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ing between cucurbit[8]uril and
amphiphilic peptides achieved tunable
supramolecular aggregates for cancer diagnosis†

Jie Niu,a Jie Yu,a Xuan Wu,c Ying-Ming Zhang,*a Yong Chen,a Zhilin Yu b

and Yu Liu *a

The manipulation of biocompatible supramolecular nanostructures at subcellular and cellular levels has

become one of the increasingly significant topics but remains a formidable challenge in chemical and

biological science. In this work, a controllable supramolecular aggregate based on host–guest

competitive binding is elaborately constructed using cucurbit[8]uril, methionine-containing amphiphilic

peptide, and perylene diimide, displaying in situ oxidation-driven macrocycle-confined fluorescence

enhancement for cell imaging and morphological reconstruction for cancer cell death. The experimental

results demonstrate that cucurbit[8]uril possesses a high binding affinity with the methionine peptide,

while this value sharply decreases after the methionine residue is oxidized to sulfoxide or sulfone.

Therefore, perylene diimide can be competitively included by cucurbit[8]uril in the co-assemblies,

eventually resulting in a 10-fold fluorescence enhancement and the conversion of topological

morphology from nano-sized particles to micron-sized sheets. Moreover, the obtained ternary

assemblies can be oxidized by endogenous reactive oxygen species in cancer cells, thus not only

providing enhanced fluorescence for cell imaging, but also leading to endoplasmic reticulum

dysfunction and significant cell death. Therefore, the controllable and oxidation-responsive

morphological transformation based on the host–guest competitive binding in biological media can be

viewed as a feasible means for efficient disease theragnosis.
Introduction

In recent decades, the construction of in situ supramolecular
assemblies at the subcellular and cellular levels has become one
of the hot topics in chemical science and biological materials.1

These biocompatible self-assemblies have been extensively
investigated not only for their physiological functions in the
regulation of some key metabolic processes, but also for their
wide application in drug delivery, biological imaging, and disease
diagnosis and treatment. Among the commonly used supramo-
lecular systems, the macrocycle-based ones have stimulated an
upsurge of interest.2 In particular, due to their unique structures
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with rigid skeletons and adjustable cavity sizes, cucurbit[n]urils
(CBs, n refers to the number of glycoluril units)3 can encapsulate
with many neutral molecules and positively charged molecules
with high affinity mainly through hydrophobic and ion–dipole
interactions. These molecular binding features can endow
CB-involved nanoconstructs with elaborate biological functions
in bioimaging,4 targeted drug delivery,5 and regulation of
biochemical processes.6 For example, Park and Kim synthesized
cyanine 3-modied CB[7] as the host and adamantylamine-
conjugated cyanine 5 as the guest. Benetting from the
extremely high host–guest binding affinity, efficient energy
transfer from cyanine 3 to cyanine 5 could be realized in living
cells, which could be used to indicate the dynamic fusion
processes of lysosomes and mitochondria.7 In addition, Wang
and co-workers reported the in situ multivalent molecular
binding behaviors between CB[7]-graed hyaluronic acid and
adamantine-conjugated triphenylphosphine, thus achieving
mitochondrial aggregation and fusion for alleviation of the
chemical-induced stress in cells and zebrash.8 More recently,
Shen and Liu also reported an in situ protonation-activated
supramolecular self-assembly system in lysosomes based on
the 2 : 1 stoichiometric ratio strong binding between CB[8] and
pyridyl-functionalized tetraphenylethylene, which could self-
assemble as cubic structures to destruct the lysosome
Chem. Sci., 2024, 15, 13779–13787 | 13779
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membrane for selectively suppressing cancer cell proliferation.9

Inspired by these fascinating results, it can be anticipated that
CBs as host molecules hold great potential in the creation of
multivalent cascade supramolecular assemblies and biomate-
rials. However, to the best of our knowledge, tunable complexa-
tion with stimuli-responsive biomolecules and the full utilization
of host–guest competitive interaction to simultaneously realize
photoluminescence enhancement and induce cancer cell death
are still rarely reported in CB-based supramolecular systems.

It is known that the elevated reactive oxygen species (ROS) level
is a distinctive characteristic of tumor cells and tissues because of
their heightened metabolic activity.10 Some oxidation-responsive
supramolecular systems have been reported for bioimaging,
drug delivery, and cancer therapy.11 Therefore, it would be more
advantageous to harness the ROS microenvironment to drive the
topological transformation of supramolecular assemblies and
realize organelle dysfunction and cell death. In this work, to reveal
the impact of in situ oxidation-driven supramolecular assembling
and disassembling processes on anticancer activity, methionine-
bearing amphiphilic peptides with n-hexyl chain on the N-
terminal (MLGG-6C) were designed and synthesized (Scheme 1).
The host–guest complexation between CB[8] and MLGG-6C
showed high binding affinity in aqueous solution (>105 M−1).
This binary inclusion complex can further co-assemble with the
perylene diimide (PDI) uorophore to form a multivalent supra-
molecular assembly with controllable aggregation morphology.
Importantly, when the methionine residue in MLGG-6C was
oxidized from hydrophobic thioether to hydrophilic sulfoxide or
sulfone,12 a signicant decrease occurred in the binding affinity
toward CB[8] (z103 M−1). These changes could result in the
competitive binding of PDI into the cavity of CB[8], which could
Scheme 1 (a) Schematic illustration of the morphological conversion from
6C, CB[8], and PDI; (b) in situ reconstruction of PDI/MLGG-6C3CB[8] a

13780 | Chem. Sci., 2024, 15, 13779–13787
not only display the enhanced uorescence emission through the
macrocyclic connement effect, but also realize controllable
morphological conversion from nanoparticles to micron-sized
sheets by co-assembly with oxidized MLGG-6C. The obtained
ternary assembly could further achieve endoplasmic reticulum
(ER) imaging and reduce related protein expression in cancer cells,
thus leading to the ER dysfunction and cell death. Therefore, it can
be envisioned that our in situ ROS-driven controllable supramo-
lecular system may provide a general and reliable approach for
disease diagnosis and treatment.
Results and discussion
Characterization of compounds

The amphiphilic guest (MLGG-6C) containing a Met-Leu-Gly-
Gly sequence and n-hexyl tail was obtained by amide conden-
sation, and the structural characterization is shown in the ESI
(Fig. S1–S3, ESI†). Moreover, compounds with different oxida-
tion states and sequences, including MLGGG, MOLGGG,
MO2LGGG, LMGGG, LMOGGG, and LMO2GGG, were designed
(Fig. S4–S9, ESI†). MLGG-6C and peptides were purchased from
Nanjing Genscript Co., Ltd. Meanwhile, quaternary ammonium
salt-modied PDI was also synthesized as a potential uores-
cent competitive guest (Scheme S1, Fig. S10 and S11, ESI†).13
Binding behaviours of MLGG-6C with CB[8]

It has been documented in the previous literature that CB[8] is
able to encapsulate specically sequenced peptides containing
methionine (Met) in aqueous solution with a moderate binding
affinity in the submicromolar range.12 In our case, given the
nanoparticles to micron-sized sheets by the self-assembly of MLGG-
ggregates for ER imaging and cell death.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydrophilic and electronegative properties of sulfoxide or
sulfone groups, it can be expected that the binding affinity
between CB[8] and the methionine-containing peptides may
remarkably decrease aer being oxidized to sulfoxide or
sulfone. Therefore, to test our hypothesis, the compounds
MLGGG, MOLGGG, MO2LGGG, LMGGG, LMOGGG, LMO2GGG
were used to comparatively investigate the selective molecular
recognition process.

First, 1H NMR spectroscopy was employed to study the host–
guest complexation between CB[8] and different peptides. As
can be seen from the 1H NMR spectra (Fig. S12, ESI†), the peak
resonances of Met and Leu residues in MLGGG underwent
a large complexation-induced upeld shi upon addition of CB
[8], indicating that the Met residues and Leu residues were
encapsulated into the CB[8] cavity. Moreover, the protons of Met
and Leu residues in MOLGGG and MO2LGGG also showed
upeld shis with a broadened effect in the presence of CB[8]
(Fig. S13 and S14, ESI†). However, these changes in chemical
shis were less signicant than that in the MLGGG3CB[8]
system, demonstrating that the oxidized Met and Leu were still
included in the CB[8] cavity but with weaker binding affinity.

Similar phenomena could also be observed in the host–guest
complexation of CB[8] with LMGGG. That is, as shown in Fig. S15
(ESI†), the proton signals of Met and Leu residues in LMGGG
shied upeld upon complexation with CB[8], indicating that the
Met and Leu residues were encapsulated into the cavity of CB[8].
Comparatively, only the Leu signals in LMOGGG and LMO2GGG
underwent complexation-induced upeld shis, suggesting the
exclusive inclusion of Leu residues within the CB[8] cavity
(Fig. S16 and S17, ESI†). Taken together, these results demon-
strate that CB[8] prefers the encapsulation of the N-terminated
Met and Leu residues through hydrophobic and ion–dipole
interactions, while the peptides bearing the electronegative
oxidized Met residues exhibit weak binding strength with CB[8].

Next, isothermal titration calorimetry (ITC) was employed to
quantitatively study the thermodynamic properties between CB
[8] and the peptides at different oxidation states, and the cor-
responding thermodynamic parameters are collected in Table 1
(Fig. S18 and S19, ESI†). The stability constant (KS) between CB
[8] and MLGGG was measured to be 3.14 × 105 M−1 in PBS at
pH 7.3, which was consistent with the reported results.12 In
sharp contrast, the KS value signicantly decreased by two
orders of magnitude owing to the oxidation of the methionine
residue from thioether to sulfoxide (MOLGGG). The binding
affinity is further weakened in the case of sulfone-bearing
peptides (MO2LGGG). Structurally, the oxidized Met terminus
Table 1 Thermodynamic parameters for 1 : 1 inclusion complexation be
7.3, 298 K)

Peptide KS (M
−1) −DG° (kJ m

MLGGG (3.14 � 0.08) ×105 31.4 � 1.42
MOLGGG (2.30 � 0.04) ×103 19.26 � 1.24
MO2LGGG (8.92 � 0.03) ×102 11.14 � 2.78
LMGGG (5.91 � 0.08) ×105 32.98 � 0.74
LMOGGG (4.16 � 0.15) ×104 26.37 � 1.20
LMO2GGG (3.40 � 0.21) ×104 25.91 � 0.96

© 2024 The Author(s). Published by the Royal Society of Chemistry
is more electronegative and hydrophilic, which leads to reduced
host–guest binding strength by the hydrophobic cavity of CB[8]
(Fig. S20, ESI†). Thermodynamically, these binding processes
were dominantly governed by the negative enthalpic change,
accompanied by the unfavorable entropic loss. The enthalpic
gains may be attributed to the combined effect of the hydro-
phobic and ion–dipole interactions, while the entropic loss may
arise from the conformational xation upon host–guest
complexation with CB[8]. In the control experiments, the
sequence selectivity of peptide backbones was also examined by
reversing the positions of Met and Leu residues. The ITC results
demonstrate that the binding stability caused a 10-fold decline
in the oxidation states. Moreover, as conrmed by the chemical
shi changes and electrostatic potential maps, the inclusion
complexation of CB[8] with the N-terminated Leu residue is still
maintained aer Met oxidation, which may be responsible for
the quite similar thermodynamic parameters in the forms of
sulfoxide and sulfone. Therefore, given the large disparities in
KS values before and aer the oxidation process, MLGGG was
selected as the optimized peptide chain in the following
exploration of the physicochemical and biological performance.

The oxidation process was also studied in the presence of
1.0 mM H2O2, suggesting that MLGG-6C could be completely
converted to MOLGG-6C form, as jointly evidenced by the
reduced retention time from 3.33 to 3.02 min in the high
performance liquid chromatography (HPLC) spectra, the clear
[M–H]− m/z peak at 474.2751 assigned to MOLGG-6C in the high
resolution mass spectra, and the remarkable downeld shis of
the Met residue (Ha–c) in the 1H NMR spectra (Fig. S21–S24,
ESI†). Meanwhile, the resonances of Met and Leu residues
underwent a large complexation-induced upeld shi upon
addition of CB[8], whereas the chemical shis of the Gly residue
and alkyl chain remained unchanged. In addition, the proton
signals of Met and Leu residues were broadened and upshied
to some extent aer undergoing the oxidation reaction, again
indicative of the exclusive host–guest interaction of CB[8] with
the oxidized Met and Leumoieties (Fig. 1a). Notably, no obvious
change in the chemical shis of the n-hexyl tail was found
before and aer oxidation, implying that the introduction of the
alkyl chain could not negatively affect the inclusion complexa-
tion between CB[8] and MLGG.

Competitive binding behaviours of CB[8] with MLGG-6C and
PDI

Furthermore, the binding affinity of PDI3CB[8] complexa-
tion was measured, giving a KS value of (4.78 ± 0.58) × 104
tween CB[8] and peptides at different oxidation states (0.01 M PBS, pH

ol−1) −DH° (kJ mol−1) −TDS° (kJ mol−1)

39.06 � 0.29 7.66 � 1.71
44.96 � 0.63 25.70 � 1.87
52.99 � 3.40 41.85 � 0.62
43.91 � 0.13 10.93 � 0.87
32.23 � 1.21 5.86 � 0.01
34.37 � 2.76 8.46 � 1.80

Chem. Sci., 2024, 15, 13779–13787 | 13781
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Fig. 1 (a) 1H NMR spectra of MLGG-6C, MLGG-6C3CB[8] complex, MOLGG-6C, and MOLGG-6C 3CB[8] complex in D2O ([MLGG-6C] =
1.0 mM, [CB[8]] = 1.0 mM, and [H2O2] = 3.0 mM). (b) Fluorescence emission spectra of the PDI/MLGG-6C3CB[8] assembly in water containing
H2O2 at 298 K ([PDI]= 50 mM, [MLGG-6C]= 0.15mM, [CB[8]]= 0.15mM, and [H2O2]= 1.0mM). Inset: photographs of the PDI/MLGG-6C3CB[8]
assembly before and after oxidation. (c) 1H NMR spectra of PDI, PDI3CB[8] complex, and PDI/MLGG-6C3CB[8] assembly before and after
oxidation in D2O ([PDI] = 0.5 mM, [MLGG-6C] = 1.0 mM, [CB[8]] = 1.0 mM, and [H2O2] = 3.0 mM). (d) Fluorescence quantum yields of PDI,
PDI3CB[8] complex, and PDI/MLGG-6C3CB[8] assembly before and after oxidation.
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M−1 by tting the UV-vis absorbance of PDI at 534 nm
(Fig. S25, ESI†) according to the non-linear tting equation.14

The KS value was also obtained as (6.83 ± 0.96) ×104 M−1

from the ITC experiment (Fig. S26 and S27, ESI†), which was
consistent with the results of the UV titration experiment.
The thermodynamic parameters of DH°, TDS°, and −DG°
were calculated to be 13.39 ± 5.73, 43.93 ± 4.31, and 30.54 ±

1.42 kJ mol−1, respectively, indicating that the binding
process was entropy-driven with a small enthalpy gain in
a desolvation process. The KS value is perfectly located in the
range between the ones of CB[8] with MLGGG (3.14 × 105

M−1) and MOLGGG (2.30 × 103 M−1). More gratifyingly, the
complexation with CB[8] could efficiently prevent PDI from
undesired aggregation-caused quenching, thus leading to
a 10-fold uorescence enhancement at 563 and 590 nm
(Fig. S28, ESI†). As signaled by a larger downeld shi (Dd =

0.35 and 0.27 ppm) of the aromatic protons (Fig. S29, ESI†),
an effective disaggregation of PDI occurred upon complexa-
tion with CB[8]. In addition, 2D DOSY (diffusion-ordered
spectroscopy) experiments showed that the diffusion coeffi-
cients of free PDI and the PDI3CB[8] complex (Fig. S30 and
S31, ESI†) were 2.46 × 1010 m2 s−1 and 2.20 × 1010 m2 s−1,
13782 | Chem. Sci., 2024, 15, 13779–13787
respectively, which further excluded the formation of large-
sized polymeric aggregates in an end-to-end manner. In
comparison, the introduction of CB[7] caused larger upeld
shis (Dd = −1.34 and −1.12 ppm) and a smaller downeld
shi (Dd = 0.13 ppm) for the nonaromatic end and the
aromatic core (Fig. S29, ESI†), respectively, and could not
augment the uorescence emission, indicating encapsula-
tion of CB[7] with the nonaromatic end of PDI (Fig. S32, ESI†).

Interestingly, upon addition of MLGG-6C, the uorescence
emission of the PDI3CB[8] complex was gradually suppressed
and then reached equilibrium in the presence of 3 equiv. of
MLGG-6C (Fig. S33, ESI†), indicating that the location of CB[8]
was transferred to MLGG-6C. As a control experiment, the
uorescence experiment of PDI with the addition of MLGG-6C
was performed, indicating that the PDI uorescence emission
could not be affected by free MLGG-6C (Fig. S34, ESI†). Also, the
UV-vis absorbance of PDI3CB[8] complexation was recovered
to the free PDI state by adding MLGG-6C, indicative of
a competitive binding process in this ternary assembly (Fig. S35,
ESI†). The ITC data of the PDI3CB[8] complex with MLGGG as
a competitor also certied the competitive binding process
(Fig. S36, ESI†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Having understood themolecular binding behaviors of CB[8]
with MLGG-6C and PDI, their oxidation-responsive assembling
abilities were investigated in the presence of H2O2. The control
experiment was preliminarily conducted to ensure the struc-
tural stability of PDI alone under oxidation conditions (Fig. S37,
ESI†). As shown in Fig. 1b, the uorescence emission of PDI in
the PDI/MLGG-6C3CB[8] assembly was gradually enhanced by
H2O2 in 16 h. Apparently, the oxidation of the Met residue from
thioether to sulfoxide could decrease the binding affinity
between CB[8] and MLGG-6C and then trigger the inclusion
complexation with PDI to dramatically augment its uorescence
intensity. In addition, the 1H NMR spectra also reveal that the
aromatic protons of PDI shied downeld aer complexation
with CB[8] and then returned back to the free PDI position in
the PDI/MLGG-6C3CB[8] assembly, indicating that the
oxidized MLGG-6C was expelled from the CB[8] cavity and
replaced by PDI (Fig. 1c). Accordingly, the calculation of uo-
rescence quantum yields and lifetimes further certies that the
photoluminescence efficiency of PDI could be almost restored
to the binary PDI3CB[8] complex aer the oxidation of Met in
the PDI/MLGG-6C3CB[8] assembly (Fig. 1d and S38–S44, ESI†).
These results demonstrate the translocation of CB[8] from the
Met–Leu moiety to PDI in the oxidation process, which can
provide the molecular basis for the subsequent oxidation-
responsive modulation in the biological environment.

Additionally, the other peptides containing tyrosine (YLGGG,
Fig. S45, ESI†) or cysteine (CLGGG, Fig. S46, ESI†) were designed
and applied in the redox experiments. Under the same experi-
mental conditions, the tyrosine unit of YLGGG could not be
oxidized or restore PDI uorescence through competitive
binding (Fig. S47–S51, ESI†). Although the cysteine unit of
CLGGG was oxidized to form a disulde dimer, the uorescence
emission intensity of PDI was slightly enhanced (Fig. S52–S56,
ESI†), indicating an incomplete competitive binding process.
Therefore, the methionine-possessing MLGGG-6C with excep-
tional oxidation properties and large disparities in binding
strengths with CB[8] at different oxidation states is the ideal
candidate for constructing tunable supramolecular systems
driven by the competitive binding process.
Morphological reconstruction of supramolecular assemblies

Subsequently, the topological morphologies of the PDI/MLGG-
6C3CB[8] assembly before and aer oxidation were studied by
microscopic experiments. The transmission electron micro-
scope (TEM) images showed strikingly distinctive morphologies
in the different groups. That is, PDI alone was mainly self-
assembled into stacked nanosheets via intermolecular p-
stacking interaction; the PDI3CB[8] complex existed as
uniform lamellar structures; the amphiphilic MLGG-6C
exhibited loose-knit nanoparticles with a diameter of ca.
500 nm; and the MLGG-63CB[8] assembly showed close-knit
nanoparticles with a diameter of ca. 200 nm, respectively
(Fig. S57, ESI†). Aer loading PDI, the diameter of the
PDI/MLGG-6C3CB[8] ternary supramolecular assembly
increased to 300 nm as jointly conrmed by the TEM, scanning
electron microscope (SEM), and atomic force microscope (AFM)
© 2024 The Author(s). Published by the Royal Society of Chemistry
images (Fig. 2a–c). Aer being oxidized, the micron-sized sheets
were found to be over 2 mM in length and 500 nm in height in
the case of the MOLGG-6C/PDI3CB[8] assembly (Fig. 2d–f).
Along with the microscopic results in the solid state, the
dynamic light scattering (DLS) data gave the hydrated diameters
of the MLGG-6C/PDI3CB[8] assembly, showing dramatic size
changes from about 291 nm to 1.3 mM before and aer oxida-
tion by H2O2 (Fig. 2g and h). As can be seen from the amplied
AFM images (Fig. 2i), it is clearly observed that the ternary
supramolecular assembly presented the micro-sheet
morphology aer oxidation. These results imply that the
oxidation-driven guest competitive binding could alter the
molecular aggregation modes and give rise to the reconstruc-
tion of supramolecular assemblies. The topological morphology
transformation from nanoparticles into micron-sized sheets is
mainly attributed to the oxidation-driven competitive binding
and the assembly of MOLGG-6C with PDI3CB[8] via electro-
static interactions. Additionally, it is also found that oxidized
MLGG-6C alone displayed a nanorod structure (Fig. S58, ESI†)
and the MLGG-6C3CB[8] complex has a tendency to form
larger-sized assemblies aer oxidation.

The intermediate state from nanoparticles to micron-sized
sheets has been studied by TEM experiments to further
conrm the topological morphology change. It is observed that
some small-sized nanoparticles were dispersed around the
central large-sized assemblies, which could facilitate the further
aggregation of micron-sized sheets (Fig. S59, ESI†). Moreover,
the morphology of ternary assemblies at different pH was also
studied by TEM experiments. As expected, the conversion of
topological morphology from nano-sized particles to micron-
sized sheets could be readily achieved in the range of pH 4–7,
indicating that the reconstruction may occur in the low pH
environment in tumor cells (Fig. S60, ESI†).
In situ oxidation-driven reconstruction of supramolecular
assemblies

Given the elevated ROS level in tumor cells and tissues, the
endogenous ROS is expected to be used in the ternary PDI/
MLGG-6C3CB[8] system and realize in situ oxidation-
responsive regulation in cancer cells. Therefore, the human
cervical cancer cell line (HeLa cells) with overexpressed ROS was
selected as the model cells. The molar ratio of the PDI/MLGG-
6C/CB[8] assembly was adjusted to 1/2/2 for biological experi-
ments, because such experiments required high-concentration
stock solution of the assembly, and the assembly behaviors
were further conrmed by uorescence and TEM experiments
(Fig. S61 and S62, ESI†). First, confocal laser scanning micros-
copy (CLSM) was employed to study the ROS levels in HeLa
cancer cells and two normal cells (L929 and RS1 cells) by
incubating them with a commercial ROS probe (DCFH-DA). As
expected, HeLa cells showed a much higher ROS level, whereas
ROS was maintained at a negligible level in L929 and RS1 cells
(Fig. S63, ESI†). Then, the reconstruction process of the
PDI/MLGG-6C3CB[8] assembly in the cellular environment was
explored. HeLa cells were incubated in the presence of PDI,
PDI3CB[8] complex, and PDI/MLGG-6C3CB[8] assembly,
Chem. Sci., 2024, 15, 13779–13787 | 13783
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Fig. 2 (a) TEM, (b) SEM, (c) AFM images, and (g) DLS results of the PDI/MLGG-6C3CB[8] assembly, and (d) TEM, (e) SEM, (f and i) AFM images, and
(h) DLS results of the PDI/MLGG-6C3CB[8] assembly after oxidation by H2O2.
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respectively, to verify their cell imaging performance. As dis-
cerned from Fig. 3a, rather weak uorescence was observed in
the cells incubated with PDI, due to its relatively low uores-
cence emission ability. Since the inclusion of PDI with CB[8]
could greatly enhance its uorescence emission, the cells
treated with the PDI3CB[8] complex showed very bright uo-
rescence, which was consistent with the uorescence emission
in solution. Meanwhile, strong red uorescence was detected in
the group of the PDI/MLGG-6C3CB[8] assembly with the
dispersion of the micron-sized assemblies, which contributed
to the formation of large-sized MOLGG-6C/PDI3CB[8] assem-
blies in the cells. Accordingly, the magnied CLSM images
clearly showed the micron-sized structures with strong uo-
rescence emission (Fig. 3b). In addition, the bio-TEM images of
HeLa cells incubated with the PDI/MLGG-6C3CB[8] assembly
directly visualized the micron-sized assemblies (Fig. 3c).
Therefore, combining the CLSM with bio-TEM results, it is
concluded that the PDI/MLGG-6C3CB[8] assembly could be in
situ oxidized in HeLa cells and then reconstructed into large-
sized supramolecular assemblies in response to the high ROS
level under the cellular conditions.

The PDI/MLGG-6C3CB[8] assembly was also treated with
the cancer cell line (A549 cells) and normal cell line (L929 and
RS1 cells) with elevated and normal ROS levels, respectively.
CLSM images of A549 cells showed bright and dotted red uo-
rescence, which was identical to that in HeLa cancer cells
(Fig. S64a, ESI†). However, CLSM images of L929 and RS1 cells
displayed negligible uorescence, suggesting the existence of
very few reconstructed assemblies because of the low ROS level
13784 | Chem. Sci., 2024, 15, 13779–13787
(Fig. S64b and c ESI†). Therefore, the obtained PDI/MLGG-
6C3CB[8] supramolecular system could efficiently distinguish
cancer cells from normal cells by visualized uorescence
imaging.
Intracellular ER dysfunction and induced cell death

Then, the co-localization was further assessed to investigate the
accumulation of assemblies in subcellular organelles. Satisfac-
torily, the green uorescence of ER-Tracker was well overlapped
with the red uorescence of the MOLGG-6C/PDI3CB[8]
assembly in the HeLa cells (Fig. 4a) and the Pearson's correla-
tion coefficient was 0.86 (Fig. S65, ESI†). Owing to the prefer-
ential ER accumulation ability and in situ reconstruction of the
PDI/MLGG-6C3CB[8] ternary assembly, we wonder if this
oxidation-driven supramolecular assembling process may affect
the cell activity. Therefore, cell counting kit-8 (CCK8) assays
were conducted to investigate the cytotoxicity against cancer
cells using this ternary assembly. The HeLa cells were separately
incubated with PDI, PDI3CB[8], MLGG-6C, MLGG-6C3CB[8],
PDI/MLGG-6C,and PDI/MLGG-6C3CB[8] assembly and then
the cell viability was assessed in 24 h. As shown in Fig. 4b and
S66, ESI,† the PDI, MLGG-6C and PDI/MLGG-6C group showed
ignorable toxicity even at a high concentration. In comparison,
the PDI3CB[8] complex, MLGG-6C3CB[8] complex, and PDI/
MLGG-6C3CB[8] assembly exhibited concentration dependent
cytotoxicity against HeLa cells, and the cell viability was esti-
mated to be 80%, 62%, and 26%, respectively. The signicant
decrease in cell viability of HeLa cells was probably attributed to
the reconstruction of the PDI/MLGG-6C3CB[8] assembly and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) CLSM images of HeLa cells treated with PDI, PDI3CB[8] complex, and PDI/MLGG-6C3CB[8] assembly. (b) Magnified CLSM images of
HeLa cells incubated with the PDI/MLGG-6C3CB assembly. The white square region in the merged image is shown in the further magnified
column. (c) Bio-TEM images of HeLa cells treated with PDI, PDI3CB[8] complex, and PDI/MLGG-6C3CB[8] assembly. The white square region
highlights the MOLGG-6C/PDI3CB[8] assembly.

Fig. 4 (a) CLSM images of HeLa cells illustrating the co-localization of
the PDI/MLGG-6C3CB[8] assembly with ER-Tracker Green. (b) Cell
viability of HeLa cells treated with PDI, PDI3CB[8] complex, and PDI/
MLGG-6C3CB[8] assembly. The molar ratios of PDI/MLGG-6C/CB[8]
were 1 : 2 : 2. (c) Western blotting analysis and corresponding quanti-
tative expression of GRP78 in HeLa cells treated with PBS, PDI,
PDI3CB[8] complex, MLGG-6C3CB[8] complex, and PDI/MLGG-
6C3CB[8] assembly.
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the ER dysfunction in cancer cells. The MLGG-6C3CB[8]
complex also possessed certain cytotoxicity, which is mainly
ascribed to the molecular binding of CB[8] with two side chains
(Met and Leu residues) of MLGG-6C and their subsequent
oxidation-driven assembly in cells (Fig. S58, ESI†). Furthermore,
© 2024 The Author(s). Published by the Royal Society of Chemistry
the ROS-dependent experiments were performed, showing that
with the elevated ROS level, the death rate of HeLa cells
increased accordingly (Fig. S67 and S68, ESI†). These results
demonstrate that the elevated ROS level could lead to high
cytotoxicity in HeLa cells.

In contrast, due to the lack of sufficient ROS in the normal
cells, the treatment of L929 and RS1 cells with the PDI/MLGG-
6C3CB[8] assembly only induced a slight decrease in cell
viability (Fig. S69, ESI†). Meanwhile, the ROS levels in L929 and
RS1 normal cells could be signicantly elevated aer being
treated with H2O2 and under such elevated ROS conditions, the
PDI/MLGG-6C3CB[8] assembly showed much higher cytotox-
icity (Fig. S70 and S71, ESI†). These results jointly indicate that
the oxidation-driven and ER-targeted supramolecular recon-
struction may be responsible for the selective cytotoxicity
against cancer cells.

Finally, the impact of the PDI/MLGG-6C3CB[8] assembly on
the ER function was further studied. Glucose-regulated protein
78 (GRP78), which is overexpressed in many tumor cells, is
known as the main regulator of the unfolded protein response
to maintain ER homeostasis.15 The regulation of GRP78
expression could interfere with ER homeostasis and trigger
a cascade of physiological and pathological changes at the
cellular level. As shown in Fig. 4c, among all the examined
groups, the western blotting (WB) analysis shows that the
expression of GRP78 was apparently downregulated in HeLa
cells when treated with the PDI/MLGG-6C3CB[8] assembly.
Therefore, one possible explanation is that in our case, the
Chem. Sci., 2024, 15, 13779–13787 | 13785
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reconstruction of the PDI/MLGG-6C3CB[8] assembly in the ER
can efficiently downregulate the GRP78 expression and, conse-
quently, affect ER function and cell proliferation.

Conclusions

In summary, the host–guest complexation between CB[8] and
Met-containing amphiphilic peptides was successfully con-
structed, which could further co-assemble with PDI to form
ternary supramolecular nanoparticles. The binding affinity
between CB[8] and peptides was greatly weakened by two orders
of magnitude aer being oxidized from sulde to sulfoxide of
the Met residue. Under such circumstances, PDI could
competitively occupy the CB[8] cavity to form the stable inclu-
sion complex, resulting in macrocycle-conned uorescence
enhancement and oxidation-driven morphological trans-
formation from nanoparticles into micron-sized sheets. Signif-
icantly, this oxidation-driven reassembling process could also
be realized in cancer cells with an elevated ROS level, thus
achieving targeted organellar imaging, disturbing ER function,
and inducing cell death. Therefore, the present research
provides a highly biocompatible and convenient approach for in
situ supramolecular reconstruction in the cell microenviron-
ment, which may be benecial for the development of supra-
molecular disease diagnosis and treatment.
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