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Poly(ionic liquid)s as a distinct receptor material to
create a highly-integrated sensing platform for
efficiently identifying numerous saccharides
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Saccharides have strong hydrophilicities, and are complex molecular structures with subtle structure
differences, and tremendous structural variations. The creation of one sensing platform capable of
efficiently identifying such target systems presents a huge challenge. Using the integration of unique
multiple noncovalent interactions simultaneously occurring in poly(ionic liquid)s (PILs) with multiple
signaling channels, in this research an aggregation-induced emission (AlE)-doped photonic structured
PIL sphere is constructed. It is found that such a sphere can serve as a highly integrated platform to
provide abundant fingerprints for directly sensing numerous saccharides with an unprecedented
efficiency. As a demonstration, 23 saccharides can be conveniently identified using only one sphere.

More importantly, by using simple ion-exchanges of PIL receptors or/and increasing the AIE signaling
Received 9th May 2019 hannels, this platform is able to perf demand, different sensing task fficiently. This i
Accepted 22nd May 2019 channels, this platform is able to perform, on demand, different sensing tasks very efficiently. This is
demonstrated by using it for the detection of difficult targets, such as greatly extended saccharides as

DOI: 10.1039/c95c02266] well as mixed targets, in real-life examples on one or two spheres. The findings show that this new class
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Introduction

The detection and identification of saccharides in aqueous
media is fundamentally important, but intrinsically challenging
because of their heavy hydration, complex structures with
subtle regio- and stereo-chemical differences, and enormous
structural diversity.’® It is quite impractical to design and
synthesize all the specific receptors for the recognition of
numerous saccharides.*® Fortunately, instead of making
synthetic receptors with lock-and-key specificity, the creation of
sensor arrays based on a set of readily available selective
receptors is a very promising alternative way to detect such
target systems.® In an array-based sensing scheme, the devel-
opment of suitable sensing elements to generate unique
fingerprint patterns by the collection of the cross-reactive
responses of each sensing element with the analytes of

“Department of Chemistry, Key Laboratory of Organic Optoelectronics and Molecular
Engineering, Tsinghua University, Beijing 100084, PR China. E-mail: Igt@mail.
tsinghua.edu.cn

Aerospace Research Institute of Special Material and Processing Technology, Beijing
100074, PR China

“Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, PR
China

T Electronic supplementary information (ESI) available: Preparation of AIE
luminogens with different emission colors, experimental sections, fingerprint
data, and chemometric data analysis. See DOI: 10.1039/c9sc02266]

1 These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2019

of platform is very promising for addressing the challenges of identifying saccharides.

interest is the basis of realizing the identification of the
samples.” Over the past few years, a variety of recognition motifs
and corresponding sensor arrays for the detection and identi-
fication of saccharides have been constructed by different
groups, such as those of Chang,* Anslyn,* Suslick,* Severin,*
Singaram,* Yan,¥ and Bunz,* to name a few.® Although
significant progress has been achieved, a sensing platform that
can identify saccharides in a very efficient way, in terms of array
size, implementation procedure, extended targets and tolerance
to complex interferents, is still limited.

Incorporation of diverse noncovalent molecular interactions
into receptors to increase the cross-reactivity of the sensing
elements is critical for the acquisition of abundant sensing
information, and thus, the performance and efficiency of the
devised sensor array.'” For example, De et al. separately intro-
duced different types of noncovalent interactions into discrete
receptors, including hydrogen bonding, electrostatic forces,
hydrophobic interactions, and m— interactions, to achieve the
required cross-responses of sensor arrays for the successful
identification of target analytes."* It is possible, that if these
interactions are integrated into one receptor material, the
resulting synergy between them resembling the recognition
strategy used by biological systems, would further promote
analyte discrimination,® leading to the enhancement of the
efficiency of the devised array. But all possible molecular
interactions seldom occur together in one normal receptor
material without tedious synthetic effort.*> In this context, ionic
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liquids (ILs) seem to be an ideal material as they simultaneously
maintain nearly all molecular interactions. As a consequence
of the abundant interactions, ILs exhibit an extraordinary
solvation effect on common compounds or materials, and have
exceptional dissolution capability for saccharides and their
derivatives, which are hard to solubilize in conventional
solvents.™ Inspired by this unique feature, it was assumed that
IL-based materials might become a brand-new receptor mate-
rial for creating an efficient array for use with saccharides.
However, the engineering signaling channel is another effective
way to enhance the capability of acquiring differential sensing
information from the sensor array.” It is envisioned that
merging the multiple interactions of ILs with multiple signaling
units within one sensing element could maximize the cross-
reactivity of the devised array, and therefore, dramatically
enhance its efficiency using a minimal sized sensor array.'® In
reality, it was found that the polymer form of ILs is a distinct
receptor material which could be used to create a highly-
integrated sensing platform, by which direct identification of
numerous saccharides and their derivatives could be achieved
with unprecedented efficiency.

Results and discussion
Creation of a highly integrated sensing platform

In this paper, aggregation-induced emission (AIE)-doped
photonic structured poly(ionic liquid) (PIL) spheres used as
a highly integrated sensing platform are presented. In this
platform, the multiple interactions of ILs with the photonic and
FL signaling channels were integrated. A three-step procedure
was developed for the fabrication of AIE-doped photonic PIL
spheres, including the preparation of opal (photonic) spheres,
the infiltration of the interstitial spaces of photonic spheres
with IL monomer, crosslinker as well as AIE luminogen (AIE-
gen) followed by polymerization, and the removal of photonic
templates with hydrogen fluoride. The IL monomer, crosslinker
as well as the AlEgens used are shown in Fig. 1a and their
synthetic details can be found in the ESI.f High-quality silicon
dioxide- based photonic spheres (Fig. S1a and b¥) were used as
templates and were produced using a microfluidic approach.
The resulting AIE-doped inverse opal photonic spheres (Fig. 1b
and c) exhibited well-defined interconnected macropore struc-
tures (Fig. S1c and df) and high surface area (Fig. S2t), which
were favorable for the diffusion and interaction of analyte
molecules within the PIL scaffold. The crosslinked density and
thermal stability of the PIL materials were also well-
characterized (Fig. S31). Both of the photonic (PhC) property
arising from the periodic pore structures and the fluorescence
(FL) of the doped AlEgens can serve as signaling transduction
mechanisms (Fig. 1d) for recognition purposes. To satisfy
different detection demands, the signaling channel structure of
the spheres was readily tunable from dual-(1 x PhC, 1 x FL) to
triple-(1 x PhC, 2 x FL) and quadruple-(1 x PhC, 3 x FL), and
even higher channels, which were dependent on the types of the
introduced AIEgens.
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Fig. 1 (a) Structures of IL monomer, crosslinker and AIE luminogens.
(b) Reflection image and inset: scanning electron microscopy image,
and (c) the FL image of the parent AlEgen-blue doped photonic
structured PIL spheres. (d) The corresponding reflection (left) and the
FL spectra (right).

Sphere-based arrays for efficiently discriminating saccharides

As a proof-of-concept, 23 different saccharides (for structures
see Fig. S471) at a concentration of 100 mM in neutral aqueous
solution, the largest set of saccharides discriminated by the
arrays reported so far, were chosen as target molecules to assess
the performance of the integrated probe system. In this case,
a dual channel sphere (AIEgen-blue doped photonic PIL sphere
with a dicyanamide anion (DCA) as counteranion, Fig. S51) was
used and exposed to the samples mentioned previously. It was
clear to see that the different interactions between the PIL
sphere and these analytes induced the hydrogel spheres to
physically swell or shrink to varying extents, leading to diver-
sified photonic band shifts accompanied by remarkable color
changes (Fig. 2a and S67)."” At the same time, because of the
swelling or shrinking of the PIL skeleton, as well as the local
environment changes caused by the analytes, the FL intensity of
the doped AlEgen-blue also altered to different extents
(Fig. 2b)."® Quantitatively, the PhC band shift and the FL
intensities of the doped dye at 515 nm for the peak (F1) and at
554 nm for the shoulder (F2) were collected and are shown in
Fig. 2c and d, indicating that for 23 different saccharides the
utilization of one sphere as a probe could generate abundant
cross-responsive information to differentiate between them.
Notably, even for the diastereomers, which differ only in the
number and position of axial hydroxyl groups (e.g., allose,
glucose, galactose, and mannose), one sphere could respond
quite differently in terms of PhC and FL signals.

The previous complicated multivariate data (PhC, F1 and F2)
were analyzed using principal component analysis (PCA). The
Fig. 2e shows the resultant PCA plot, which clearly demon-
strates that all 23 saccharides and one buffer control were
discriminated well. The Jackknife cross-validation procedure
was used to verify the complete discrimination with 100%
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Fig.2 One dual channel sphere (DCA as counteranion) for identifying
23 saccharides at a concentration of 100 mM in a buffer of pH 7: (a)
reflection images, (b) the FL images, (c) bar plot for the Bragg
diffraction peak shifts, (d) bar plot for FL changes, and (e) the resultant
PCA plot. Saccharides: allose,* 2-deoxyribose,? fructose,® fucose,*
galactose,® glucose,® lyxose,” mannose,® methyl a-glucopyranoside,®
rhamnose,*® ribose,* sorbose*® xylose® cellobiose** lactose,™
maltose,*® maltulose,” melibiose,*® sucrose,* trehalose,?® melezitose,?
raffinose,? acarbose.?®

accuracy (Table S1f). The successful discrimination of the
similar 23 saccharides at a concentration of 100 mM were re-
ported by Lee et al., in which six pH-indicator/boronic acid
probe pairs screened from 100 organic indicator dyes and over
10 boronic acids were used.** In this research, the results
indicated that the extraction of differential sensing information
from one highly-integrated sphere was sufficient to achieve the
same goal. Undoubtedly, this virtual sensor array using one
sensing element, significantly simplifies the sensor system
physically and enhanced the experimental efficiency. Further-
more, it was found that the resolution of the detection and
discrimination was also greatly improved using the highly
integrated system. The implementation of identifying multi-
saccharides at a concentration of 10 mM and even at 1 mM in
neutral aqueous solution is possible (Fig. S7 and S8t).

Besides qualitative identification, one dual channel sphere
was also found to be powerful for performing semiquantitative
and quantitative assays. Acarbose, an oligosaccharide which is
difficult recognize using boronic acid-containing receptors,*
was chosen to be examined in a wide concentration range
(Fig. 3a). The PCA plot in Fig. 3b clearly shows that the clusters
of acarbose at 11 varying concentrations were well separated
and a good linear correlation between the Euclidean distances
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Fig. 3 (a) Reflection images and fluorescence images of dual channel
spheres (DCA as counteranion) for acarbose at 11 varying concentra-
tions. (b) PCA plot for the semiquantitative analysis. (c) Linear regres-
sion for the quantitative analysis.

of these clusters and the concentrations (from 5 pM to 10 mM)
could be established (Fig. 3c). The limit of detection for acar-
bose was estimated to be as low as 1.4 uM, showing an
incredible sensitivity. In addition, in contrast to the majority of
boronic acid-containing recognition motifs which were very
sensitive to the changes in pH and often required a high pH in
order to work, the discriminatory power of the PIL-based
sensing platform described here was unaffected by pH values
from 4 to 9 with the samples tested (Fig. S9t). This feature
implied that the sensing system should be directly applicable
for use with biological samples, such as blood, tears, urine,
saliva, and sweat, whose pH values range from 4.5 to 8.0.*°
Furthermore, the sensing performance of the PIL spheres were
not affected by organic solvents, acids or alkalis, high temper-
atures and long periods of time, exhibiting a high stability to
such conditions (Fig. S101). Thanks to the reversible binding
between the PILs and saccharides through the noncovalent
interactions, the PIL spheres exhibited excellent reusability
(Fig. S11%).

To gain a sound understanding of the interactions that the
PIL recognition motif may involve, in this work, quantum
calculations were performed using glucose and its two diaste-
reomers (allose and galactose) as demonstration substances.
Fig. 4a—c show the plotted reduced density gradient isosurfaces
of the weak interactions occurring between the IL moiety used
(imidazolium cation with DCA anion) and the analytes.”
Clearly, the multiple noncovalent interactions, including
repulsive interactions (red regions), van der Waals, t-stacking
and hydrophobic interactions (green regions), as well as the
predominant hydrogen bonding (blue regions), exist between
the IL moiety and the saccharides. The study using density
functional theory (DFT) further illustrated that the multiple
interactions involved lead to different binding energies (Fig. 4d-
f). Currently, there is no solid evidence to support the hypoth-
esis that only one specific interaction triggers the binding of
saccharide molecules with PIL, despite the more significant role
of hydrogen bonding than other secondary interactions. Thus,
it is widely accepted that the binding event should be attributed
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Fig. 4 (a—c) Reduced density gradient isosurfaces for the visualization
of multiple weak interactions between the ion pair (imidazolium cation
and DCA anion) and three different isomeric saccharides: glucose,
allose and galactose on a blue-green-red scale where blue represents
strong attractive interaction, and red represents a strong nonbonding
overlap. (d—f) Density functional theory results for the optimized
structures [C atoms (gray), N atoms (blue), H atoms (white), and O
atoms (red)]. The dashed lines denote the hydrogen bonds.

to the synergetic effects of all the previously described non-
covalent interactions.”” This multivalency resembles the key
working principle of molecular recognition in biological
systems. Lectins, the natural carbohydrate binding proteins,
make cumulative use of individually weak interactions in their
recognition processes.’> Because of the simultaneous existence
of abundant noncovalent interactions in ILs, the PIL motif, in
principle, should be generally applicable for any given saccha-
ride. Indeed, based on the same sphere described previously,
various saccharide derivatives such as sugar alcohols, phosphor
sugars, amino sugars, sulfated sugars, glycosaminoglycans and
glycoproteins, could also be successfully recognized from each
other (for selected examples see Fig. S12-S15%).

The theoretical calculations also help to explain the choice of
the imidazolium cation rather than the phosphonium or
ammonium cation in the PILs. In addition, the aromaticity of
imidazolium ring, the relatively strong acidity of C,-H in the
imidazolium cation ring can act as a hydrogen bonding donor
to form a hydrogen bond with oxygen atoms in the saccharides.
This hydrogen bonding can be clearly seen in the previous DFT
calculations. However, the C-H of the alkyl side chains in the
phosphonium or ammonium cations shows extremely weak
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acidity, and thus, no obvious hydrogen bonding can be
observed. Furthermore the experimental results were used to
validate that the PIL containing an imidazolium cation rather
than a phosphonium or ammonium cation was a more prom-
ising candidate for use in saccharide detection (Fig. S167).
Taking the detection of 13 saccharides at 10 mM as an example,
the use of one single dual channel sphere with an imidazolium
cation could achieve 100% classification accuracy (Fig. S77), but
the classification accuracy for the spheres with ammonium or
phosphonium cations was only 71% and 83%, respectively,
(Fig. S16%).

As mentioned in introduction, one of the most characteristic
features of carbohydrates is the tremendous structural varia-
tions. Thus, it is highly desirable to extend the devised sensing
platform to address this challenge. In this case, the AIE-doped
photonic PIL sphere appears very unique. Firstly, the struc-
tural feature of ILs allows rapid formation of a huge and
dynamic sensing element library by using simple ion-exchange
reactions. In principle, from one parent sphere, an unlimited
number of sensing elements in the library could be easily
derived without tedious synthetic research, because of the
nearly endless combination of cations and anions. Further-
more, on the basis of the unique task specific concept of ILs,*
the functional counterions can be deliberately incorporated
into the PIL receptor to influence the affinity of the sensing
element to special target molecules. As a demonstration, Fig. 5
shows a 20 membered library of sensing elements created using
a simple counteranion exchange from the parent AIE-doped
photonic PIL sphere (for relevant counteranion structures see
Fig. S171). In this scenario, 32 different saccharides were used
to test the capability of the sensing platform for the detection of
largely extended analytes. Compared to the sample of 23
saccharides, the addition of nine new compounds (for struc-
tures see Fig. S18f) in the detection system ruined the
discriminatory power of using one single sensing sphere as
mentioned previously (Fig. S19 and Table S2t). However, the
adoption of three sensing elements selected from our library
could complete the detection mission on the relatively larger set

Fig. 5 Reflection images (left) and FL images (right) for the 20
membered sensor library of sensing elements with differential PIL
receptors. Counteranions for sensing elements S1-S20: bromide (S1),
DCA (S2), bis(trifluoromethane)sulfonimide (S3), tripolyphosphate (S4),
tetrafluoroborate (S5), hexafluorophosphate (S6), tri-
fluoromethanesulfonate (S7), formate (S8), acetate (S9), carbonate
(S10), chloride (S11), citrate (S12), glutamate (S13), ascorbate (S14),
nitrate (S15), perchlorate (S16), tartrate (S17), thiocyanate (S18), sulfate
(S19) and phosphate (S20).

This journal is © The Royal Society of Chemistry 2019
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of analytes (Fig. S20-S22 and Table S3t). In fact, it was found
that an array consisting of any two sensing elements could serve
as a minimum probe set for the full detection of 32 carbohy-
drates without error (Fig. S23-525 and Table S4-S61).

In addition, engineering the signaling channel in the PIL
photonic sphere offers another route to further extend the
sensing platform. In a comparison with the dual channel (1 x
PhC, 1 x FL) PIL sphere used previously, increasing the types of
doped AlEgen (see Fig. 1a and S26, S271) to form triple (1 x PhC,
2 x FL) or quadruple channel (1 x PhC, 3 x FL) spheres, can
dramatically enhance the capability of acquiring the differential
sensing information of the spheres. As shown in Fig. S28,1 using
only one quadruple channel photonic sphere (doped with
AlEgen-blue, AlEgen-yellow, and AlEgen-red), seven dimensional
sensing information can be extracted including one from the
PhC channel and six from the FL channels (F1: AIEgen-blue peak
emission at 515 nm, F2: AlEgen-blue shoulder emission at
554 nm, F3: AIEgen-yellow peak emission at 560 nm, F4: AIEgen-
yellow shoulder emission at 528 nm, F5: AlEgen-red peak
emission at 614 nm, F6: AlEgen-red shoulder emission at 642
nm). It was found that the previous multivariate data from one
quadruple channel sphere was sufficient for the successful
implementation of identifying the same extended sample system
(Fig. 6 and S29, S30 and Table S77). Based on these results, it was
reasonable to assume that the combined use of ion-exchange
reactions and modulation of AIE signaling channels could
generate diverse and suitable sensing elements on demand for
use with different demanding tasks in a very efficient way.

3200 YIXYI Y
030”0“°

1 0000° 0”

“ 27 % 29 30

32 Control
500 um

Fig. 6 The FL responses of one quadruple channel PIL photonic
sphere (doped with AlEgen-blue, AlEgen-yellow, and AlEgen-red;
DCA as counteranion) to 32 saccharides: (a) FL-B channel images, (b)
FL-Y channel images, and (c) FL-R channel images (exposure time 30
ms). Saccharides: allose (1), 2-deoxyribose (2), fructose (3), fucose (4),
galactose (5), glucose (6), lyxose (7), mannose (8), methyl a-gluco-
pyranoside (9), rhamnose (10), ribose (11), sorbose (12), xylose (13),
cellobiose (14), lactose (15), maltose (16), maltulose (17), melibiose (18),
sucrose (19), trehalose (20), melezitose (21), raffinose (22), acarbose
(23), arabinose (24) 2-deoxy-lyxohexos (25), tagatose (26), gentiobiose
(27), lactulose (28), palatinose (29), turanose (30), maltotriose (31) and
maltopentose (32).
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Real world applications

The encouraging results prompted the testing of the feasibility
of the sensing platform in real world applications. In this work,
two types of real life samples were chosen. One type was 12
commonly accessible sugary beverages, and another was
complex mixtures of saccharides in tea. Fig. S317 shows the
responsive fingerprint obtained when using one single dual
channel sphere (doped with AIEgen-blue) as a probe to directly
test sugary beverages without any change of their pH values. Not
surprisingly, because of the large differences of overall ingre-
dients between these beverages (Table S81), this determination
task was accomplished solely by using one sphere (Fig. 7a).
Additionally, these 12 beverage samples after adjusting their pH
values to the same level (pH = 7) were also tested and the
experiments performed confirmed full discrimination between
the samples (Fig. $327), indicating that the pH values of the
beverages had little influence on the sensing performance of the
PIL spheres. To further demonstrate the high performance of
the sensing platform in complex backgrounds, the detection of
sugars in teas was performed. Thus, five often used saccharides:
fructose, galactose, glucose, lactose and sucrose were selected
as five components for the preparation of saccharide mixtures
in the same tea solution. In total, 26 equimolar mixtures
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Fig. 7 (a) PCA plot of one dual channel sphere (DCA as counteranion)

for directly identifying 12 sugary beverages without any change of their
pH values. (b) PCA plot of two quadruple channel spheres (DCA and
BF,~ as counteranions, respectively) for identifying one control
system, five unitary systems and 26 mixed systems for all saccharides
at a concentration of 20 mMin tea. A (1), B (2), C (3), D (4), E (5), AB (6),
AC (7), AD (8), AE (9), BC (10), BD (11), BE (12), CD (13), CE (14), DE (15),
ABC (16), ABD (17), ABE (18), ACD (19), ACE (20), ADE (21), BCD (22),
BCE (23), BDE (24), CDE (25), ABCD (26), ABCE (27), ABDE (28), ACDE
(29), BCDE (30) and ABCDE (31). A-E typify fructose, galactose,
glucose, lactose and sucrose, respectively.
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(10 two-component mixtures, 10 three-component mixtures, 5
four-component mixtures, and 1 five-component mixture) were
used as target systems for detection. Obviously, for such
complex target systems one single dual channel or quadruple
channel sphere no longer has the capability to achieve complete
discrimination (Fig. S33, S34 and Tables S9, S107). Nevertheless,
it was found that from the sensor array consisting of two
quadruple channel PIL spheres (DCA and BF, as counter-
anions, respectively), sufficient sensing information (Fig. S35
and S367) could be collected to obtain the desired discrimina-
tion. As shown in Fig. 7b, the PCA plot indicated the full
discrimination of the tested mixtures (five unitary systems, 26
mixed systems and one control system) with 100% accuracy
(Table S117). In order to study the relevance of the other back-
ground solutions, two usually occurring solutions such as
sugars in urine and sugars in serum were selected as target
systems for testing the performance of the sensing platform. It
was found that in both backgrounds, the saccharides dissolved
in solutions could also be identified with no error as shown in
the PCA plots (Fig. S371), indicating that the identification of
saccharides might not be susceptible to complex backgrounds
by using this system. According to the basic principle of the
array-based sensing scheme, as long as the training sets were
established, it was possible to detect the unknowns by identi-
fying their locations in the score plot space.* Following this
lead, 32 samples in the previous 32 training sets were also
correctly predicted (Table S127). To our knowledge, none of the
previous arrays has yet been reported to fulfill a similar difficult
detection task.

In the past few years, two main strategies for constructing
sensor arrays have been developed so far: to obtain one type of
signal from the multiprobes (multiple sensing elements) or to
get multiple signals from one type of probe (sensing element).
The former always required the synthesis of several probes with
different functional groups, whereas the latter usually relies on
different signals of the single probe known as “lab-on-a-mole-
cule” or “lab-on-a-particle”.'® The strategy of merging all
possible non-covalent interactions (functional groups) with
multichannel signaling sets in one single element has not yet
been reported. These results indicated that such a convergence
strategy described here allowed for dramatic enhancement of
the capability of one single element to acquire abundant
sensing information, demonstrating a very promising route to
tackle tricky detection problems in an efficient way.

Conclusions

In summary, for the first time it was discovered that poly(ionic
liquid)s could act as distinct receptor materials for complexing
saccharides to create high-performance sensor arrays. Through
the integration of the unique multiple noncovalent interactions
simultaneously occurring in ionic liquids and the multichannel
signaling structure, AIE-doped photonic PIL spheres were
developed which were a new class of sensing platform for
directly identifying numerous saccharides. The extremely high
efficiency and generality of the discrimination were the high-
lights of the highly integrated sensing platform, as
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demonstrated by several experiments. With these distinctive
features, it is believed that this sensing platform has great
potential for addressing the challenges associated with
saccharide detection.
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