakata, H. Yamane and I. Hamachi, J. Am. Chem.
Soc., 2006, 128, 10413–10422.

8 B. C. Peacor, C. M. Ramsay and M. L. Waters, Chem. Sci.,
2017, 8, 1422–1428.

9 (a) J. W. Lee, J.-S. Lee and Y.-T. Chang, Angew. Chem., Int. Ed.,
2006, 45, 6485–6487; (b) D. Margulies and A. D. Hamilton,
Angew. Chem., Int. Ed., 2009, 48, 1771–1774; (c) E. Green,
M. J. Olah, T. Abramova, L. R. Williams, D. Stefanovic,
T. Worgall and M. N. Stojanovic, J. Am. Chem. Soc., 2006,
128, 15278–15282; (d) M. S. Maynor, T. L. Nelson,
C. O’Sullivan and J. J. Lavigne, Org. Lett., 2007, 9, 3217–
3220; (e) N. T. Greene and K. D. Shimizu, J. Am. Chem. Soc.,
2005, 127, 5695–5700; (f) A. Schiller, R. A. Wessling and
B. Singaram, Angew. Chem., Int. Ed., 2007, 46, 6457–6459;
(g) M. Qin, Y. Huang, Y. Li, M. Su, B. Chen, H. Sun,
P. Yong, C. Ye, F. Li and Y. Song, Angew. Chem., Int. Ed.,
2016, 55, 6911–6914; (h) C. S. Eubanks, J. E. Forte,
G. J. Kapral and A. E. Hargrove, J. Am. Chem. Soc., 2017,
139, 409–416; (i) J.-S. Moon, W.-G. Kim, D.-M. Shin,
S.-Y. Lee, C. Kim, Y. Lee, J. Han, K. Kim, S. Y. Yoo and
J.-W. Oh, Chem. Sci., 2017, 8, 921–927.

10 (a) W. Qian, J. Texter and F. Yan, Chem. Soc. Rev., 2017, 46,
1124–1159; (b) J. Lu, F. Yan and J. Texter, Prog. Polym. Sci.,
2009, 34, 431–448; (c) J. Yuan, D. Mecerreyes and
M. Antonietti, Prog. Polym. Sci., 2013, 38, 1009–1036; (d)
M. Armand, F. Endres, D. R. MacFarlane, H. Ohno and
B. Scrosati, Nat. Mater., 2009, 8, 621–629; (e)
D. Mecerreyes, Prog. Polym. Sci., 2011, 36, 1629–1648; (f)
S. Zhang, J. Sun, X. Zhang, J. Xin, Q. Miao and J. Wang,
Chem. Soc. Rev., 2014, 43, 7838–7869; (g) S. Zhang,
J. Zhang, Y. Zhang and Y. Deng, Chem. Rev., 2017, 117,
6755–6833.

11 (a) J. Texter, C. R. Chim., 2003, 6, 1425–1433; (b) Y. Hu,
B. T. Miles, Y. D. Ho, M. P. C. Taverne, L. Chen, H. Gersen,
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc02409f


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 2
:3

3:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
J. G. Rarity and C. F. J. Faul, Adv. Opt. Mater., 2017, 5,
1600458; (c) P. V. Braun, Nature, 2011, 472, 423–424; (d)
Z. Cai, L. A. Luck, D. Punihaole, J. D. Madura and
S. A. Asher, Chem. Sci., 2016, 7, 4557–4562; (e) G. von
Freymann, V. Kitaev, B. V. Lotsch and G. A. Ozin, Chem.
Soc. Rev., 2013, 42, 2528–2554; (f) J. Ge and Y. Yin, Angew.
Chem., Int. Ed., 2011, 50, 1492–1522; (g) C. Fenzl, T. Hirsch
and O. S. Woleis, Angew. Chem., Int. Ed., 2014, 53, 3318–
3335; (h) Y. Zhao, Z. Xie, H. Gu, C. Zhu and Z. Gu, Chem.
Soc. Rev., 2012, 41, 3297–3317; (i) S.-H. Kim, W. C. Jeong,
H. Hwang and S.-M. Yang, Angew. Chem., Int. Ed., 2011, 50,
11649–11653; (j) M. Kuang, J. Wang and L. Jiang, Chem.
Soc. Rev., 2016, 45, 6833–6854; (k) H. Inan, M. Poyraz,
F. Inci, M. A. Lifson, M. Baday, B. T. Cunningham and
U. Demirci, Chem. Soc. Rev., 2017, 46, 366–388; (l)
Y.-J. Zhao, X.-W. Zhao, J. Hu, J. Li, W.-Y. Xu and Z.-Z. Gu,
Angew. Chem., Int. Ed., 2009, 48, 7350–7352.

12 (a) J. Mei, N. L. C. Leung, R. T. K. Kwok, J. W. Y. Lam and
B. Z. Tang, Chem. Rev., 2015, 115, 11718–11940; (b) K. Li
and B. Liu, Chem. Soc. Rev., 2014, 43, 6570–6597.

13 R. Hayes, G. G. Warr and R. Atkin, Chem. Rev., 2015, 115,
6357–6426.

14 A. Hierlemann and R. Gutierrez-Osuna, Chem. Rev., 2008,
108, 563–613.

15 (a) R. Giernoth, Angew. Chem., Int. Ed., 2010, 49, 2834–2839;
(b) J. H. Davis Jr, Chem. Lett., 2004, 33, 1072–1077; (c)
S.-G. Lee, Chem. Commun., 2006, 10, 1049–1063; (d)
J. S. Lee, X. Wang, H. Luo, G. A. Baker and S. Dai, J. Am.
Chem. Soc., 2009, 131, 4596–4597; (e) Z. Zhang, Y. Xie,
W. Li, S. Hu, J. Song, T. Jiang and B. Han, Angew. Chem.,
Int. Ed., 2008, 47, 1127–1129.

16 (a) J. P. Hallett and T. Welton, Chem. Rev., 2011, 111, 3508–
3576; (b) J. Cui, W. Zhu, N. Gao, J. Li, H. Yang, Y. Jiang,
P. Seidel, B. J. Ravoo and G. Li, Angew. Chem., Int. Ed.,
2014, 53, 3844–3848.

17 (a) A. Rehman and X. Zeng, Acc. Chem. Res., 2012, 45, 1667–
1677; (b) W. I. S. Galpothdeniya, B. P. Regmi, K. S. McCarter,
S. L. de Rooy, N. Siraj and I. M. Warner, Anal. Chem., 2015,
87, 4464–4471.

18 C. Cadena, J. L. Anthony, J. K. Shah, T. I. Morrow,
J. F. Brennecke and E. J. Maginn, J. Am. Chem. Soc., 2004,
126, 5300–5308.

19 W. Zhu, W. Li, H. Yang, Y. Jiang, C. Wang, Y. Chen and G. Li,
Chem.–Eur. J., 2013, 19, 11603–11612.

20 Y. Zhou and J. Yoon, Chem. Soc. Rev., 2012, 41, 52–67.
21 (a) L. A. Baumes, M. Buaki, J. Jolly, A. Corma and H. Garcia,

Tetrahedron Lett., 2011, 52, 1418–1421; (b) S. Nieto,
C. Cativiela and E. P. Urriolabeitia, New J. Chem., 2012, 36,
566–569; (c) T. Minami, N. A. Esipenko, B. Zhang, L. Isaacs
This journal is © The Royal Society of Chemistry 2017
and P. Anzenbacher Jr, Chem. Commun., 2014, 50, 61–63;
(d) J. Li, B. Fu, D. Huo, C. Hou, M. Yang, C. Shen, H. Luo
and P. Yang, Sens. Actuators, B, 2017, 240, 770–778.

22 (a) A. Buryak and K. Severin, J. Am. Chem. Soc., 2005, 127,
3700–3701; (b) S. Qian and H. Lin, RSC Adv., 2014, 4,
29581–29585; (c) M. Qin, F. Li, Y. Huang, W. Ran, D. Han
and Y. Song, Anal. Chem., 2015, 87, 837–842.

23 K. L. Diehl and E. V. Anslyn, Chem. Soc. Rev., 2013, 42, 8596–
8611.

24 H. Wang, G. Gurau and R. D. Rogers, Chem. Soc. Rev., 2012,
41, 1519–1537.

25 Y. Zhou, Z. Xu and J. Yoon, Chem. Soc. Rev., 2011, 40, 2222–
2235.

26 (a) S. C. McCleskey, M. J. Griffin, S. E. Schneider,
J. T. McDevitt and E. V. Anslyn, J. Am. Chem. Soc., 2003,
125, 1114–1115; (b) C. Li, M. Numata, M. Takeuchi and
S. Shinkai, Angew. Chem., Int. Ed., 2005, 44, 6371–6374; (c)
G. V. Zyryanov, M. A. Palacios and P. Anzenbacher Jr,
Angew. Chem., Int. Ed., 2007, 46, 7849–7852; (d) C. Pezzato,
B. Lee, K. Severin and L. J. Prins, Chem. Commun., 2013,
49, 469–471; (e) N. A. Esipenko, P. Koutnik, T. Minami,
L. Mosca, V. M. Lynch, G. V. Zyryanov and P. Anzenbacher
Jr, Chem. Sci., 2013, 4, 3617–3623; (f) H. He, C. Li, Y. Tian,
P. Wu and X. Hou, Anal. Chem., 2016, 88, 5892–5897.

27 (a) S. Nieto, V. M. Lynch, E. V. Anslyn, H. Kim and J. Chin, J.
Am. Chem. Soc., 2008, 130, 9232–9233; (b) P. Metola,
E. V. Anslyn, T. D. James and S. D. Bull, Chem. Sci., 2012,
3, 156–161; (c) E. G. Shcherbakova, T. Minami, V. Brega,
T. D. James and P. Anzenbacher Jr, Angew. Chem., Int. Ed.,
2015, 54, 7130–7133; (d) A. Akdeniz, T. Minami,
S. Watanabe, M. Yokoyama, T. Ema and P. Anzenbacher Jr,
Chem. Sci., 2016, 7, 2016–2022.

28 (a) H. S. Hewage and E. V. Anslyn, J. Am. Chem. Soc., 2009,
131, 13099–13106; (b) M. A. Palacios, Z. Wang,
V. A. Montes, G. V. Zyryanov and P. Anzenbacher Jr, J. Am.
Chem. Soc., 2008, 130, 10307–10314; (c) Y. Huang, F. Li,
M. Qin, L. Jiang and Y. Song, Angew. Chem., Int. Ed., 2013,
52, 7296–7299; (d) S. S. Tan, S. J. Kim and E. T. Kool, J. Am.
Chem. Soc., 2011, 133, 2664–2671; (e) L. Pan, S. Sun,
A. Zhang, K. Jiang, L. Zhang, C. Dong, Q. Huang, A. Wu
and H. Lin, Adv. Mater., 2015, 27, 7782–7787; (f) Z. Long,
D.-C. Fang, H. Ren, J. Ouyang, L. He and N. Na, Anal.
Chem., 2016, 88, 7660–7666.

29 W. J. Peveler, M. Yazdani and V. M. Rotello, ACS Sens., 2016,
1, 1282–1285.

30 (a) K. Chen, Q. Shu and M. Schmittel, Chem. Soc. Rev., 2015,
44, 136–160; (b) Y. Leng, S. Qian, Y. Wang, C. Lu, X. Ji, Z. Lu
and H. Lin, Sci. Rep., 2016, 6, 25354; (c) Y. He, X. He, X. Liu,
L. Gao and H. Cui, Anal. Chem., 2014, 86, 12166–12171.
Chem. Sci., 2017, 8, 6281–6289 | 6289

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc02409f

	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...
	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...
	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...
	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...
	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...
	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...
	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...

	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...
	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...
	AIE-doped poly(ionic liquid) photonic spheres: a single sphere-based customizable sensing platform for the discrimination of multi-analytesElectronic...


