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Infection and dissemination of influenza viruses (IVs) causes serious health concerns worldwide.
However, effective tools for the accurate detection and blocking of IVs remain elusive. Here, we develop
a new sialyllactosyl probe with self-assembled core-shell structure for the ratiometric detection and
blocking of IVs. N,N0-diaryl-dihydrodibenzo[a,c]phenazines were used to form the core structure by
hydrophobic assembly in an aqueous solution with an aggregation-enhanced blue fluorescence mission.
Subsequently, dicyanomethylene-4H-pyran-based sialyllactosides were used for self-assembly with the
core structure, producing the sialyllactosyl probe that emits a red fluorescence due to Förster resonance
energy transfer. The probe developed has been proven to be available for (1) the fluorescence ratiometric
detection of IVs through selective interaction with the sialyllactosyl-binding proteins on the virus surface,
and (2) effectively blocking the invasion of human-infecting IVs towards host cells as accentuated by the
sialyllactosides on the surface of the probes.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Influenza pandemics occurs seasonally worldwide, leading to a
high mortality rate and significant economic loss [1–4]. Influenza A
viruses (IVs) can be divided into two different subtypes in terms of
the sialylglycan-binding affinity of their surface-bound hemagglu-
tinin (HA). The avian IVs that predominantly recognize
a2,3-sialylglycans transmit among birds and the human IVs that
bind a2,6-sialylglycans have the capacity to infect humans [5–7].
It is reported that a certain number of avian IVs, upon mutations
and re-assortments, show a switched sialylglycan-binding
specificity, thus increasing the risk of human infection [8,9]. As a
result, the effective identification of the different HA specificities
of IVs can contribute to the timely warning of influenza pandemics.
Unfortunately, the currently used analytical methods for IV
detection including polymerase chain reaction, enzyme-linked
immunosorbent assay, and virus isolation assay are complicated
and time-consuming, which are not practically suitable for
low-income regions. Additionally, the drug-resistance of some IV
strains against first-line antiviral drugs also makes the develop-
ment of new IV blocking agents urgently needed.
Supramolecular self-assembly is a simple yet effective method
to construct functional materials using ordered molecular aggrega-
tion. When properly devised, functionally diverse compounds can
be hierarchically weaved through non-covalent forces [10], leading
to enhanced properties for a wide variety of applications. Recently,
a number of elegant supramolecular materials have been designed
and constructed for biomedical uses [11–13]. These include fluo-
rescent multilayer microcapsules and organic Janus microspheres
formed by hydrogen bonding and electrostatic interactions
[14–17], fluorescent J-aggregates formed by p-p stacking [18],
chirality-driven self-sorting supramolecular materials [19],
metallacycle-cored supramolecular assemblies [20], and other
forms of nanoparticles [21,22] and nanospheres [23] based on
host-guest supramolecular interactions. However, supramolecular
materials suitable for IV detection and blocking remain exclusive.
Recently, we have developed self-assembled fluorescent probes
for IVs based on thin-layer molybdenum disulfide [24] or conju-
gated polymers [25] as the backbone, on which sialyllactosyl
probes were non-covalently conjugated. Comparing to synthetic
small molecules, the structural homogeneity of inorganic and
macromolecular materials is relatively more difficult to be exqui-
sitely controlled. This might cause problems in quality control of
products for clinical use.

To address this issue, here we developed a core-shell sialyllac-
tosyl probe self-assembled from two individual small-molecule
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probes for the ratiometric detection and blocking of IVs. Recently,
Tian and co-workers [26] synthesized N,N0-diaryl-dihydro dibenzo
[a,c]phenazines (VR) (Fig. 1a) as a new class of functional materials
with unique optical properties. They demonstrated that these vib-
rionic compounds exhibited a fluorescence emission shift from red
to blue upon molecular aggregation [27], thus making possible the
development of fluorescence ratiometric probes based on the mod-
ulation of single-molecular vibration [28]. In the present study, VR
was used to form the core structure of the probe in an aqueous
solution by hydrophobic aggregation, leading to a drastically
enhanced blue fluorescence emission because of a restriction of
molecular vibration (Fig. 1b). Subsequently, dicyanomethylene-
4H-pyran (DCM)-based sialyllactosides (Fig. 1a) were used for
self-assembly with the VR core, producing the sialyllactosyl probe
that emits a red fluorescence because of Förster resonance energy
Fig. 1. (Color online) (a) Chemical structures of VR, DCM26 and DCM23. (b) Schematic re
core-shell sialyllactosyl probe for the fluorescence ratiometric detection of influenza virus
host cells.
transfer (FRET) from VR to DCM (Fig. 1b). The self-assembled probe
was shown to produce a ratiometric fluorescence detection signal
for IVs through binding to the HA on the virus surface (Fig. 1b). Fur-
thermore, the probe that displays sialyllactosides in a multivalent
manner also showed strong capacity for blocking the entry of IVs
into human host cells through antagonizing the interaction
between HA and cell-surface sialylglycans (Fig. 1c).

2. Experimental

2.1. Fluorescence titration of VR with DCM23/DCM26

VRwas dissolved in a phosphate buffered saline (PBS, 0.01 mol/L,
pH 7.4, 1% DMSO, v:v) as solution at an initial concentration of
10 lmol/L, to which an increasing concentration of DCM23 or
presentation of the step-wise self-assembly between VR and DCM26, producing the
es (IVs). (c) Use of the probe for the blocking of the entry of human-infecting IVs into
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DCM26 was added (0–10 lmol/L). The mixture was incubated at
room temperature for 30 s, and then the fluorescencewasmeasured
on a Varian Cary Eclipse fluorescence spectrophotometer with an
excitation of 365 nm.
2.2. Fluorescence ratiometric detection of influenza viruses (IVs)

To a PBS solution (0.01 mol/L, pH 7.4, 1% DMSO, v:v) of DCM23
or DCM26 probe, IVs (H3N2, H7N9, H10N8, H1N1pdm09 or H5N1)
of different concentrations were added. The resulting mixture was
shaken for 5 min, and then the fluorescence was measured on a
Varian Cary Eclipse fluorescence spectrophotometer with an exci-
tation of 365 nm.

For other experimental details, see the Supporting Information
associated with this article (online).
3. Results and discussion

VR [26] and the DCM-based sialyllactosides (DCM26 and
DCM23 modified with a-2,6-sialyllactose and a-2,3-sialyllactose,
respectively) [29] (Fig. 1a), were synthesized according to our pre-
vious report. VRwas first dissolved in DMSO, and then dispersed in
phosphate buffered saline (PBS, 0.01 mol/L, pH 7.4, 1% DMSO, v:v)
to form aggregates with a restricted molecular vibration, leading to
a strong blue fluorescence emission [28]. Subsequently, DCM23 or
DCM26 was added to the aqueous solution of VR, producing the
Fig. 2. (Color online) Fluorescence change of VR (10 lmol/L) in the presence of (a) in
(0.01 mol/L, pH 7.4, 1% DMSO, v:v); excitation wavelength = 365 nm. Fluorescence life
10 lmol/L) and (e) DCM26 (10 lmol/L) and VR/DCM26 probe (10 lmol/L/10 lmol/L) in
potential of VR (10 lmol/L), DCM26 (10 lmol/L) and VR/DCM26 probe (10 lmol/L/10
parameter of VR (10 lmol/L), DCM26 (10 lmol/L) and VR/DCM26 probe (10 lmol/L/10
self-assembled sialyllactosyl probes (VR/DCM23 and VR/DCM26)
through an interaction between the DCM dye and the hydrophobic
cavities of VR aggregates (Fig. 1b).

To characterize the self-assembly, a series of techniques were
used. First, the UV–vis absorption and fluorescence spectra of VR
and DCM26 were measured (Fig. S1 online). We observed that
the emission of VR well-overlapped the absorption of DCM, sug-
gesting that the two fluorophores are potential FRET pairs. Then,
a fluorescence titration assay was carried out by addition of
increasing DCM26 or DCM23 to VR in order to prove the produc-
tion of FRET between the two closely attached fluorophores after
self-assembly. Excited by the absorption maxima of VR (365 nm),
we observed that the initial fluorescence emission intensity of
VR at 470 nm significantly decreased with that of DCM26 and
DCM23 (at 600 nm) simultaneously increased in a concentration-
dependent manner (Fig. 2a and b). This is characteristic of a FRET
process from the blue-emitting VR to the red-emitting DCM. The
quantum yield of VR/DCM23 and VR/DCM26 was determined to
be 5.4% and 5.7%, respectively.

To further understand the mechanism of the fluorescence emis-
sion shift, the fluorescence lifetime of DCM and the self-assembled
probe was measured. In a typical FRET process, the lifetime of the
FRET donor is decreased with that of the FRET acceptor increased
[30]. Using the excitation wavelength of VR (365 nm), we observed
a lifetime decay of the self-assembled probes (sVR/DCM23 and
sVR/DCM26 are 18.88 and 18.51 ns with excitation wavelength of
365 nm, respectively, Fig. S2 online). Meanwhile, by excitation
creasing DCM23 (0–10 lmol/L) and (d) increasing DCM26 (0–10 lmol/L) in PBS
time measurement of (b) DCM23 (10 lmol/L) and VR/DCM23 probe (10 lmol/L/
PBS (0.01 mol/L, pH 7.4, 1% DMSO, v:v); excitation wavelength = 460 nm. (c) Zeta
lmol/L) measured in PBS (0.01 mol/L, pH 7.4, 1% DMSO, v:v). (f) Hydrodynamic
lmol/L) measured in PBS buffer (0.01 mol/L, pH 7.4, 1% DMSO, v:v).



W.-T. Dou et al. / Science Bulletin 64 (2019) 1902–1909 1905
with the absorption maxima (460 nm) of DCM (FRET doner), the
fluorescence lifetime of VR/DCM23 (11.4 ns, Fig. 2b) and VR/
DCM26 (15.3 ns, Fig. 2e) was determined to be longer than that
of DCM23 (2.1 ns) and DCM26 (7.2 ns) alone, respectively. This is
in accordance with previous experimental observations that the
lifetime of the FRET donor (VR) and acceptor (DCM) is decreased
and increased during a FRET process, respectively [14].

Subsequently, the zeta potential of VR before and after assem-
bly with DCM26 was measured (Fig. 2c). We observed that the
electronegativity of VR was increased after assembly with
DCM26; the increased absolute value of zeta potential of the probe
with respect to VR aggregates alone suggests an increased stability
of the self-assembled system [31]. The hydrodynamic diameter of
DCM26 in PBS was determined to be as low as ca. 5 nm due to
its good dispersibility in the presence of the highly hydrophilic sia-
lyllactosyl group (Fig. 2f). The particle diameter of VR aggregate in
the aqueous medium was found to be ca. 20 nm as a result of its
hydrophobic structure. In contrast, the diameter of the self-
assembled VR/DCM26 probe increased significantly to ca.
200 nm, suggesting that the self-assembly largely changed the
Fig. 3. (Color online) Morphological characterization of VR aggregates (10 lmol/L) and th
microscopy (TEM), high-resolution scanning electron microscopy (HRSEM) and confocal
475 nm, and the emission channel used is 500–550 and 570–620 nm for VR and DCM, r
molecular alignment of the assemblies of the two compounds.
The binding constants between VR and DCM were also determined
using the Lineweaver-Burk plot. A binding constant (K) of
3.12 � 104 and 4.17 � 104 L/mol was determined for the VR/
DCM23 (Fig. S3a online) and VR/DCM26 (Fig. S3b online) probes,
respectively. In addition, the self-assembled probes also showed
good stability in PBS over a wide range of increasing pH (Fig. S4a
online) and ionic strength (Fig. S4b online), two factors that can
significantly compromise the structural integrity of self-
assembled materials.

The morphology of the self-assembled VR/DCM26 was charac-
terized by different microscopic techniques including transmission
electron microscopy (TEM), high-resolution scanning electron
microscopy (HRSEM) and confocal laser-scanning microscopy
(CLSM) (Fig. 3). We observed that free VRmolecules spontaneously
assembled into hexagonal aggregates (TEM) with strong blue emis-
sion (CLSM) in PBS. Note that the particle size of VR aggregates was
observed to be much larger than that determined by DLS, which
could be ascribed to the crystallization of the hydrophobic com-
pounds on the solid phase required for the microscopic analyses.
e core-shell probes (VR/DCM26 = 10 lmol/L/10 lmol/L) using transmission electron
laser-scanning microscopy (CLSM). For CLSM, the excitation channel used is 425–
espectively.
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After addition of DCM26, particles of a smaller size were formed
(TEM). Interestingly, in their representative HRSEM images, we
observed typical core-shell like particles with the fluorescence
emission of the shell being that of DCM (CLSM). These data
corroborate the self-assembly between VR aggregates and DCM
sialyllactosides, producing sialyllactosyl probes with a core-shell
particle-like architecture. This also corroborates the structural
re-alignment of the assemblies between the two compounds as
suggested by DLS.

With the self-assembled probes in hand, we tested their capac-
ity for the detection of IVs. It is known that the membrane-bound
HA determines the nature of host infection of IVs [32]. For example,
the human IV H3N2 selectively binds to a-2,6-linked sialyl-glycans
expressed in the upper respiratory of humans and the avian IV
H10N8 interacts with a-2,3-linked sialyl-glycans existed in birds
[33–35]. Consequently, we used IV stains of different HA binding
specificities to determine the sensitivity of the probes. Three
known IV strains, H3N2 (A/Beijing/353/89, human influenza),
H10N8 (Lake/Hunan/3-9/2007, avian influenza) and H7N9
(A/Anhui/1/2013, human/avian influenza) were deactivated prior
to use. We observed that after addition of H3N2 and H10N8 to
the PBS solution of VR/DCM26 (Fig. 4b) and VR/DCM23 (Fig. 4d),
respectively, the fluorescence emission intensity of DCM
(600 nm) decreased while that of VR increased (480 nm). In con-
trast, only a slight fluorescence variation (decrease) was observed
for both probes when the IVs were added reversibly (i.e., addition
of H10N8 and H3N2 to VR/DCM26 (Fig. 4a) and VR/DCM23
Fig. 4. (Color online) Fluorescence ratiometric change of VR/DCM26 probe (10 lmol/L/1
virus strains in PBS (0.01 mol/L, pH 7.4). Fluorescence ratiometric change of VR/DCM23 p
(f) H7N9 influenza virus strains in PBS (0.01 mol/L, pH 7.4). The concentration of the IV
(Fig. 4e), respectively). This preliminarily suggests the selective
association between the sialyllactosyl groups on the shell surface
of the probes with HA of the IVs, leading to detachment of the
DCM sialyllactosides from the VR core. This subsequently inter-
rupted the FRET mechanism between DCM and VR, causing the flu-
orescence of the latter to recover. Indeed, this hypothesis was
further corroborated by the observation that presence of the
human/avian dual-specific H7N9 IV strain led to the fluorescence
ratiometric change of both VR/DCM26 (Fig. 4c) and VR/DCM23
(Fig. 4f) probes.

To better corroborate the interaction manner between probe
and IV, TEM and CLSM were used. We observed that the treatment
of VR/DCM26with specific IVs including H3N2 and H7N9 led to an
obvious agglomeration of the virus particles as determined by both
TEM and DLS (Fig. S5a online). In contrast, the incubation of the
probe with the non-specific H10N8 only cause a slight change in
diameter of the IV particles (Fig. S5b online), which might be cause
by non-specific collisions between the viruses and probe particles.
However, this did not cause the blue fluorescence of the probe to
enhance (Fig. 4a), suggesting the stability of the core-shell struc-
ture formed. In their representative CLSM images (with VR excita-
tion), we also observed a strong VR emission when treating
VR/DCM26 with H3N2 and H7N9 with the DCM emission being
almost absent (Fig. 5). On the contrary, a typical DCM emission
was observed for the probe after being treated with the non-
specific H10N8 with the VR emission being undetectable. These
results proved that the fluorescence ratiometric change of the
0 lmol/L) in the presence of increasing (a) H10N8, (b) H3N2 and (c) H7N9 influenza
robe (10 lmol/L/10 lmol/L) in the presence of increasing (d) H10N8, (e) H3N2 and
s used ranges 0–20.48 HAU 50 lL�1; excitation wavelength = 365 nm.



Fig. 5. (Color online) CLSM images of VR/DCM26 probe (10 lmol/L/10 lmol/L) in the presence of influenza virus including H3N2, H7N9 and H10N8 with different HA
specificity. The concentration of the IVs used is 20.48 HAU 50 lL�1. The excitation channel used is 405 nm; the emission channel used for VR and DCM is 500–550 nm and
570–620 nm, respectively.
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probes for IVs is dependent on their sialyllactosyl shell specificity
(i.e., H3N2 and H10N8 for DCM26 and DCM23, respectively, and
H7N9 for both). We also determined that the ratiometric response
of the probes for IVs showed good linearity over a wide concentra-
tion range (Fig. S6 online), and that the presence of a range of other
viruses including AdC68 (simian adenovirus) and AdChu7 (human
adenovirus), and proteins including bovine serum albumin, pepsin,
lysozyme and immunoglobin G caused minimal fluorescence ratio-
metric change of the probes (Fig. S7 online). To further corroborate
the selectivity of the probes developed, two other IV strains includ-
ing H5N1 (avian influenza, A/environment/Hunan/6-69/2008) and
H1N1pdm09 (human influenza, A/California/08/2009) were used.
We determined that the VR/DCM26 and VR/DCM23 probe only
showed a ratiometric fluorescence change with H1N1pdm09 and
H5N1, respectively (Fig. S8 online). This again suggests the good
selectivity of the core-shell probes constructed.

The effective sensing performances of the probes based on
sialylglycan-HA recognition prompted us to explore their potential
for blocking the IVs from invading host cells. A human lung cancer
cell line (A549) that is known to highly express a2,6-sialylglycans
as a receptor for human IVs [36] was used as the cell model.
Human IV H3N2 stained by a known membrane-staining dye
(DiL) was used for infection. After treatment of the cells with
DiL-stained H3N2 viruses, a strong fluorescence was observed
(Fig. 6a and b). Then, we observed that pre-treatment of the dye-
labelled viruses with DCM26 (for blocking of HA) but not DCM23
led to a slight decrease of DiL fluorescence in cells. Remarkably,
the use of the VR/DCM26 probe significantly suppressed the virus
fluorescence in A549 cells. This might be the result of multivalent
display of the a2,6-sialyllactosides on the surface of the probes,
enhancing their capacity to neutralize IVs [37]. Meanwhile, the
observation that VR aggregates alone had a blocking effect on
the IV infection agrees with the microscopic observation that
blue-emitting VR dots were adhered to the surface of IVs (Fig. 5).
Therefore, we ascribe the strong blocking effect of the VR/DCM26
probe to the strong neutralization effect of the multivalently dis-
played DCM26 sialyllactosides and the binding of VR aggregates
with the surface of H3N2 IVs. The exact mechanism of action for
the interaction between VR and IVs, which is not the major focus
of the present study, remains to be delineated in the future,



Fig. 6. (Color online) Fluorescence imaging of a human lung cancer cell ling (A549) treated with DiL-labelled H3N2 (8 HAU 50 lL�1) influenza virus strain with or without
preincubation of the IVs with (a) DCM26 (10 lmol/L) and DCM23 (10 lmol/L), and (b) VR alone (1 lmol/L), VR/DCM26 probe (10 lmol/L/10 lmol/L) and VR/DCM23 probe
(10 lmol/L/10 lmol/L). (c) Fluorescence quantification of the imaging results from panels (a) and (b). The excitation and emission channel used for DiL are 520–550 nm and
560–630 nm, respectively. Cell nuclei are stained by Hoechst 33342 (excitation channel and emission channel used are 360–440 nm and 560–630 nm, respectively). Error
bars mean S.D. **P < 0.01, ***P < 0.001.
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however.With apreliminary cell proliferation assay,wedetermined
that the probes developed were not toxic to A549 cells (Fig. S9
online), highlight their potential for further biological studies.

4. Conclusions

Through pure small-molecule self-assembly, we have made
possible the simple development of a new class of core-shell
particle-like supramolecular probes for the ratiometric detection
and blocking of IVs. Our main findings of this study include the
following points. (1) VR aggregates, characteristic of vibration-
induced emission (VIE) shift, are suitable as a molecular core
structure, on which other hydrophobic (or amphiphilic) molecules
can be spontaneously coated, for the construction of self-
assembled fluorescence probes. (2) The core-shell self-assembly
enabled the simple production of purely small-molecule
fluorescence ratiometric probes if dyes with proper photophysical
properties (e.g., absorption and emission) are used for functional-
ization of VR aggregates. (3) Because of the non-covalent nature
of the probes, the interaction of the biomolecular ligand (in the pre-
sent study glycans) shell with a target protein leads to the selective
disassembly of the probe, thus making possible the ratiometric
sensing; notably, the self-assembled probe remained stable in the
presence of unselective species. (4) Owing to the multivalent dis-
play of biomolecular ligands to enhance the binding with protein
targets, the probes are also suitable for antagonizing the selective
recognition between surface-bound proteins on pathogens and
receptors on host cells. We believe that his study will provide
insight into the development of other functional probes with
aggregation-enhanced properties by making use of exquisitely
designed fluorogens.
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