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ABSTRACT

In recent years, multicolor cascade supramolecular assemblies with controllable topological morphology
have become a research hotspot due to their wide application in light-emitting materials, cell imaging
and other fields. Herein, several kinds of macrocycles including cucurbiturils, calixarene and cyclodextrins
are used as building blocks to construct fluorescent assemblies with anthryl-conjugated phenylpyridine
(G), wherein cucurbit[8]uril (CB[8]) and G can form nanowires at a stoichiometric ratio of n:n through
host-guest encapsulation to form a non-covalent heterodimer. Significantly, the macrocycle confinement
effect drastically enhances the fluorescence emission of G and emission peak generated bathochromic
shift from 500 nm to 600 nm. When the supramolecular polymer is further assembled with amphiphilic
calix[4]arene (SC4A8), the fluorescence emission of GCCBJ[8] further increases to 1.4 times, accompa-
nied by the morphological transformation from linear structure to nanorod structure. Subsequently, a
very small amount of dye Cy5 is added to the assembly solution as an energy receptor, and the neg-
atively charged GCcCB[8]@SC4A8 system is regarded as an energy donor. The efficient energy transfer
process enables near-infrared (NIR) emission at 675nm with 71% energy transfer efficiency (®gr) at a
donor/receptor ratio of 100:1. Finally, the cascade supramolecular assembly has been successfully applied

to targeted imaging in the nucleus of HeLa and A549 cancer cells.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

At present, promoting organic chromophore luminescence by
cascade supramolecular assemblies has become one of the research
hotspots. Particularly, multivalent supramolecular assemblies based
on macrocyclic compounds have successfully expanded the appli-
cation of artificial nanomaterials in the areas of cell imaging [1],
hydrogels [2], information security [3,4] and luminescence materi-
als [5-8]. Compared with crystallization [9], doping [10], or poly-
merization [11], the cascade supramolecular assembly can not only
enhance the luminescence performance of the guest but also en-
dow the system with different topological morphology by nonco-
valent interactions (such as electrostatic interaction [12,13], multi-
ple hydrogen bonds [14,15], host-guest interaction [16]). In general,
cascade supramolecular systems consisted of one guest molecule
and two kinds of macrocycles. Among the various macrocyles, cu-
curbituril was widely selected as a first-level macrocyclic building
block, which has a large rigid cavity that can well restrict molec-
ular aggregation, rotation and vibration and thus can greatly im-
prove fluorescent or phosphorescent emission or facilitate emission
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to occur a bathochromic shift [17-19]. For instance, Stoddart and
co-workers reported an extended tetracationic cyclophane, which
can emit a series of lights from sky blue to yellow by gradually
adding CB[8] to an aqueous solution to form the cyclophane bi-
nary and ternary ring-in-ring(s) complexes. This work provided
a convenient and effective method to achieve tunable multicolor
luminescence [20]. Then multiple charged macrocycles such as
sulfobutylether-8-cyclodextrin (SBE-S-CD) [21] or SC4AD [22,23]
was used as the second-level building blocks, because they can be
further assembled with the primary assembly by electrostatic and
hydrophobic interactions with positively charged motif, resulting in
enhancement of photoluminescence intensity [24]. For example, a
dibromophthalimide derivative can generate a weak phosphores-
cent emission after being encapsulated by cucurbit[7]uril (CB[7]),
but the phosphorescence emission intensity was greatly enhanced
after further assembling with SC4AD. Finally, a super advanced
phosphorescence trapping aggregate was successfully constructed
and applied to multicolor cell labelling [25].

In addition, supramolecular assembly can realize multicolor lu-
minescence and other changes in physical and chemical prop-
erties through topological morphology transformation [26-30].
We reported a multilevel supramolecular system consisting of
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Scheme 1. Schematic illustration of secondary fluorescent energy transfer system.

tetraphenylethylene pyridinium, CB[8] and negatively charged
sulfobutylether-8-cyclodextrin, which can achieve multicolor lumi-
nescence by regulating topological morphology and was well ap-
plied to logic gate systems [31]. However, there were few examples
of efficient fluorescence energy transfer with a high donor/acceptor
ratio by noncovalent heterodimerization for targeted cell imaging.

Herein, we reported a fluorescence energy transfer system
at a donor/receptor ratio of 100:1 based on the multivalent
supramolecular assembly. The multivalent supramolecular assem-
bly was constructed from the anthryl-conjugated phenylpyri-
dine (G), CB[8] and amphiphilic SC4A8 by host-guest interaction,
electrostatic interaction and hydrophobic interaction (Scheme 1).
Firstly, G and CB[8] formed a linear polymer with n : n com-
plexation stoichiometry, and the tight encapsulation greatly en-
hanced the fluorescence emission of G with bathochromic shift
about 100 nm, which had a higher quantum yield than the anthryl-
conjugated bromophenylpyridinium salt [32]. Importantly, after the
addition of SC4A8, the morphology of the assembly was obviously
changed from nanowire to nanorod, accompanied by the further
enhancement of fluorescence emission of GcCB[8] to 1.4 times.
Moreover, the energy acceptor Cy5 was successfully introduced to
the GCCB[8]@SC4A8 assembly by electrostatic and hydrophobic in-
teractions, thus achieving efficient Forster resonance energy trans-
fer (FRET). Finally, the two-step supramolecular aggregate with
NIR emission was also availably employed for targeted imaging
in Hela cancer cells and A549 cancer cells. Therefore, this cas-
cade supramolecular assembly with topological transformation and

near-infrared emission may provide a simple and efficient method
for NIR imaging in cancer cells.

The compound G was synthesized through the Zincke reac-
tion (Scheme S1 and Figs. S1-S6 in Supporting information), and
its binding behaviors with CB[8] were explored by UV-vis spec-
troscopy. As illustrated in Fig. 1a, there were three main absorp-
tion peaks of free G at 246, 307 and 345 nm, respectively. As CB[8]
gradually increased from O to 2.4 equiv., a new absorption peak
appeared at 410-550 nm. Meanwhile, the original absorption peak
had the bathochromic shift of maximum, the intensity decreased,
and three isorption points appeared at 256, 272 and 327 nm. Be-
sides, the solution of G had almost no color, while the solution
of GCCB[8] appeared bright yellow. These observations suggested
that in the cavity of CB[8], the electron-rich anthryl group served
as the donor and the electron-deficient pyridinium group served
as the acceptor, resulting in the stable charge transfer interaction
between molecules. In addition, Job plot exhibited that G could
be combined with CB[8] in a 1:1 ratio (Fig. 1b) by measuring the
UV-vis spectral variations of different proportions of G and CB[8]
at 245nm (Fig. S7 in Supporting information). Subsequently, when
the data of absorption peak at 248 nm were selected to fit the
association constant (K;), K; obtained between G and CB[8] was
determined as 0.94 x 106 L/mol in water at 298 K (Fig. 1c), which
proved that the GcCB[8] complexation had a high stability at the
room temperature. The corresponding fitting formula was shown
in Fig. S7 (Supporting information). In addition, "H NMR titration
experiments showed that with the concentration of CB[8] contin-
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Fig. 1. (a) UV—vis spectral variations of G after adding CB[8] in H,0. ([G]=1.0 x 10~> mol/L and [CB[8]]=0-2.4 x 10~ mol/L. Inset: Photographs of G (1) and GcCB[8]
(2) under ultraviolet lamp. (b) Job plot for GcCB[8] complexation in H,O at 298K by recording the absorbance at 245nm. The total concentration is constant
([G]+[CB[8]] =2.0 x 10-> mol/L). (c) Absorbance intensity changes of G at 248 nm. (d) TEM image of GcCB[8] assembly.

ued to increase, the whole aromatic proton signals of G was broad-
ened and underwent obvious upfield shifts, indicating the forma-
tion of large aggregates (Fig. S8 in Supporting information). Sub-
sequently, in the diffusion ordered spectroscopy experiments, the
diffusion coefficients (D) of G decreased from 3.03 x 10-10 m2/s to
1.27 x 10710 m2/s after adding in CB[8] and the apparent degree
of aggregation was calculated to be 13.6, which further indicated
that host and guest formed the large aggregates due to strong in-
clusion (Figs. S9 and S10 in Supporting information). According to
2D nuclear overhauser effect spectroscopy (Fig. S11 in Supporting
information), an obvious correlation signal was generated between
anthryl group and pyridinium group, which further proved the dis-
location stacking pattern of G in the cavity of CB[8]. Besides, G was
more likely to be encapsulated in the cavity of CB[8] in the form
of non-covalent heterodimerization and supramolecular polymers
were more likely to grow as non-linear chains in a stepped pat-
tern, thus avoiding undesirable steric hindrance between two guest
molecules based on previous work reported by our group [32].
Meanwhile, TEM images indicated that many linear nanoaggregates
were a length of hundreds of nanometers and an average width of
15nm. It may be attributed to the further aggregation of several
GcCB[8] nanowires (Fig. 1d). In addition, DLS data indicated that
the measured mean hydrodynamic diameter was 359 nm (Fig. S12
in Supporting information). Therefore, we inferred that the com-
pound of GCCB[8] further led to the appearance of supramolecular
nanowires.

In order to better explain the non-covalent heterodimerization
effect, three kinds of macrocycles, namely sulfato-S-cyclodextrin
(SCD), SC4A8 and CB[7] were used as the reference molecules
to compare their assembly behaviors to G with that of CB[8].

As shown in Figs. S13-S15 (Supporting information), CB[7] carried
out a 1:1 binding mode with G, the K, between CB[7] and G
(1.0 x 10% L/mol) measured by UV—vis spectroscopy was very com-
parable to K, in Fig. 1c. Besides, 'H NMR titration experiments
showed that after adding CB|[7], the proton of the pyridinium (H,)
underwent the downfield shift and the protons of the anthryl
(Hjk;) shifted to upfield, which further proved the bonding mode
between G and CB[7] (Fig. S16 in Supporting information). In ad-
dition, as the concentration of free SC4A8 changed from 10 pmol/L
to 100 umol/L, the optical transmittance at 550 nm was basically
consistent, which indicated that the free SC4A8 could not form ag-
gregates in a certain concentration range (Fig. S17 in Supporting
information). The critical aggregation concentrations (CAC) of G in
the presence of SC4A8 was determined by detecting the change of
the optical transmittance at 520 nm under different concentration
of G. After adding SC4A8, the transmittance at 520nm decreased
gradually, signaling that a large aggregate was formed in the so-
lution, and an inflection point at 19 pumol/L appeared, which was
a complexation-induced CAC value of G in the presence of SC4A8
(Fig. S18 in Supporting information). Moreover, to determine the
optimal molar ratio of SC4A8 to G, we monitored the optical trans-
mittance of G by continuously adding SC4A8 to the solution of G
with a steady concentration of 50 pmol/L. The transmittance at
520 nm declined promptly and then gradually increased to a quasi-
plateau, and the minimum was obtained when the concentration
of SC4A8 was 11.67 pmol/L (Fig. S19 in Supporting information). In
addition, it could be found that GcSC4A8 assembly had an obvious
Tyndall effect. Similarly, the minimum for GcSCD system was mea-
sured at a concentration of SCD as 10 pmol/L (Figs. S20 and S21 in
Supporting information). Therefore, the preferred mixing ratio of
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Fig. 2. Fluorescence spectra of free G in the presence of different ratios of (a) CB[8] (0-9 x 10-3mol/L; slits: 5/5nm (inset: fluorescence intensity changes of G at
600nm), (b) CB[7] (0-15 x 10~ mol/L; slits: 10/10nm), (c) SC4A8 (0-12.5 x 10> mol/L; slits: 10/5nm), and (d) SCD (0-25 x 10~ mol/L; slits: 10/10nm) in H,O at 298 K
([G]=5.0 x 10~> mol/L). (e) Fluorescence contrast analysis of G, GCCB[8], GCCB[7], GCSC4A8, GCSCD ((G)=(CB[8])=5 x 10~> mol/L; slits: 5/5nm (inset: Fluorescence emis-

sion of G; slits: 20/20 nm).

the supramolecular aggregate was SC4A8:G=1:4.3 or SCD:G=1:5,
respectively.

Subsequently, the fluorescence behaviors between G and four
different macrocycles were also studied. Initially, G exhibited a
extremely faint fluorescence emission at 500 nm in solution. As
the proportion of CB[8] gradually increased in the solution of G,
the fluorescence emission at 600 nm was greatly increased with
bathochromic shift about 100nm at a GcCB[8] ratio of 1:1 (Fig.
2a). In addition, the fluorescence lifetime extended from 3.48 ns
to 7.30ns (Fig. S22 in Supporting information). Meanwhile, K, of
GCCB[8] complexation was determined as 0.83 x 108 L/mol, which
brought into correspondence with the K, determined by UV-vis
spectroscopy. Similarly, the fluorescence intensity was enhanced in
different degrees in GCCB[7], GCSC4A8, and GcSCD systems (Figs.
2b-d). After the addition of CB[7], the fluorescence intensity of G
at 585 nm was greatly enhanced with a slight blue shift compared
with GCCB[8]. This phenomenon may be due to the fact that an-
thryl and pyridinium were not simultaneously attached to the cav-
ity of CB[7], resulting in non-covalent heterodimerization could not
occur. Compared with SCD, the addition of SC4A8 caused a slight
bathochromic shift, which could be attributed to the stronger elec-
trostatic interaction between positively charged G and negatively

charged SC4A8. In order to highlight excellent fluorescence en-
hancement effect of CB[8], we compared the fluorescence spec-
tra of G, GCCB[8], GCCB[7], GCSC4A8 and GcSCD at the slit of
5/5nm (Fig. 2e). Initially, G produced a weak fluorescence emis-
sion at 500nm when the slits were enlarged to 20/20nm (Fig.
2e, inset). Whereafter, compared with the other three macrocy-
cles, GCCBJ[8] could greatly improve the fluorescence intensity of
G. A possible reason was that the formation of aggregates pro-
moted the occurrence of charge transfer from electron-rich anthryl
group to electron-deficient pyridinium group in the tight cavity of
CB[8], thus greatly enhancing the fluorescence of G. In addition,
the fluorescence intensity of the GcSC4A8 was also higher than
that of GcCB[7] and GcSCD. Finally, the topological morphology
of G, GcCBJ[7], GcSCD and GCSC4A8 were measured by TEM. The
images of free G, GcCB[7] and GcSCD all showed the irregular
morphology. While, GcSC4A8 formed thick nanosheets of varying
sizes due to aggregation between G and SC4A8 by electrostatic in-
teractions (Fig. S23 in Supporting information). Therefore, in order
to further enhance the fluorescence intensity of GcCB[8], SC4A8
was introduced as the secondary macrocycle because the nega-
tively charged sulfonates could interact with the exposed protons
of G by electrostatic interactions.
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Fig. 3. (a) The correlation between the transmittance at 532 nm and the increase of SC4A8 concentration (inset: Tyndall effect of GCCB[8]@SC4A8). (b) Fluorescence spectra
of GCCB[8] at SC4A8 concentrations ranging from 0 to 0.5 equiv. (c) Zeta potential variation of the assembly after adding SC4A8. (d) TEM image of GCCB[8]@SC4AS8.

Owing to its octanyl-modified upper portals and sulfonate-laced
lower portalsthe [23], strategy of constructing multivalent assem-
blies by introducing SC4A8 with amphiphilic structure has become
an important means to improve the optical properties. SC4A8 can
perform secondary assembly with the exposed cationic guest via
electrostatic interaction, and the long hydrophobic alkyl chain of
SC4A8 can also provide the possibility for loading hydrophobic
dyes to achieve NIR fluorescence emission. Therefore, after select-
ing CB[8] as the first-level macrocyclic building block, SC4A8 was
introduced as a second candidate for constructing the emission
enhancement system. The CAC between GcCB[8] and SC4A8 was
measured. With the gradual addition of SC4A8 to the solution of
GCCBJ[8], the optical transmittance at 532 nm declined rapidly and
then recovered gradually with an inflection point appearing when
the concentration of SC4A8 reached 13 pmol/L at a fixed concen-
tration of GCCB[8] (50 pmol/L). In addition, distinct Tyndall effect
could also be observed, which was a good demonstration of lager
assemblies formation. The distinct drop of the transmittance before
the minimum indicated that SC4A8 and GcCB[8] have undergone
significant aggregation. When the concentration of SC4A8 was in-
creased to excess, the transmittance increased significantly due to
the dissociation of the lager assemblies (Fig. 3a). Therefore, accord-
ing to the results of CAC experimental results, the optimal ratio of
the largest assemblies formed by GcCB[8] and SC4A8 was 3.8:1.
As depicted in Fig. 3b, the initial fluorescence intensity of GCCB[8]
progressively increased with the proportion of SC4A8 increasing
and reached a maximum of fluorescence intensity when increasing
the amount of SC4A8 to 25 pmol/L. During this period, the original
fluorescence intensity of GCCB[8] improved 1.4 times, and the flu-
orescence lifetime extended from 7.30ns to 9.17 ns (Fig. S22 in Sup-
porting information). Furthermore, in comparison to GcCB[8], the
fluorescence quantum yield of secondary assembly has increased
by approximately 2.5 times from 3.24% to 8.04% (Fig. S24 in Sup-
porting information). Subsequently, TEM, zeta potential and DLS
experiments were conducted to investigate the co-assembly be-

havior between GCCB[8] and SC4A8. The aggregate gave a nega-
tive surface potential value (—59.71 mV, Fig. 3c), indicating that an-
ionic SC4A8 was distributed on the surface of GcCB[8]. In addition,
TEM image showed many nanorod-like structures with lengths
from 220 nm to 820 nm and diameters from 70 nm to 100 nm (Fig.
3d). Moreover, DLS results (Fig. S25 in Supporting information)
gave an average particle size of the aggregate as 447 nm. These
experimental results demonstrated that the secondary assembly
based on SC4A8 not only changed the morphology and potential
of supramolecular systems, but also improved the optical proper-
ties of GCCB[8].

Due to the long hydrophobic alkyl chains of GcCB[8]@SC4A8
as well as its bright yellow emission at 600 nm, hydrophobic dye
molecules could be loaded for constructing FRET systems. In order
to obtain NIR fluorescence emission, Cy5 was chosen as the en-
ergy acceptor owing to overlapping significantly with the fluores-
cence emission peak of energy donor (Fig. 4a). As depicted in Fig.
4b, during the process of adding Cy5 to multivalent supramolecu-
lar assemblies, the initial fluorescence peak gradually reduced. At
the same time, a new red fluorescence peak appeared at 675nm
when the excitation wavelength was 365 nm. The process of spec-
tral changes could effectively demonstrate the occurrence of en-
ergy transfer processes. Intriguingly, the fluorescence intensity of
GCCB[8]@SC4A8:Cy5 was higher than that of free Cy5 (Fig. S26
in Supporting information), indicated that Cy5 accepted the en-
ergy from GcCB[8]@SC4A8 and thus emitted the red luminescence
emission at 675nm. In addition, a gradual bathochromic shift in
color coordinates was observed in the CIE chromaticity diagram
(Fig. 4c). Furthermore, in the GCCB[8]@SC4A8:Cy5 conjugate, the
@er was up to 71% (Fig. S27 in Supporting information). For com-
parison, we constructed a FRET system between GcSC4A8 and Cy5.
Compared to GCCB[8]@SC4AS8, the @t from GCSC4A8 to Cy5 was
only 41% and the ratio of donor to receptor was 10:1, much less
than 100:1 (Fig. 4d). The reason for the better energy transfer
property of GCCB[8]@SC4A8 may be that CB[8] can effectively en-
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Fig. 4. (a) Normalized emission spectrum of GCCB[8]@SC4A8 as well as Cy5, and absorption spectrum of Cy5. (b) Fluorescence emission spectra of GCCB[8]@SC4A8 with dif-
ferent proportions of dye Cy5 ([G]=5.0 x 10~ mol/L, [CB[8]] =5.0 x 10> mol/L, [SC4A8]=2.5 x 107> mol/L, Aex =365nm). (c) The CIE chromaticity diagram of GCCB[8]@SC4A8
containing different ratio of Cy5. (d) Fluorescence emission spectra of GcSC4A8 with different proportions of dye Cy5 ([G]=5.0 x 10~ mol/L, [SC4A8]=5.0 x 10> mol/L,

Aex =365 nm).

capsulate G, prevent G from self-stacking and thus avoid the occur-
rence of ACQ effect, which effectively enhances the fluorescence
emission of G. Therefore, under the same excitation conditions,
compared with GcSC4A8, more energy from GcCB[8]@SC4A8 can
be transferred to Cy5, resulting in the better energy transfer ef-
fect. In addition, the NMR spectra (Fig. S28 in Supporting infor-
mation) showed that compared with that of free Cy5, there were
no significant chemical shift changes in the aromatic region of Cy5
in the Cy5/SC4A8 spectra, while there was a significant chemical
shift change in the alkyl chain protons. The displacement of pro-
tons in the aromatic region and in the hydrophobic alkyl chain
in the TH NMR Cy5/SC4A8 spectrum indicated that Cy5 was not
enclosed in the cavity of SC4A8, but loaded into the hydropho-
bic chain region of SC4A8. Similarly, the UV-vis and fluorescence
spectra of Cy5 were almost unchanged when an equal amount
of SC4A8 was added, indicating that SC4A8 did not enclose the
chromophore moiety of Cy5 (Fig. S29 in Supporting information).
Therefore, in the energy transfer system, SC4A8 played the role of
loading hydrophobic dyes, while CB[8] can avoid ACQ effect and
enhance the luminescence of the donor through inclusion, which
jointly showed the superiority of multivalent supramolecular as-
semblies.

Due to the marvelous NIR emission properties of the multi-
valent supramolecular assemblies, the targeted imaging of human
cervical carcinoma cells (HeLa cells) and human lung adenocarci-
noma cells (A549 cells) were attempted to research its possible ap-
plication. We added GcCB[8]@SC4A8:Cy5 into cell culture medium
and continued to culture in cell culture dishes for 12h and the
concentration of NIR reagent was 5 pmol/L. Subsequently, we con-
ducted experiments with confocal laser scanning microscopy to re-
search the biocompatibility and localization features of organelles.
As illustrated in Fig. 5, the red luminescence could be observed

when the system was under the excitation of the 405 nm laser. Re-
markably, the red luminous region overlapped well with the blue
nuclear localization agent (Hoechst 33342) due to the appearance
of purple areas in the merge image and the Pearson colocaliza-
tion coefficient in HeLa cells and A549 cells reached 0.87 and 0.77
respectively (Figs. S30 and S31 in Supporting information), which
demonstrated the specific nucleus-targeting ability of this assem-
bly in nucleus of cancer cell. In addition, the cells were cultured in
a medium containing cell counting kit-8 to evaluate the cytotoxic-
ity of multivalent supramolecular assembly. The results of toxicity
experiments showed that the cells could maintain a survival rate of
85% at GCCB[8]@SC4A8:Cy5 concentrations ranging from 2 pmol/L
to 10 pmol/L compared to the blank experiment, which indicated
its low toxicity to cancer cells (Fig S32 in Supporting information).
In summary, this multivalent supramolecular assembly can be used
as an effective low-toxicity labeling imaging agent for cancer cells.

Herein, we resoundingly constructed a multivalent supramolec-
ular assembly with NIR fluorescence emission exhibiting nucleus-
targeted imaging abilities. Although G could only produce weak
fluorescence at 500nm, the fluorescence greatly enhanced and
generated bathochromic shift after assembling with CB[8] by the
noncovalent heterodimerization. Then, SC4A8 further enhanced
the fluorescence intensity by 1.4 times with the morphological
transformation of the assembly. Importantly, the assembly could
be used as an energy donor for efficient energy transfer with
the energy acceptor Cy5, and @gr was up to 71% with a high
donor/receptor ratio, accompanied by a NIR fluorescence ems-
sion at 675 nm. Furthermore, this nanoassembly could be used as
an effective nuclear locator for imaging cancer cells. This study
both founds an energy transfer system with a corresponding high
donor/acceptor ratio, and provides a valid means for targeting
imaging in caner cell.
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Fig. 5. Cellular imaging of HeLa cancer cells (a) and A549 cancer cells (b) co-stained with GcCB[8]@SC4A8:Cy5 for Hoechst 33342, respectively. ([G]=5.0 x 106 mol/L,
[CB[8]] = 5.0 x 10-6 mol/L, [SC4A8] =2.5 x 10-5 mol/L, [Cy5] =5.0 x 10-8 mol/L). For Hoechst 33342, Aex =405 nm, Aem =420-470 nm. For GCCB[8]@SC4A8:Cy5, Aex =405 nm,

Aem =650-700 nm.
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