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Multicharged supramolecular assemblies based on luminescent macrocycle play an important role in
extending their optical properties and functions. Herein, we reported macrocyclic supramolecular as-
semblies based on luminescent terphen[3]arene sulfate (TP[3]AS) and tetraphenylethylene pyridinium
(TPE-4Py) through electrostatic interactions, host-guest encapsulation and 7-m stacking interactions.
Forster resonance energy transfer (FRET) process from TP[3]AS to TPE-4Py was achieved with the en-
ergy transfer efficiency of 99.9%, accompanied by TPE-4Py fluorescence emission bathochromic shifted
of 15nm and enhanced by 1.68 times in PBS solution. In contrast, other non-luminescent sulfato-8-
cyclodextrin and sulfobutylether-8-cyclodextrin only can enhance the fluorescence intensity of TPE-4Py
without bathochromic shift. Due to the strong fluorescence and good stability of TPE-4Py@TP[3]AS, it can
be used for optical imaging in living cells, which provided an effective approach for the construction of
assembling-confined luminescent biomaterials.

Cell imaging

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Multicharged supramolecular assemblies based on macrocycles
and guest molecules have been wide applied in drug delivery [1,2],
luminescent materials [3-5], biomedicine materials [6,7] and other
fields. The commonly used macrocycles including crown ether [8-
10], cyclodextrins [11-15], cucurbit[n]urils [16-20], calix[n]arene
[21-23], pillar[n]arenes [24-30], cyclophanes and cages [31-33],
as well as other macrocyclic derivatives [34-36], which can bind
guest molecules through the host-guest interactions, electrostatic
interactions, hydrophobic interactions, multiple hydrogen bonds,
aromatic -7 stacking and ion-dipole interactions, not only can
encapsulate the guests for improving their water-solubility and
making them more stable in the aqueous solution, but also can
assemble guest molecules together for efficiently improving their
luminescence properties.

In terms of preferred charged macrocycles, many of them do
not have luminescence properties to the best of our knowledge
[37-40], which may affect the improvement of the optical prop-
erties of the assembly. Generally, the non-luminescent macrocyclic
supramolecular assembly was focused on studying the optical be-
haviors of guest molecules, such as aggregation-induced emission
or aggregation-caused quenching [41-43]. However, the assembly
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based on luminescent macrocyclic hosts usually concentrated on
the effect by host-guest interactions, thereby some additional op-
tical phenomena between the hosts and the guests can be real-
ized, such as energy transfer, electron transfer, which could im-
prove their optical properties and endow them with multifunction
feature. For example, Stoddart and coworkers reported that tetra-
cationic box can bind porphyrin photosensitizer for the safe deliv-
ery into lysosomes and released it at low pH, and the host—guest
complex displayed ultrafast photoinduced electron transfer and re-
alized the regulated photodynamic therapy of photosensitizer in
cancer cells [44]. Subsequently, they synthesized a tricyclic octaca-
tionic cyclophane, XCage, which can encapsulate perylene diimide
with high binding affinity, displaying obviously improvement in
red-shifted of absorption and emission, turn-on fluorescence and
efficient energy transfer [45]. Furthermore, Scherman and cowork-
ers reported that tetracationic cyclophane can bind three dicationic
perylene diimides to hexacationic complexes with efficient energy
transfer, which have been used as a highly selective melatonin
chemical sensor after complexing with cucurbit[7]uril [46]. The
above researches proved that luminescent macrocycles can bind
guests to generate new optical phenomena and functions, which
greatly enriches the performance of the supramolecular assem-
blies.

Apart from the luminescent cationic cyclophanes and cages,
the luminescent extended biphen[n]arene derivatives were easy to
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Scheme 1. Schematic illustration of the assembly mechanism between TPE-4Py and TP[3]AS, as well as their FRET process.

synthesize and have been widely used to encapsulate drug and
peptide for supramolecular detoxification [47,48], reversal of neu-
romuscular blockers [49], improve the water-solubility of drugs
and other luminescent materials [50,51]. Due to the existence of
multiple aromatic units in the structure and the large cavity, the
charged extended biphen[n]arene derivatives exhibited good lu-
minescence properties, and can encapsulate guests through host-
guest interactions, aromatic - stacking interactions, as well as
the presence of charged groups is conducive to assembly through
electrostatic interactions [52,53]. Therefore, multicharged lumines-
cent extended biphen|[n]arene-based assembly can generate an ef-
ficient energy transfer process to the guest molecules, which pro-
vide a good platform for the construction and application of lumi-
nescent macrocyclic supramolecular assembly.

Herein, we reported terphen[n]arene-based supramolecular as-
semblies by luminescent negatively charged terphen|3]arene sul-
fates (TP[3]AS) and positively charged tetraphenylethylene pyri-
dinium (TPE-4Py) (Scheme 1). By using the host-guest encap-
sulation, electrastatic interactions and m-m stacking interactions,
the assembly of TPE-4Py@TP[3]AS displayed obvious fluorescence
enhancement about 12-fold than TPE-4Py alone in aqueous so-
lution, and the diameter of the resulting nanoparticles of TPE-
4Py@TP[3]AS was about 7nm. Due to the good overlap between
the emission of TP[3]AS and absorption of TPE-4Py, the effcient
Forster resonance energy transfer (FRET) process was occurred, ac-
companied by the energy transfer efficiency reached 99.9%. Com-
pared other negatively charged macrocycles, such as sulfato-$-
cyclodextrin and sulfobutylether-8-cyclodextrin, the TP[3]AS par-
ticipated assembly not only displayed fluorescence enhancement,
but also endowed the guests with bathochromic shift of 15nm in
PBS buffer solution. With the satisfactory optical properties and
good stability of TPE-4Py@TP[3]AS, it can be used for optical imag-
ing inside living cells.

To investigate the assembly behaviors of positively charged TPE-
4Py and negatively charged TP[3]AS, their UV-vis absorption and
fluorescence changes were first evaluated both in the aqueous and
PBS buffer solutions. Upon addition of TP[3]AS, the UV-vis ab-
sorption peak of TPE-4Py gradually decreased with the increase
of 500nm absorption in aqueous solution with a bathochromic
shift of 3nm (Fig. 1a), and the fluorescence emission intensity was
increased by about 12 times (Fig. 1b). By contrast, after adding
TP[3]AS to the PBS solution of TPE-4Py, the UV-vis absorption
peak of TPE-4Py not only gradually decreased with the enhance
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Fig. 1. UV-vis absorption and fluorescence spectra of TPE-4Py (30pumol/L) upon
addition of TP[3]AS (0-3.96umol/L) in aqueous solution (a, b) and in PBS solu-
tion (¢, d) (Ex=395nm; slits: 5/10nm). Inset (b, d): Photographs of (1) TPE-4Py
and (2) TPE-4Py@TP[3]AS in aqueous and PBS solution under 365nm irradiation.
(e) Fluorescence spectra of TP[3]AS (1.33umol/L) upon addition of TPE-4Py (0-
5.94umol/L) in aqueous solution (Ex =270 nm; slits: 5/2.5nm). (f) Enlarged area in
Fig. 1e. uM =pmol/L.

of 500nm absorption, but also bathochromic shifted by 15nm
(Fig. 1c). Meanwhile, the fluorescence emission spectrum was first
bathochromic shifted by about 15nm during the titration process,
and then the intensity was enhanced by about 1.68 times (Fig.
1d). The enhancement of the absorption at 500 nm indicates that
TPE-4Py and TP[3]AS were obviously assembled, thus, when ex-
cited at 500nm, a significant fluorescence enhancement of TPE-
4Py@TP[3]AS was achieved compared to the TPE-4Py alone (Fig.
S1 in Supporting information). The obvious bathochromic shift
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Fig. 2. Optical transmittance changes of TPE-4Py (20 umol/L) upon addtion of dif-
ferent concentrations of TP[3]AS (a) in aqueous solution and (b) in PBS solution.
Inset (a, b): Tyndall effects exhibited by (1) TPE-4Py and (2) TPE-4Py@TP[3]AS.
M =pmol/L. (c, d) TEM image of TPE-4Py and TPE-4Py@TP[3]AS, respectively.

of UV-vis absorption and fluorescence spectra in the PBS solu-
tion may be caused by the host-guest encapsulation, electrostatic
interactions, and m-m stacking interactions, which restricted the
rotation of TPE-4Py and assembled them together, resulting in
greatly enhanced fluorescence intensity and emission spectrum
bathochromic shift.

As can be seen from Figs. 1a and c, the absorption peak
at 270nm was increased, which was caused by the increased
TP[3]AS concentration. Structually, TP[3]AS possessed blue fluores-
cence with a maximum emission wavelength of 358 nm, display-
ing a good overlap with the absorption of TPE-4Py (Fig. S2 in
Supporting information). This overlap may generate a FRET pro-
cess from TP[3]AS (donor) to TPE-4Py (accepetor). Therefore, af-
ter gradually adding the TPE-4Py into the TP[3]AS solution, the
fluorescence intensity of TP[3]AS decreased significantly to disap-
pear with the enhancement of TPE-4Py intensity (Figs. 1e and f),
confirming the existence of energy transfer from the TP[3]AS to
TPE-4Py. The energy transfer efficiency was calculated as 99.9%
when the donor/acceptor molar ratio is 0.22:1 (Fig. S3 in Support-
ing information). Compared with the same concentration of TPE-
4Py alone, the fluorescence intensity of TPE-4Py@TP[3]AS was en-
hanced by about 14-times at the same excitation wavelength (Fig.
S4 in Supporting information). In addition, the fluorescence spec-
tra of TPE-4Py@TP[3]AS at excitation wavelength of TP[3]AS donor
and TPE-4Py acceptor were evaluated in the same system. Both of
them displayed similar fluorescence intensity (Fig. S5 in Support-
ing information), indicating that the weak fluorescence intensity
of the TPE-4Py in the assembly is mainly due to the weak fluo-
rescence characteristics of the TPE-4Py itself. Therefore, from the
perspective of fluorescence reduction of TP[3]AS and fluorescence
enhancement of TPE-4Py, as well as the good overlap between the
emission of TP[3]AS and the absorption of TPE-4Py, it can be in-
fered that an effective FRET process was occured from TP[3]AS to
TPE-4Py.

On the other hand, the optical transmittance of TPE-4Py and
TP[3]AS at 600nm was measured to further understand their as-
sembly process. As the TP[3]AS content increased, the optical
transmittance of TPE-4Py was decreased to a minimum and remain
stable when the concentration is greater than 3.94umol/L and
3.90 umol/L in aqueous and PBS solutions, respectively (Figs. 2a and
b, Fig. S6 in Supporting information), indicating that TP[3]AS was
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Fig. 3. Confocal fluorescence images of living HeLa cells incubated with TPE-4Py
and TPE-4Py@TP[3]AS (scale bar =20pum). (a, d) Red channel (Ex =405 nm, Ey, =550
- 700nm). (b, e) Bright field. (c, f) Merged images of red channel and bright field.

assembled with TPE-4Py, and the assembly formed by noncovalent
interactions is very stable. Based on the concentration ratio of TPE-
4Py to TP[3]AS, the optimal molar ratio of TPE-4Py:TP[3]AS is cal-
culated to be about 5.08:1 and 5.13:1 in aqueous and PBS solutions,
respectively. Compared with TPE-4Py solution, TPE-4Py@TP[3]AS
solution showed a significant Tyndall effect (Figs. 3a and b inset),
indicating the formation of abundant supramolecular aggregates.
Interestingly, the Tyndall effect of TPE-4Py@TP[3]AS displayed clear
orange fluorescence after excitation with a green laser (495 nm),
further confirming the efficiency assembly between TPE-4Py and
TP[3]AS. Therefore, it can be inferred that TPE-4Py has weak self-
aggregation ability, and the addition of TP[3]AS can effectively in-
crease the TPE-4Py aggregation and achieve a stable assembly both
in aqueous and PBS solutions.

Subsequently, the morphology of TPE-4Py, TPE-4Py@TP[3]AS
was measured by transmission electron microscopy (TEM). The
TEM photographs displayed that the TPE-4Py was a nanoparti-
cle with a diameter about 1nm (Fig. 2c). After assembly with
TP[3]AS, the TPE-4Py@TP[3]AS exhibited large nanoparticles with
the diameter about 7nm (Fig. 2d). By increasing the diameter of
the nanoparticle, it can be seen that the TPE-4Py and TP[3]AS
have assembled together. Meanwhile, the fluorescence quantum
yields of TPE-4Py and TPE-4Py@TP[3]AS are measured as 0.76% and
2.46%, respectively (Fig. S7 in Supporting information). The life-
times of TPE-4Py, TP[3]AS and TPE-4Py@TP[3]AS are calculated as
0.77, 2.97 and 2.73 ns, respectively (Fig. S8 in Supporting informa-
tion). Through the enhancement of fluorescence quantum yield and
lifetime, it can be seen that the assembly of TP[3]AS and TPE-4Py
achieved a significant improvement in optical properties.

In order to further confirm the assembly mechanism, we eval-
uated the 'H NMR of the TPE-4Py, TP[3]AS and TPE-4Py@TP[3]AS.
As shown in Fig. S9 (Supporting information), the He and Hg of
the TPE-4Py in TPE-4Py@TP[3]AS displayed obvious upfield shifts.
Meanwhile, due to the deshielding effect of the guest, the Hy, Hs
and H, of the host TP[3]AS in TPE-4Py@TP[3]AS exhibited down-
field shifts. The passivated part in TPE-4Py@TP[3]AS may come
from the assembly between TPE-4Py and TP[3]AS through the elec-
trostatic interactions and m-7 stack interactions. The above results
confirmed that the TP[3]AS can encapsulate TPE-4Py in its cavity,
and the assembly driving forces are mainly from the host-guest en-
capsulation, electrostatic interactions and w -7 stack interactions.

Compare with the non-luminescent macrocyclic assembly, neg-
atively charged sulfato-B-cyclodextrin (SCD) and sulfobutylether-
B-cyclodextrin (SBE-BCD) were selected for assembly with TPE-
4Py. In aqueous solution, both SCD and SBE-BCD can induce the
reduction of UV-vis absorption of TPE-4Py (Fig. S10a in Supporting
information), accompanied by the obvious fluorescence enhance-
ment with a hypsochromic shift of about 17 nm (Fig. S10c in Sup-
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porting information). Similarly, the assembly of SCD with TPE-4Py
in PBS solution also gave the same trend, but the fluorescence in-
tensity was enhanced without any bathochromic shift (Figs. S10b
and d in Supporting information). On the other hand, the SBE-
BCD can induce the UV-vis absorption bathochromic shift of TPE-
4Py in PBS solution, but the fluorescence intensity was decreased
with a bathochromic shift of about 8 nm. The results indicated
that both SCD and SBE-BCD can enhance fluorescence intensity,
but cannot simultaneously enhance fluorescence and induce emis-
sion bathochromic shift. As a contrast, TP[3]AS not only increase
the fluorescence intensity both in aqueous and PBS solutions, but
also resulting in the bathochromic shift of fluorescence emission
in PBS solution. Due to the presence of multiple aromatic groups
in luminescent TP[3]AS, the intermolecular interactions with TPE-
4Py including - stacking interactions and host-guest encapsu-
lation can be achieved, leading to the efficient FRET process and
emission bathochromic shift. Furthermore, the negatively charged
groups was facilitated to assembly with TPE-4Py through the elec-
trastatic interactions, which can restrict the rotation of TPE-4Py
and resulting in greatly enhancement of fluorescence intensity.

With the satisfactory optical properties and good stability of
TPE-4Py@TP[3]AS in mind, it can be used for fluorescence imaging
of complex organisms. The fluorescence imaging was carried out in
living HelLa cells. The cells were incubated with TPE-4Py and TPE-
4Py@TP[3]AS for 6h to observe the internalization of the cells. As
shown in Figs. 3a-c, the TPE-4Py@TP|3]AS displayed bright fluores-
cence in the red channel, confirming that TPE-4Py@TP[3]AS could
be taken up by cells and give red fluorescence signal. In contrast,
the fluorescence observed when incubated with TPE-4Py was rela-
tively weak (Figs. 3d-f). The result indicated that TPE-4Py@TP[3]AS
exhibited superior optical imaging capability in living cells.

In summary, we constructed multicharged supramolecular as-
semblies based on luminescent TP[3]AS and TPE-4Py through host-
guest encapsulation, 7r-7 stacking interactions, and electrostatic
interactions. TP[3]AS can be served as an excellent donor to trans-
fer energy to TPE-4Py with an energy-transfer efficiency of 99.9%,
displaying clear signal amplification of TPE-4Py with a fluorescence
emission bathochromic shift about 15nm in PBS solution, and the
formed nanoparticle size of TPE-4Py@TP[3]AS was about 7 nm. In
contrast, other non-luminescent negatively charged macrocycles,
such as sulfato-S-cyclodextrin and sulfobutylether-8-cyclodextrin,
cannot simultaneously enhance fluorescence intensity and emis-
sion bathochromic shift. Benefiting from the strong fluorescence
and good stability of TPE-4Py@TP[3]AS, cell imaging has been suc-
cessfully implemented, providing an efficient approach for the con-
struction of assembling-confined luminescent biomaterials.
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