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Nanoarchitectonics of a covalent organic
supramolecular cage (COSC) for fluorescent visual
detection of macrolidesT
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Macrolides, a major group of antibiotic pollutants, have been widely observed in water and sediments. For
onsite identification of macrolides in water environments, we designed and synthesized a quadrangular
prism-shaped covalent organic supramolecular cage (COSC) via an aldol-amine condensation. Multiple
hydrogen bonding sites were introduced into the building blocks to increase host—guest interactions.
Meanwhile, by introducing a stimuli-sensitive module, TPE, the fluorescence of the supramolecule
changes upon encapsulation of the clarithromycin guest which was a type of macrolides. The cage
mass spectrometry. The
fluorescence recognition process and detection limitations of the cage for clarithromycin were

structure was fully characterized using NMR and high-resolution ESI
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investigated using NMR, UV-vis, and fluorescence spectroscopy. This study expands the application of

DOI 10.1039/d4ra09077b precisely designed covalent supramolecular cages for monitoring antibiotic-based environmental
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Antibiotics are gradually being recognized as important
emerging contaminants owing to their diversity, potential
toxicity and enhancement of bacterial resistance.” Among the
antibiotics, macrolides have been widely used and often over-
used in fisheries and animal husbandry.> The identification of
macrolide antibiotics in pollutants with high selectivity and
sensitivity facilitates the accurate monitoring of antibiotic
contaminants and the development of timely environmental
treatments.?

Compared with traditional analytical instruments, molec-
ular fluorescent probes have the advantages of portability,
sensitivity, rapidity and real-time on-site detection.* However,
for complex real-world contaminants, small molecule fluores-
cent probes are not selective enough because they tend to signal
a change in fluorescence that is in response to chemical reac-
tions between certain functional groups or the formation of
metal complexes, instead of the whole molecular recognition of
the targets.>™* Recently, supramolecules have been recognized
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as ideal candidates for fluorescent sensors owing to their
advantages of pre-designable size and shape of the cavity,
reversible recognition and structural adaption. During the
development of supramolecular chemistry, numerous lumi-
nescent hosts with special cavities, such as macrocycles,*>**
cages,'*** and nanomaterials,'®'” have been reported as sensors
or probes for the detection of small organic molecules, anions

- Matching size of the guest
+ Multiple hydrogen binding sites
- Water solubility

- Fluorescence-sensitive group

GcSs

Scheme 1 Construction of the covalent organic fluorescent supra-
molecular cage S for the detection of clarithromycin contaminants G,
the critical design of amine B with multiple guest binding sites and
aldehyde A with controllable fluorescence.
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and cations."”®™ However, the selective detection of larger
organic guests, especially antibiotic contaminants in the envi-
ronment, is relatively challenging®* owing to the large size and
structural complexity of antibiotic molecules, which leads to
difficulties in the design of the corresponding fluorescent
supramolecular hosts. Therefore, to accomplish the sensitive
and selective detection of macrolides for further construction of
organic pollutant sensors, we designed and synthesized a COSC
(denoted as S) that was constructed via thermodynamically
driven condensation of amines with multiple guest binding
sites and aldehydes with controllable fluorescence and applied
it to the fluorescent sensing of clarithromycin.

According to the structural features of macrolides, taking
guest G (clarithromycin) as an example, it is composed of
a hydrophobic cyclic lactone and two sugar rings containing 12
oxygen atoms and 4 hydroxyl groups, which could be used as
binding sites for multiple hydrogen bonds. Based on these
molecular features, a diamine module was designed, which
contained two amide groups acting as hydrogen bond donor
with multiple binding sites for recognizing clarithromycin. The
stimuli-sensitive fluorescent moiety of tetraphenylethylene
(TPE)****” was designed as a fluorescence indicator because TPE
produces fluorescence enhancement or color change when the
rotation of the four phenyl groups is affected by steric effects
caused by the encapsulation of guests.”® These two modules are
combined by the reaction of aldehyde-amine condensation to
form a quadrangular prism-shaped supramolecular cage,**°
which encloses a cavity of just the right size to accommodate the
clarithromycin guest according to a computer-consisted simu-
lation, which spatially resists the rotation of the two TPE
molecules after the guest is captured inside the cavity of the
cage, resulting in a change in fluorescence intensity and wave-
length. Additionally, since we aim to detect realistic water
samples, we introduced glycol chains to the diamine module to
improve the water solubility of the supramolecular cage.
Therefore, in response to the molecular structural features of
clarithromycin guest G, we designed a type of supramolecular
fluorescent probe for the precise determination of macrolide
pollutants by considering the size of supramolecular cage S, the
multiple hydrogen bonding sites, the solubility, and the fluo-
rescence changes due to the binding of guest G (Scheme 1).

A was commercially available as a fluorescent indicator
moiety. B was synthesized as described in the literature with
a critical modification as the macrolide’s recognition element. S
was obtained by combining A and B in a 1:2 ratio for amine-
aldehyde condensation catalyzed by trifluoroacetic acid. The
[4 + 2] condensation product was fully characterized by 'H, *C,
'H-"H COSY, NOESY, NMR spectroscopy (Fig. $10-S14t), and
HR-ESI-ToF mass spectrometry. All 'H NMR resonances were
fully assigned (ESIt).

The "H NMR spectrum of cage S (Fig. 1c) showed one site of
peaks, which was consistent with the D,, symmetry of the
simulated structure of the quadrangular prism. The compar-
ison of the 'H NMR spectra of cage S with the original amines B
and tetra aldehyde A (Fig. 1 and S57) suggested the thorough
formation of imine groups owing to the disappearance of the
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Fig.1 (a) Synthesis of the supramolecular cage S, and the comparison
of the 'H NMR spectra of (b) a mixture of ligands A and B and (c) cage S.

singlet peak at 10.0 ppm assigned to the proton of the aldehyde
group.

The HR-ESI-ToF mass spectrometry provided further
evidence for the formation of [4 + 2] cage S (Fig. S2071). It showed
one dominant set of peaks with continuous charge states from
+4 to +2 with the m/z values of 967.2510, 1289.6642, and
1933.7358, which agreed with the cage but with the loss of one
glycol chain. We assumed that the glycol chain might not be
sufficiently stable under ESI-MS conditions. Interestingly, the
peak at m/z value of 1933.7358 with charge states of +2 could be
assigned to cage S losing one B, suggesting that one arm of the
quadrangular prism may expand to facilitate guest capsulation
as a result of the dynamic covalent bond of imines, which are in
areversible equilibrium of disconnection-reformation in cage S.

To verify that the well-designed supramolecular cage can be
applied for the fluorescent visual determination of macrolides,
the inclusion behaviour between the host and guest was studied
using "H NMR, COSY, NOESY, and DOSY spectroscopy (Fig. S6
and S15-518%). Clarithromycin G (10 mg, 12 pmol, 1.5 eq) was
added to a CDCI; solution of cage S (1.6 x 10> mmol mL ™, 0.5
mL, 1.0 eq) and stirred at room temperature for 30 min.
Compared with the '"H NMR spectrum of G C S with G, it
showed a notable upfield shift for the guest signals owing to the
shielding effect of the aromatic moieties of cage S on G, which
demonstrated the dynamic encapsulation of clarithromycin G
by supramolecular cage S. The diffusion-ordered NMR spec-
troscopy (DOSY) showed a single band at diffusion coefficient
Dihost-guest) = 6.3 x 1071 m? s™7, suggesting that the solution
mainly contained a single species and G was trapped within the
cavity (Fig. S187). A variable temperature (VT) NMR showed an
upfield shift of G at 5.2 ppm, and the singlet was split into
multiple peaks (Fig. S19 and S207), indicating that the inter-
actions of G C S became more stable as the temperature
increased on the NMR time scale. The interactions containing
C-H--- and C-H:--O between S and G were also proved by the
DFT calculations (Fig. S297).

Upon the addition of clarithromycin G to a CHCI; solution of
cage S, the fluorescence of the solution turned blue under
365 nm UV light, which led us to further investigate the
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photophysical properties during the recognition of the host-
guest. Subsequently, UV/vis experiments were performed for
further fluorescence emission studies. Through UV titration,
the equilibrium constant was calculated to be 279.46 (Fig. S267).
We added a solution of guest G with different concentrations
(CHCl;, 107%,107°,10™*, and 10> mmol mL ") to the solution
of S (CHCl3/MeOH v/v = 1:1, 10> mmol mL ') and tested their
fluorescence using 290 nm as the excitation wavelength (Fig. 2a
and S28t). The fluorescence gradually became weaker along
with the increase in the concentration of pollutant guest G,
which was accompanied by a fluorescence colour change from
bright green to blue in solution with naked eyes under 365 nm
UV light (Fig. 2b and S257%). In the fluorescence spectra, the
emission intensity of S at 545 nm gradually decreased from 84
673 to 11972 by adding G (107°-10~* mmol mL™"). The
mechanism of the fluorescence quenching effect was attributed
to the intermolecular electron transfer of the combination
between the multiple hydrogen binding sites of the cage with
the encapsulated clarithromycin in the cavity.?*=*

To demonstrate that S can be used for the fast detection
analysis of macrolides, we prepared test papers by dipping the
filter paper in a solution of S at a concentration of 10> mol L™ ",
Afterwards, these test papers were tested under four different
concentrations of G (10 °~10"° mmol mL~"). The images of test
papers under 365 nm UV light showed that the colour of fluo-
rescence changed significantly fluorescence quenching from
bright green to blue (the original colour of the test paper) as the
concentration increased (Fig. 2b). The LOD of S for clari-
thromycin was calculated to be 80 ppb (Fig. S24}), which is
similar to the results of the instrumental analysis.*® Fluores-
cence measurements were performed for three other macro-
lides, namely, fidaxomicin, dirithromycin, and azithromycin.
The data showed that G had the greatest change at a maximum
wavelength of 545 nm in fluorescence (Fig. S271), suggesting the
competitive selectivity of cage S for clarithromycin G.

In conclusion, to construct a suitable supramolecular cage
with specific fluorescent recognition of macrolides, we designed
and synthesized a type of quadrangular prism-shaped, imine-
based COSC by incorporating four factors into the design of
supramolecular cage fluorescent probes: a cavity matching the
size of the guest molecule, multiple hydrogen bonding sites for
enhanced host-guest interactions, solubility compatible with
the aqueous environment, and a fluorescence-sensitive group
for generating fluorescence changes. The encapsulation of
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Fig. 2 (a) Fluorescence spectra of G with different concentrations
added to S (107° mol LY. (b) Images of test papers dipped with S

(10> mmol mL™Y in different concentrations of G under 365 nm UV
light.
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clarithromycin in the cavity of the cage was clearly characterized
by '"H NMR spectra, in which the intermolecular charge transfer
effect led to significant fluorescent quenching that can be
observed by the naked eye. On the determination of the clari-
thromycin, it exhibits perceptible fluorescence extinction with
an LOD of 80 ppb. The results showed that supramolecular
cages can be designed for the molecular structure of environ-
mental pollutants as highly selective and sensitive fluorescent
probes.
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