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ABSTRACT: Controlling the enzymatic reaction of macromolecules in
living systems plays an essential role in determining the biological
functions, which remains challenging in the synthetic system. This work
shows that host−guest complexation could be an efficient strategy to tune
the enzymatic self-assembly of the peptide. The formed host−guest
complexation prevents the enzymatic kinetics of peptide assemblies on the
cell surface and promotes cellular uptake of assemblies. For uptake inside
cells, the host−guest complex undergoes dissociation in the acidic
lysosome, and the released peptide further self-assembles inside the
mitochondria. Accumulating assemblies at mitochondria induce the
ferroptosis of cancer cells, resulting in cancer cell death in vitro and the
tumor-bearing mice model. As the first example of using host−guest
complexation to modulate the kinetics of enzymatic self-assembly, this
work provides a general method to control enzymatic self-assembly in living cells for selective programming cancer cell death.
KEYWORDS: peptide, host−guest complexation, enzymatic instructed self-assembly, mitochondria, cancer therapy

Self-assembly1,2 can be employed to create higher-order
assemblies in a specific location with emergent biological

properties and functions that cannot be achieved by
monomeric molecules. Remarkably, enzyme instructed self-
assembly, mimicking the most biological processes (e.g., actin
dynamics, signalosomes, and granules3) in the living systems, is
the most efficient strategy to control the kinetics of molecular
assemblies. Inspired by the natural enzymatic processes and
functional assemblies in living cells, the recent emergent
strategy for cancer therapy, which differs from conventional
approaches (chemotherapy, immunotherapy, and targeted
therapy), is to generate chemical assemblies of small molecules
in situ of cancer cells.4−17 A recent remarkable example of such
a strategy is to use enzyme-induced self-assembly (EISA) to
control cell behavior around or inside cells by an over-
expressing enzyme.18−22 More importantly, the formation rate
of enzymatic assemblies is the key factor for their cell targeting
ability and final bioactivity. However, regulating EISA kinetics
with organelle targeting in a simple way for cancer therapy
remains challenging. Thus, developing a general strategy to
control the kinetics of EISA of small molecules in living cells
would be highly urgent.23,24

Herein, we report using the host−guest complexation,25−28

which has been extensively explored in sensing, regulating
protein functions, and drug delivery, to modulate the kinetics
of EISA assemblies’ formation in cancer cells with mitochon-
dria targeting and inducing cancer cell death selectively. To

achieve the approach, we designed enzyme responsive peptide
with the N-terminal modification of the ferrocenyl group
(Figure 1A), which can interact with pillar[6]arene (WP6) to
form a pH-sensitive host−guest complex (Figure 1B). The
formed complex prevents the enzymatic reaction on the cell
surface and promotes cellular uptake of peptides. Assemblies of
the host−guest complex can escape from lysosomes and
further self-assemble inside the targeted organelle (mitochon-
dria) due to increased local concentration. Accumulating
assemblies at mitochondria induce the ferroptosis of cancer
cells, resulting in cancer cell death selectively (Figure 1C). This
work illustrates a general strategy to kinetically control
enzymatic assemblies in living cells for selective programming
cancer cell death, which offers a new avenue for targeted
cancer therapy through in vivo self-assembly of organic
compounds.
Based on the above concept, we designed the peptide

Fc-DWpDYDFGDK-TPP (Fc-TPP1), which contains the self-
assembling motif: tryptophan (W)-tyrosine (Y)-phenylalanine
(F) that favors self-assembly through inherent hydrogen
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bonding and π−π interaction.29 The introduction of
phosphotyrosine is for cancer cell-selective targeting, which
could respond to the overexpressed alkali phosphatase (ALP)
on some cell membranes.30−32 The triphenylphosphine (TPP)
group at the side chain of lysine is used to target the
mitochondria matrix of cells.33 The ferrocenyl group (Fc)
serves as a guest motif for a synthetic macrocyclic host34 of
pillar[6]arene (WP6) to form a host−guest complex. Such a
design allows us to use the host−guest complexation between
the pillar[6]arene host and the Fc guest to control the
enzymatic self-assembly of Fc-TPP1. Since the host−guest
complex of Fc-TPP1 and WP6 has the pH-responsive
property,35 the guest molecules could easily escape from the
lysosome and are transported into the mitochondria matrix of
cancer cells. After synthesizing Fc-TPP1 using the standard
solid phase peptide synthesis and solution coupling (Figure
S1), we used HPLC to purify the compounds and verified
them by LC-MS and NMR (Figures S2−S4).
Isothermal titration calorimeter (ITC) experiments show

that titrating Fc-TPP1 intoWP6 is an exothermic process with
a binding constant (KD) of 39.9 μM and a binding number of
1.23, suggesting Fc capped peptide does not influence the
host−guest interaction of Fc and WP6 (Figures S5, S6A). The
continuous variation method (Job’s plot) using UV−vis
spectroscopy further confirms the 1:1 binding stoichiometry
between Fc-TPP1 and WP6 (Figures S6B, S7), agreeing with

the previous report.35 HPLC results (Figures S8, S9) reveal
that the hydrolysis rate of Fc-TPP1 is faster than the host−
guest complex in the presence of ALP. The t1/2 of Fc-TPP1
and the host−guest complex is 25.6 and 51.8 min (Figure
S6C), respectively, indicating the formation of host−guest
interaction prevents the enzymatic hydrolysis of the guest
molecule.
TEM results indicate that WP6 (Figure S10) forms

amorphous nanostructures (50 μM) in aqueous solution (pH
7.4), without the Tyndall effect. Fc-TPP1 self-assembles into
nanoaggregates consisting of small particles in the absence of
ALP (Figures S6D, S11A). Mixing Fc-TPP1 with WP6 results
in the morphology transforming into aggregates with a smaller
size (Figures S6D, S11B−D), but without the Tyndall effect
(Figure S12). After adding ALP, the solution of Fc-TPP1 with
WP6 exhibits a clear Tyndall effect (Figure S6D), indicating
the existence of abundant assemblies. Moreover, we observed
morphology transformation from small aggregated nano-
particles into nanospheres with diameters of several hundred
nanometers (Figure S11E−H). Specifically, Fc-TPP1 trans-
forms into uniform nanospheres with an average diameter of
150 nm. The host−guest complex at a molar ratio of 1:1 (Fc-
TPP1:WP6) forms nanospheres with a diameter of 200 nm,
consisting of the results of dynamic light scattering (DLS,
Figure S13). Interestingly, the diameter of nanospheres formed
by the host−guest complex decreases with the increase ofWP6

Figure 1. (A) Chemical structures of Fc-DWpDYDFGDK-TPP (Fc-TPP1) and pillar[6]arene WP6. (B) Schematic illustration of (i) assemblies
formed from the host−guest complexes between Fc-TPP1 and WP6 molecules, (ii) nanostructures formed from enzyme induced self-assembly of
the Fc-TPP1/WP6 host−guest complexes, (iii) acid-induced dissociation of host−guest complexation and reassembly. (C) In cancer cells, the
formation of the host−guest complex increases the cellular uptake of peptides. The acidic environment in the lysosome dissociates host−guest
complexation, and the nanostructures are reassembled by Fc-TPP1 at mitochondria, resulting in cancer cell death.
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after the addition of ALP, indicating the optimized ratio for Fc-
TPP1 and WP6 is 1:1. These results imply that we can use
host−guest interaction to tune the kinetics of enzymatic self-
assembly of peptides, which has not been reported previously.
Under acidic conditions (pH 5.0), the formed nanospheres of
host−guest complexation disappeared, as evidenced by a
dramatic decrease in scattering intensity and TEM results
(Figure S14). Furthermore, the nanospheres and Tyndall effect
could be recovered (Figure S15) after adjusting the pH to a
neutral condition (pH 7.4), suggesting the pH-responsive
property and reversibility of host−guest complexation.

To investigate whether controlling enzymatic kinetics of
assemblies by the host−guest interaction could be applied in
living cells. We choose Saos-2 and HeLa cell lines as the cancer
cell models because of overexpressing ALP on and inside these
cell lines. We also used a normal cell line HS-5 as a control
group. The cytotoxicity experiment indicates that WP6 shows
low cytotoxicity against Saos-2, HeLa, and HS-5 cells,
suggesting the good biocompatibility of WP6 (Figure S16).
Fc-TPP1 exhibits cytotoxicity against Saos-2 cells and HeLa
cells in a dose-dependent manner while innocuous to HS-5
cells (Figures 2A, B, and S17B). The IC50 of Fc-TPP1 is 108.4

Figure 2. Cytotoxicity (24 h) of Fc-TPP1 and the Fc-TPP1/WP6 host−guest complex against (A) Saos-2 cells and (B) HeLa cells. (C) Summary
of the IC50 values of Fc-TPP1 and the host−guest complex against Saos-2 and HeLa cells for 24 h. (D) LC-MS analysis of the concentration of Fc-
TPP1 in Fc-TPP1 or Fc-TPP1/WP6 treated Saos-2 cells for 10 min, 30 min, and 1 h, respectively. (E) Illustration of coassembly of the
fluorophore-labeled peptide with Fc-TPP1. (F) CLSM images of Saos-2 cells incubated with the host−guest complex for 0.5, 6, and 24 h,
respectively. (G) DIC images of Saos-2 cells incubated with Fc-TPP1 and the host−guest complex for 0.5 and 6 h, respectively. (H) CLSM images
and (I) the corresponding fluorescence intensity of Saos-2 cells incubated with the host−guest complex in the absence and presence of DQB (20
μM) for 2 h.
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μM against Saos-2 cells, which is about 3.5-fold higher than the
IC50 of the host−guest complex (31.2 μM). The IC50 of Fc-
TPP1 and the host−guest complex against HeLa cells follow
the same order: about 167.1 μM and 70.2 μM, respectively
(Figure 2C). In addition, the IC50 of Fc-TPP1 and host−guest
complex against HS-5 cells is higher than 300 μM (Figure
S17C, D), suggesting the selectivity of the host−guest complex
toward cancer cells. These results suggest that the host−guest
interaction can modulate the enzymatic kinetics in living cells
and control the bioactivity of intracellular assemblies through
EISA in living cancer cells.
We next quantified the relevant concentration of peptides in

Saos-2 cells. LC-MS analysis indicated that the concentration
of Fc-TPP1 in host−guest complexation treated cells reaches
10.2 μM after 1 h of incubation, which is about 3 times higher
than that of Fc-TPP1 (3.5 μM) treated cells (Figures 2D,
S18). The results also showed that the enzymatic hydrolysis
rate of Fc-TPP1 in host−guest complexation treated cells is

35.1%, while it is only 5.2% for Fc-TPP1 treated cells (Figure
S18D, F). These results indicated that the host−guest
complexation could promote the cellular uptake of Fc-TPP1
precursors. After disrupting the host−guest complex inside
acidic lysosomes, the fast enzymatic hydrolysis and self-
assembly would proceed inside cells.
To directly visualize the formation of assemblies inside cells,

we used a fluorescent molecule Fc-DWpDYDFGDK-Cy5.5 (Fc-
Cy5.5, Figures S19, S20), which can coassemble with Fc-TPP1
to form hybrid nanospheres (Figures 2E, S21). We first
investigated the modes of endocytosis involved in host−guest
complex treated cells. After incubating Saos-2 cells with the
host−guest complex at 4 °C for 2 h, we hardly observed any
red fluorescence associated with cell membranes or inside cells
(Figures S22, S23), indicating that uptake of the host−guest
complex by cells is energy-dependent. We next incubated Saos-
2 cells with different endocytotic inhibitors. The results
showed that adding chlorpromazine (an inhibitor of a
clathrin-mediated endocytosis inhibitor) and Filipin III (an
inhibitor of caveolae-mediated endocytosis) could reduce the
uptake of the host−guest complex by about 21.4% and 14.3%,
respectively. The results indicated that the host−guest complex
mainly undergoes clathrin-mediated endocytosis and caveolae-
mediated endocytosis, ensuring the accumulation of assemblies
at mitochondria after cellular uptake. Moreover, to demon-
strate the host−guest complex in acidic endosomes, we
incubated Saos-2 cells with Bafilomycin A1, an inhibitor of
lysosomal acidification by preventing the passage of protons
into the lysosomal lumen. The results showed that the addition
of Bafilomycin A1 could reduce the uptake of the host−guest
complex significantly (Figures S24, S25), indicating that the
uptake of the host−guest complex is involved in the lysosome-
related pathway.
Time-dependent CLSM experiments showed that the red

fluorescence from assemblies formed by the host−guest
complex could colocalize with the green fluorescence from
the mito-tracker (Figure 2F) after incubating the host−guest
complex for 0.5 h with Saos-2 cells, indicating the
nanostructures could accumulate into the mitochondria
rapidly. With the increase of incubating time to 6 h, CLSM
indicates the fragmentation of mitochondria36 and the cells
become unhealthy. After 24 h of incubation, the cells shrunk,
and assemblies that exhibit red fluorescence are still located at
the mitochondria. For Fc-TPP1 treated Saos-2 cells (Figure
S26), after incubating for 0.5 and 6 h, the red fluorescence
formed by Fc-TPP1 could overlap with mito-tracker, and the
mitochondria of cells exhibit tubular structures, which is similar
to the cells without any treatment. In contrast, the
mitochondria of cells treated with host−guest complex exhibit
severe damage than Fc-TPP1 treated cells. As shown in Figure
2G, DIC images show that the cells treated with the host−
guest complex exhibit apoptotic morphology compared with
those treated with Fc-TPP1 for 6 h at the same concentration
(Figure 2G).37 These results indicate that the host−guest
complex can control the formation of enzymatic assemblies of
peptides in living cancer cells and increase their retention time
on mitochondria, resulting in fast cancer cell death with higher
bioactivity. Co-incubating a tissue-nonspecific ALP inhibitor
(DQB) with the host−guest complex significantly decreased
the red fluorescence from assemblies in the mitochondria
(Figures 2H and 2I), indicating the role of the enzyme in the
mitochondria-targeted self-assembly process.

Figure 3. (A) Cytotoxicity (24 h) of the Fc-TPP1/WP6 host−guest
complex without or with the addition of Ferrostatin-1 and
Liproxstatin-1 against Saos-2 cells, respectively. (B) Time-dependent
Western blot analysis of cleaved caspase-3 and caspase-8 of Saos-2
cells treated with Fc-TPP1/WP6 for 6, 24, and 36 h, respectively.
CLSM images of (C) JC-1 and (D) DHE staining in Saos-2 that
treated with the host−guest complex (50 μM) for 0.5, 6, and 24 h,
respectively. (E) Quantitative analysis of JC-1 monomer (red
fluorescence)/JC-1 aggregates (green fluorescence) ratios, which
was calculated from (C). (F) Quantitative analysis of fluorescent
intensity in (D). The concentrations of Fc-TPP1 and WP6 are 50
μM. Scale bars in (C) and (D) are 100 μm and 50 μm, respectively.
Each experiment is repeated 3 individual times.
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To explore the modality of cell death induced by the host−
guest complex, we first coincubate two inhibitors of ferroptosis
(Ferrostatin-1 and Liproxstatin-1)38,39 with the host−guest
complex in the culture of Saos-2 cells. The results indicate that
both inhibitors could rescue the cells from 14% to 54% and
50% (100 μM, Figure 3A), respectively. Western blot
experiments also show the increased apoptosis induced by
the host−guest complex as time evolves (Figures 3B, S27).
These results indicate that the host−guest complex induces cell
death involving ferroptosis and apoptosis.
We next used the JC-1 kit to study the variation of

mitochondrial membrane potential. The cells without any
treatment exhibit red fluorescence (Figure 3C). The intensity
of red fluorescence of Saos-2 cells treated with Fc-TPP1 or
host−guest complex decreases significantly, while the green
fluorescence increases (Figures 3C, E, and S28) with the
increase of incubation time. These results indicate that the
mitochondrial membrane potential decreased after the treat-
ment of Fc-TPP1 and the host−guest complex. Quantitative
analysis indicates that the JC-1 monomer/aggregate ratio
increased with the extension of incubation time. At the same
time point, the host−guest complex treated Saos-2 cells
showed a higher ratio of JC-1 monomer/aggregate than the
cells treated with Fc-TPP1, indicating the severe damage of

Saos-2 cells that incubated with the host−guest complex,
consisting of the cell viability experiments and CLSM results
(Figure 2F and G).
We then detected the generation of ROS in cells using

Dihydroethidium (DHE) probe40 because the generation of
ROS is an indicator of ferroptosis.41−43 The results show that
the red fluorescence in Saos-2 cells increased gradually after
coincubating with Fc-TPP1 or the host−guest complex
(Figures 3D, S29). The Saos-2 cells without any treatment
only show very weak red fluorescence. The fluorescent
intensity of the cells treated with the host−guest complex is
stronger than those treated with Fc-TPP1, as evidenced by the
quantitative analysis (Figure 3F). Flow cytometry (FCM)
analysis also indicates that the fluorescent intensity of DHE in
Saos-2 cells increased gradually with the extension of
incubation time when treated with Fc-TPP1 and the host−
guest complex (Figure S30).
Bio-TEM experiments indicate that the cells without

treatment or treated with WP6 (24 h) are integral, and the
mitochondria in these cells are healthy (Figure 4A, 4B). In
contrast, the cells treated with Fc-TPP1 after 0.5 h show many
black dots at the mitochondria (Figure 4C). Considering the
apparent contrast of nanostructures, we speculate that the self-
assembly of Fc-TPP1 forms the black dots. After coincubating

Figure 4. Bio-TEM images: (A) Saos-2 cells; (B) treated withWP6 for 24 h; (C) treated with Fc-TPP1 for 0.5 h; (D) treated with Fc-TPP1 for 24
h; (E) treated with the Fc-TPP1/WP6 host−guest complex for 0.5 h; (F) treated with the Fc-TPP1/WP6 host−guest complex for 24 h. High-
magnification TEM images, corresponding FFT pattern, and XPS spectra of Saos-2 cells: (G, J) without treatment; (H, K) treated with Fc-TPP1;
(I, L) treated with the host−guest complex for 24 h. Scale bars of whole cells and enlarged images in (A-F) are 2 μm and 200 nm, respectively. The
white arrows in (C−F) and (H, I) indicate the black dots and lattice fringes, respectively.
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the cells with Fc-TPP1 for 24 h, we observed that the number
of organelles within cells decreased, and the black dots are
located at the surrounding edge of mitochondria (Figure 4D),
indicating the disruption of mitochondrial membranes. For the
cells treated with the host−guest complex, we could find that
the mitochondria became shrunken after 0.5 h of coincubation,
and the cells are unhealthy. Unlike the cells treated with Fc-
TPP1 for 0.5 h, we could observe large amounts of black dots
of assemblies formed by the host−guest complex accumulating
at the mitochondria (Figure 4E). After incubating for 24 h, the
number of organelles within cells treated with the host−guest
complex decreases significantly (Figure 4F). These results
suggest that the host−guest complex shows much more
efficiency in accumulating at the mitochondria and disrupting
the integrity of mitochondria.
High-magnification TEM images at the mitochondria region

and fast Fourier transform (FFT) pattern further verified that
the black dots at mitochondria are formed by self-assembly of
Fc-TPP1 or the host−guest complex. The results show that

the Saos-2 cells without treatment do not have the lattice
fringe (Figure 4G), indicating the amorphous nanostructures
in these cells. In contrast, we can observe ordered lattice
fringes obviously in high-magnification TEM images and the
bright symmetric diffraction points in FFT patterns (Figure
4H, 4I) in the Fc-TPP1 and host−guest complex treated cells
(24 h). We next perform the inverse FFT for these two regions
and then measure the lattice distance. The lattice spacing is
detected as 2.6 Å, attributed to the interplanar crystal spacing
(−1 0 2) of Fe3O4, indicating the formation of Fe-containing
crystals inside cells. These results further demonstrate that the
black dots at the mitochondria are the nanostructures formed
by Fc-TPP1.
Furthermore, we performed X-ray photoelectron spectros-

copy (XPS) for different treating groups. The XPS results
reveal that the Fe-containing compounds are formed in Saos-2
cells after incubating with the host−guest complex, and the
cellular uptake is significantly increased by using the host−
guest strategy. For the Saos-2 cells without treatment, we

Figure 5. In vitro tumor penetration in the Saos-2 MTSs and in vivo antitumor efficacy in mice bearing subcutaneous HeLa tumors. (A) The Saos-2
MTSs are cultured with the host−guest complex (Fc-TPP1: 50 μM, WP6: 50 μM) for 24 h. The MTSs are visualized after 6 and 24 h incubation
using CLSM in Z-stacks with 24 μm intervals. Fc-Cy5.5 (red), scale bar = 100 μm. (B) Tumor volume of mice as a function of anticancer effect.
Black arrows indicate dosing schedules. (C) Optical images of dissected tumors and tumor weight at the end of the treatment. (D) Body weight of
mice as a function of time. (E) Histological analysis of tumor tissues with TUNEL assay. Data are depicted as mean ± SD *, P < 0.05.
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hardly observe any peaks in the 740−700 eV (Figure 4J),
indicating that the cells only contain a bit of Fe-containing
compounds. For the cells treated with Fc-TPP1 for 24 h, the
peaks are steady (Figure 4K), and we could hardly fit the peaks
corresponding to FeO and Fe, respectively. The calculated
content of Fe is 0.04%, which is out of the detection limit of
XPS. The peaks for the cells treated with host−guest complex
(24 h) are sharper than in the other two groups. After fitting by
the nonlinear least-square method (NLS), we find that the
peaks consist of FeO and Fe with a content of 69.2% and
30.8%, respectively. The total content of Fe is 0.13% (Figure
4L), which is larger than the cells without and with treatment
of Fc-TPP1.
The penetration ability and cytotoxicity of Fc-TPP1 and the

host−guest complex are further evaluated in the Saos-2
multicellular tumor spheroids (MTSs) (Figure 5A and Figure
S31). After 24 h of incubation, the spherical MTSs collapsed at
the periphery with an irregular and shrunken size. The
fluorescence of assemblies increased with time elapsed.
Compared with the MTSs treated with Fc-TPP1, the host−
guest complex shows enhanced penetration ability.
We further evaluated the antitumor activity on tumor-

bearing mice. The Saos-2 cell line is not used in this
experiment considering its nontumorigenicity. Compared
with the PBS and WP6 groups, the host−guest complex
treatments slow the tumor growth rates (Figure 5B), and the
host−guest complex has a tumor inhibition rate (IR) of 50.9%
(P < 0.05) at the experiment’s end (Figure 5C). The body
weight of all mice remained nearly unchanged throughout the
experimental period, and all mice did not show noticeable signs
of toxicity and abnormal behaviors during the treatment
(Figure 5D). Hematoxylin and eosin (H&E) staining showed
that the tumors treated with the host−guest complex had less
densely packed cells and extensive nuclear shrinkage and
cavum compared to those treated with PBS (Figure S32).
Notably, the tumors treated with the host−guest complex
contained many apoptotic cells (green fluorescence, Figure
5E). These results suggest that the host−guest complex in this
work could penetrate into the MTSs, inhibit tumor growth,
and induce cell apoptosis signal pathways, resulting in cancer
cell death in vitro and in the tumor-bearing mice model.
In summary, this work reports utilizing the host−guest

complexation to modulate the enzymatic kinetics of peptidic
assemblies for cancer therapy. The results showed that
introducing host−guest complexation in the enzyme-instructed
self-assembly of peptides could enhance the cellar uptake of
peptide assemblies and control the final bioactivity of peptides
in cancer cells. Our results also suggested that the
accumulation of peptide assemblies in the mitochondria
could induce the ferroptosis of cancer cells, which could
further disrupt the mitochondria and induce apoptosis of
cancer cells. This study provided a new and general strategy to
kinetically control enzymatic assemblies in living cells, which
offered a new avenue for targeted cancer therapy.
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