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Abstract: Here we report on the design, synthesis, and
assembly of an enzymatic programmable peptide system
inspired by endocytic processes to induce molecular assemblies
formation spatiotemporally in living cancer cells, resulting in
glioblastoma cell death mainly in necroptosis. Our results
indicate the stability and glycosylation of molecules play an
essential role in determining the final bioactivity. Detailed
mechanistic studies by CLSM, Flow cytometry, western blot,
and Bio-EM suggest the site-specific formation of assemblies,
which could induce the LMP and activate the downstream cell
death pathway. Moreover, we also demonstrate that our
strategy can boost the activity of commercial chemotherapy
drug by escaping lysosome sequestration. We expected this
work would be expanded towards artificial intelligent bioma-
terials for cancer therapy and imaging precisely.

Introduction

Through non-covalent interactions, supramolecular self-
assembly of synthetic objects is attracting substantial atten-
tion in recent years. Besides constructing functional materials
in vitro for drug delivery, tissue engineering, regenerative
medicine, analyte detection, immune modulation, and cata-
lytic application, exploring functions of in situ formation of
self-assembly structures in living cells have emerged as
a promising frontier of supramolecular chemistry and materi-
als science.[1] Biological relevant architectures formed by
peptides have been extensively investigated in the past
decades due to the ability of easily incorporating amino acid
sequences, low immunogenicity, and ease of functionaliza-
tion.[2] However, manipulating the higher-order assemblies
formation of a synthetic molecule in living cell spatiotempor-
ally with controllable function remains challenging because of
a lack of suitable biocompatible stimulus and the complexity
of the intracellular environment.[1c–e, 2b,3]

To provoke the assembly of peptides into functional
biomaterials (or higher-order assemblies) in the living cells,
choosing a suitable stimulus is the key prerequisite for the
function and location of the resulted assemblies. Among the
several stimuli for triggering peptide self-assembly, enzyme
instructed self-assembly (EISA) provides a unique opportu-
nity to explore the formation of peptide assemblies for
controlling cell behaviors in a complex cellular environment.
Xu and co-workers reported the pioneering work that
enzymatic formation of nanofibers of peptide amphiphiles
in the pericellular space or inside cells, leads to selective
cancer cell inhibition, minimized drug resistance, and 3D cell
spheroid formation.[4] Ulijn et al. extended this concept using
aromatic carbohydrate amphiphile as the simple building

block to generate a cytotoxic nanonet/hydrogel cage sur-
rounding the cancer cells.[5] Besides using alkali phosphatase,
Maruyama et al. employed a cancer-related enzyme (matrix
metalloproteinase-7, MMP-7) to initiate intracellular self-
assembly of a peptide lipid, leading to hydrogelation in cancer
cells.[6] The success of these examples has stimulated the
development of in situ forming higher-order structures for
controlling cell behaviors and imaging.[7]

Despite the promises of using EISA for cancer therapy,
achieving spatiotemporal control over the formation of
assemblies with endogenous enzymes inside the cells is still
challenging.[8] Moreover, most amphiphilic molecules usually
have higher critical micellization concentration (CMC),
resulting in suboptimal anti-cancer efficiency. Increasing the
self-assembly ability of molecules with aromatic capping
groups and organelle-selective accumulation of assemblies
with targeting motifs are the efficient strategies to meet this
challenge.[3b, 9] However, the systematic study of the stability
and the related activity of assemblies has yet to be explored.
More importantly, EISA requires the precursor to meet the
enzyme in the crowed environment or the confined compart-
ments, thus limited its further application inside the cellular
compartment.[10]

Inspired by the fact that most of the molecules access into
cells through endocytosis, and cathepsin B (CTSB) are
elevated in most solid tumors locating at the lysosome,[11]

we hypothesize that CTSB could initiate molecular self-
assembly after cellular uptake of the precursor, inducing
cytotoxic assembly formation selectively in the confined
environments of cancer cells, which could be a general
method to induce assemblies formation selectively in live
cancer cells. According to the substrate scope of CTSB, we
rationally designed and synthesized a series of structural
analogs of peptide precursors that differ in several key
features: stereochemistry, C-terminal glycosylation, and re-
giochemistry. The results suggest that the expressing level of
CTSB of different cells correlates very well with the
bioactivity of molecular assemblies. We also show that the
serumal stability of the precursors has a significant impact on
their final anti-cancer cell activity. Confocal laser scanning
microscopy (CLSM) and biological electron microscopy (Bio-
EM) imaging reveal the formation of intracellular assemblies
in living cancer cells. Mechanistic studies by light scattering,
CLSM, western blot, flow cytometry, and structure activity
relationship (SAR) demonstrate that the precursors could be
hydrolyzed by CTSB and self-assemble to form cytotoxic
higher-order structures inside the lysosome, which further
induction of lysosomal membrane permeabilization (LMP),
resulting in glioblastoma cancer cell death selectively through
necroptosis (Figure 1). Moreover, we also show that the
intracellular formation of higher-order structures in lysosome
could solve the challenge of drug sequestration toward cancer
cells.

Results and Discussion

Figure 2 shows the molecular design of the representative
structures of the precursors for CTSB instructed self-assem-
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bly. The molecules consist of the following four distinct parts:
i) the naphthyl group to enhance the self-assembly in living
cell by providing strong aromatic-aromatic interaction;[12]

ii) tripeptide of Trp-Tyr-Phe (WYF) serves as a self-assem-
bling backbone by providing p-p interaction and hydrogen
bonding; iii) peptide sequence Arg-Arg-Gly-Lys (RRGK)
provides the hydrophilic part and serves as the enzymatic
cleavage site for CTSB;[13] iv) C-terminal glycosylation,
a common post-translational modification of the protein,
increases the stability of molecules in the serum and inside

cells.[14] Based on the above design, we also set out to
synthesize the non-cleavage peptides D-N and D-NM (Fig-
ure 2B) consisting of D-amino acids as the control. The
difference in the stereochemistry of the self-assembly motif
(L-WYF and D-wyf) would verify whether the stability of
molecules contributes to the bioactivities of the assemblies.
To decrease the precursorQs CMC, we also used Gly-Phe-Arg-
Ala-Arg (GFRAR) to replace RR because the latter is more
hydrophilic at lysosomal acidic environment due to proto-
nation. The designed molecules and the corresponding self-
assembling molecules are accessible through a facile synthetic
procedure (Supporting Information, Scheme S1). All the
peptides were synthesized using standard Fmoc based solid-
phase peptide synthesis (SPPS) and purified by preparative
high-performance liquid chromatography (HPLC). We ob-
tained glycosylated peptides by directly coupling the carbox-
ylic acid with mannosamine after purification by HPLC. We
used liquid chromatography-mass spectrometry (LC-MS) and
HR-MS (Figures S1–S3 and Table S3) to confirm the struc-
tures of the molecules after HPLC purification.

To demonstrate the concept of CTSB instructed cellular
self-assembly for selectively killing cancer cells that express-
ing certain levels of CTSB, we first measured the expression
levels of CTSB in four cell lines, including two cancer cell
lines of HeLa and U87MG, and two non-cancer cell lines of
HS-5 and MCF-10A. According to western blot analysis,
HeLa and U87MG cell lines express almost the same level of
CTSB, which are higher than HS-5 and MCF-10A cell lines
(Figure 3A and B). The relative CTSB expression level of
U87MG cells is about 1.5 times higher than that of HS-5 cells
(or MCF-10A cells). To confirm our assumption, we next
treated these cell lines with the above precursors to evaluate
their cytotoxicity (Figure 3C and S4–7). The results show that
all the precursors exhibit the lowest IC50 against U87MG cells
than other cell lines except DL-NA. The IC50 value of L-N, L-
NM, DL-N, DL-NM, and DL-NAM against U87MG cells is
143.2, 58.7, 59.3, 59.2, and 38.5 mM, respectively. The IC50

value of these precursors against two normal cells of HS-5
cells and MCF-10A cells is more than two times greater than
against U87MG cells (Figure 3C and Table S4), which is
consistent with the expression level of CTSB. The IC50 of
these precursors against HeLa cells follows the trend of DL-
NAM (35.2 mM) < DL-NM (66.5 mM) < DL-NA (92.9 mM) <
L-NM (198.5 mM) = DL-N (198.5 mM) < L-N (> 500 mM).
More interestingly, we also found that stereochemistry and
glycosylation of peptide could influence the anti-cancer cell
efficiency of the peptide. Specifically, all glycopeptides exhibit
lower IC50 than the corresponding peptides without glyco-
sylation, suggesting that the stability of EISA precursor could
play a key role in determining the final anti-cancer cell
activity.

The stability represents an important characteristic for the
activity of EISA precursor. However, the systematic study of
the stability of precursor in serum has yet to be explored in
using EISA to kill cancer cells.[1b,c,4c] The serum contains
a wide variety of proteinases and peptidases, affecting the
final anti-cancer cell efficacy of self-assembling peptides.
Thus, we next investigate the stability of EISA precursor in
minimal essential medium (MEM) supplemented with 10%

Figure 1. Representation of the formation of functional higher-order
assemblies in living cells for selective cancer cell inhibition.

Figure 2. A) Illustration, and B) sequences of CTSB responsible self-
assembly peptides (molecular structures are in Scheme S2). Nap,
naphthylacetic acid; Man, Mannosamine.
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fetal bovine serum (FBS). The results show that glycopeptides
are more stable than the corresponding original peptides. The
degradation ratio (Figure 4A and Figure S8) of all the EISA
precursors follows the trend of DL-NA (98.7%) > L-N
(98.1 %) > DL-N (93.2 %) > DL-NAM (50.6%) > L-NM
(37.4 %)>DL-NM (26.1%), agreeing with the reported work
that using glycosylation of peptide to improve the stability of
biomaterials forming by peptides.[14,15] Concentration-depen-
dent degradation experiments (Figure S9) suggest that the
glycosylated peptide are more stable in aggregation state,
while the non-glycosylated peptides exhibit almost the similar
degradation behavior in molecularly dissolved species, or as
fibrous aggregates, implying that glycosylated peptides could
circulate as fibrous aggregates in cell level. To investigate the
self-assembly properties of the EISA precursors, we further
verified that CTSB was able to convert the precursor to
a corresponding self-assembling molecule, which then self-
assemble into higher-order structures. We used LC-MS to
quantify the cleavage ratio of EISA precursors (Figure 4B,
Figure S10 and Table S5) after addition of CTSB (5 UmL@1).
After 24 h incubation, the percentages of the enzymatic
product of L-N and L-NM are about 93.0% and 67.9%, while
the conversation percentages of DL-N, DL-NM are about
42.6% and 54.5 %, indicating the stereochemistry could affect
the enzymatic rate of EISA precursor. We also found that
DL-NAM, the most hydrophobic precursor, exhibits slower
molecular transformation, which is about 36.7%, suggesting
the balance of hydrophobic and hydrophilic parts in the
precursor could influence the EISA kinetics.[16] We also
investigate the enzymatic conversion of precursors at the

concentration of 25 mM and 100 mM, the results (Figure S11)
indicate that the aggregation of the precursors slightly
influences their enzymatic conversion ratio. Compared the
CMC values with enzymatic conversion of precursors, our
results also suggest that the enzymatic reactivity is not related
to the solubility (all peptides are dissolved very well in
aqueous solution) or CMC values of precursors. Hydrolysis
experiments also show that D-N and D-NM hardly be cleaved
by CTSB (Figure S12), agreeing with their low bioactivity
towards cancer cells (Figure S13).

To investigate the influence of physicochemical properties
of assemblies on their bioactivities, we first assess the critical
micellization concentration (CMC) of EISA precursors
before and after addition of CTSB by dynamic light scatter-
ing. The results (Figure 4C) indicate that C-terminal modi-
fication of peptide with mannose decreases the self-assembly
ability of the precursors, as evidenced by the CMC values,
which follows the order of DL-NA (1 mM) < L-N (26 mM) <

Figure 3. A) CTSB expression levels in cancer cells (HeLa and
U87MG) and non-cancer cells (HS-5 and MCF-10A) that detected by
western blot. B) Quantification of CTSB expression levels from (A).
The gray values of CTSB were divided by that of actin. All data are
normalized to HeLa cells (set as 1). C) IC50 of EISA precursors in
HeLa, U87MG, HS-5 and MCF-10A. *, >500 mM.

Figure 4. A) Degradation ratio of peptides incubated in MEM supple-
mented with 10 % FBS at 37 88C for 2 h. The concentration of peptides
is 100 mM. B) Hydrolysis ratio of peptides that treated with CTSB.
0.2 mgmL@1 peptides were incubated with 5 U mL@1 CTSB at 37 88C for
24 h before being quantified by LC/MS. Student’s t test was per-
formed: *, P<0.05; **, P<0.01; ns, no significance. C) CMC of
peptides. Peptides were incubated with (CTSB +) or without (CTSB-)
5 UmL@1 CTSB at pH 6.0 for 24 h and then detected by dynamic light
scattering (DLS) for CMC calculation.
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DL-NAM (48 mM) < DL-N (64 mM) < L-NM (73 mM)< DL-
NM (160 mM). Although enzymatic hydrolysis of the glyco-
sylated peptides and the non-glycosylated peptides should
yield the same peptide, the hydrolysis rate and the final
hydrolysis percentage of glycosylated and non-glycosylated
peptides could also influence the final CMC values of
molecules after hydrolysis by enzymes. Compared to the
corresponding precursors, the CMC values of assemblies
formed by EISA decreased by 1.2 (L-N), 1.7 (DL-NM), 2.4
(DL-N), 3.0 (L-NM), and 4.9-fold (DL-NAM), respectively,
with DL-NA as an exception, of which CMC increased 5.1
times. Zeta potential measurements (Figure S14) show that
all the precursors at concentration near or higher than CMC
have positive charges, suggesting the positively charged
aggregate state of precursors could contribute to their
interaction with negatively charged cancer cell membranes.[17]

Together with the bioactivity and stability of precursors, these
results suggest the complexity of in situ formation of
assemblies in living cells, and elucidating the exact contribu-
tions of each factor will advance these fields.

We then studied the morphologies of EISA precursors
before and after the addition of CTSB by cryogenic electron
microscopy (cryo-EM). The results show that before adding
enzymes, the precursors (excluding DL-NM) form uniform
nanofibers at the concentration near the IC50, which have
subtle changes after the addition of CTSB (Figure 5). DL-NM
form few amorphous aggregates before the addition of CTSB,
which transform into unique nanofibers with a diameter of
5.9 nm in several micrometer length. Additionally, DL-N,
DL-NM, DL-NAM did not form nanofibers at 25 mM (lower
than CMC of most peptides except DL-NA), but transformed
to nanofibers after addition of CTSB (Figure S15). Circular
dichroism (CD) experiments also reveal a subtle difference
between EISA precursor and the assemblies after the
addition of CTSB (Figure S16). Together, these results
suggest that the aggregates rather than the monomers of
EISA precursor are the first step in determining the anti-
cancer cell activity.

To directly visualize the cellular distribution and the
dynamic properties of assemblies formation in living cells, we
designed and synthesized six fluorescent EISA precursors by
replacing the naphthyl group with a fluorophore nitroben-
zoxadiazole (NBD) at the N-terminal of peptides, resulting in
fL-N, fL-NM, fDL-N, fDL-NM, fDL-NA, fDL-NAM
(Scheme S2). The fluorescent analogs show similar self-
assembly properties and bioactivities with their original
Nap-precursors (Figures S17–S19). The CLSM results reveal
that most of the green fluorescence from assemblies of
peptides co-localize with red fluorescent dots from Lyso-
Tracker in U87MG cells at 2 h (Figure 6 A). After 24 h
incubation, almost all the green fluorescent dots co-localize
with the red fluorescent dots from LysoTracker, suggesting
the uptake of peptides by cells via endocytosis and accumu-
late in lysosomes with the increase of time. We next used flow
cytometry to quantify the assemblies within cells after 2 and
24 h incubation. The results indicate that the cellular uptake
of fDL-NM and fDL-NAM is higher than fDL-N and fDL-
NA at 24 h, which is about 1.1 and 1.9 fold, respectively
(Figure 6B and C). Compared with the uptake of fL-N (fL-

NM), cellular uptake of fDL-N, fDL-NM, fDL-NA, and fDL-
NAM shows 6.5, 7.1, 3.0 and 6.0 fold increase in fluorescence
intensity, respectively, indicating the stability of peptides
could affect the accumulation of peptides in living cells.
Concentration-dependent studies suggest that the maximum
fluorescent intensity of cells is achieved at 24 h (50 mM) and
6 h (100 or 150 mM), respectively (Figure S20). At 1 h, the
fluorescent intensity of cells treated with 100 mM of fDL-
NAM is about two fold of the cells treated with 50 mM of fDL-
NAM, while the fluorescent intensity of cells treated with
150 mM of fDL-NAM is about 3.5 fold of cells treated with
100 mM of fDL-NAM. These results suggest that the aggre-
gation state of peptide could promote the cellular uptake of
molecules.

To investigate the dynamic self-assembly process of
precursor and their interaction with the plasma membrane
in living cells, we obtained living cell video (Video clip S1) of
U87MG cells. The results show that the precursor fDL-NAM
binds to the cell surface quickly (in 1 minute) and show
puncta fluorescence in the endosomes through endocytosis
(Figure S21). We also examine the precursorsQ membrane-
binding capability by incubating cells on ice and measuring

Figure 5. Cryo-EM images of nanostructure formed by L-N, L-NM, DL-
N, DL-NM, DL-NA, and DL-NAM before and after the addition of
CTSB (5 UmL@1). The concentration of all the molecules is
0.2 mgmL@1. Scale bar: 100 nm.
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NBDQs fluorescence intensity by a microplate reader. Glyco-
peptides bind equally to the corresponding ones without
mannose in HeLa cells, except fL-NM (Figure S22). The
binding ability of EISA precursors with cell membrane
follows the order of fDL-NA (fDL-NAM) > fL-N > fL-NM
= fD-N (fD-NM) > fDL-N (fDL-NM). In U87MG cells, only
fDL-NM binds U87MG cells slightly higher than fDL-N,
while fL-NM and fDL-NAM bind lower than fL-N and fDL-
NA, respectively. These results, together with the zeta
potential properties of the precursor, suggesting the inter-
actions between the precursors and cell membrane are the
important step for their further bioactivity.

To investigate the essential role of CTSB for bioactivity of
assemblies, we co-incubate a CTSB specific inhibitor CA-
074Me[18] with precursor during cell viability experiment. Co-
incubating the inhibitor CA-074Me significantly reduced the
cytotoxicity of five EISA precursors (L-NM, DL-N, DL-NM,
DL-NA, and DL-NAM) in HeLa and four (L-NM, DL-NM,
DL-NA, and DL-NAM) in U87MG cells (Figures S23, S24),
indicating the vital process of EISA in anti-cancer cell
efficiency. After being endocytosed and transferred to
lysosomes, CTSB in the lysosome could convert the EISA
precursors to the corresponding self-assembly molecules,

which further self-assembly to form functional structures in
the lysosome and lead to lysosome membrane permeabiliza-
tion (LMP). To test this hypothesis, we used acridine orange
(AO)[19] to stain HeLa (Figure S25) and U87MG cells (Fig-
ure 7A) before and after incubating with the cytotoxic
precursor DL-NAM, respectively. Generally, AO emits green
fluorescence. Once it accumulates and aggregates in the acidic
lysosome, AO also emits red fluorescence. We observed dot-
shaped red fluorescence and diffusive green fluorescence
accompanying some aggregates in the control group. After
the addition of DL-NAM (250 mM) for 2 h, the dot-shaped
red fluorescence transferred to diffusive fluorescence in some
cells, while the red fluorescence is diffusive in almost all cells
at the concentration of 500 mM (2 h), indicating the occur-
rence of LMP. We also used another dye, Magic Red (MR), to
further confirm LMP induced by assemblies. MR shows no
fluorescence and will emit red fluorescence after hydro-
lyzation by CTSB.[20] Thus MR can indicate the distribution of
CTSB and the integrity of lysosome where CTSB is mainly
located. The dot-shaped fluorescence of MR in normal cells
without treatment is consistent with the distribution of CTSB
in lysosomes (Figure 7 B). After the addition of DL-NAM,
the dot-shaped fluorescence of MR becomes diffusive,

Figure 6. A) Subcellular distribution of NBD labelled peptides. U87MG cells were incubated with 62.5 mM peptides (Green) for 2 or 24 h before
being stained by LysoTracker Deep Red (Red) and imaged by CLSM. Scale bar: 10 mm. B) Histogram of flow cytometry. U87MG cells incubated
with 62.5 mM NBD labelled peptides for 2 or 24 h, and then detected by flow cytometry. C) Mean fluorescence intensity of flow cytometry. The
data are normalized to that of fL-N at 24 h (set as 1).
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indicating CTSB released from disrupted lysosomes to the
cytosol. To visualize the morphology change of lysosome and
in situ assembly of EISA precursors, we used Bio-EM to
detect the U87MG cells after incubating with EISA precur-
sors (L-N, L-NM, DL-NM, and DL-NAM). Compared to the
control cells (Figure 7C), the cells treated with DL-NAM
(Figure 7D) and DL-NM (Figure S26) exhibit distinctive
nanofibers inside and outside lysosomes. The morphology of
intracellular nanofibers is similar to the in vitro experiments
by TEM. We also found that cells treated with DL-NAM and
DL-NM have almost no integral organelles except many large
vacuoles containing nanofibers. L-NM treated cells were also

vacuolated, but we could only observe nanofibers existing in
few cells (Figure S26). Cells incubated with less toxic L-N
show similar morphology to the control group (Figure S26).
These in situ assembly is due to the enzymatic transform of
EISA molecules as inhibitor of CTSB could block it (Fig-
ure S27). These results demonstrate that the designed EISA
molecules can assemble in cancer cells and lead to cell
vacuolization, resulting in cell death selectively.

To explore the cell death mechanism induced by assem-
blies, we detected the apoptosis and necroptosis of U87MG
cells treated with DL-NAM by staining cells with YO-PRO-
1 (YP1, for apoptosis) and propidium iodide (PI, for necrosis)

Figure 7. A) U87MG cells were incubated with 250 or 500 mM DL-NAM for 2 h, and stained with AO. Fluorescence images were captured at
excitation =488 nm/emission= 510–550 nm (Green), and excitation = 561 nm/emission=610–700 nm (Red). B) U87MG cells were incubated
with 250 or 500 mM DL-NAM for 1 h and incubated for another 1 h with addition of MR. Fluorescence images were captured at
excitation =561 nm/emission= 610–700 nm (Red). C) Bio-EM images of U87MG cells incubated without peptide. D) U87MG cells incubated with
200 mM DL-NAM for 24 h.
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(Figure 8A and B). The results indicate that there is no
significant difference of apoptosis (YP1 + /PI@) between the
control group and DL-NAM treated cells, while necrosis
(YP1: /PI +) increased up to 17-fold at 1 h later after treated
with DL-NAM (125 mM). The necrosis ratio decreased from
1 h to 24 h when cells were treated by DL-NAM (62.5 mM or
125 mM). A possible reason for this is that necroptotic cells
became unstainable with the increase of incubation time. We
observed the highest necroptosis ratio of U87MG cells
treated by 62.5 or 125 mM DL-NAM at 1 h, indicating the
DL-NAM induced necroptosis is fast and may cover up the
sluggish apoptosis. Western blot experiments also show
moderate apoptosis is induced by DL-NAM (Figure S28).
Furthermore, the cytotoxicity of DL-NAM was slightly
reduced when U87MG cells co-incubated with DL-NAM
and an apoptosis specific inhibitor of Z-VAD-FMK (VAD)
(Figure 8C), indicating apoptosis only plays a minor role in
EISA induced cell inhibition. In contrast, co-incubation with
DL-NAM (62.5 or 125 mM, 24 h) and an inhibitor of necrosis
(Necrostatin-1, Nec) rescued the cell viability from 60% to
90% or from 25 % to 65%, respectively, demonstrating
necroptosis plays the major role in EISA induced cell
inhibition. Inhibition of CTSB could reduce the toxicity of
DL-NAM and minimize necroptosis, indicating the role of
CTSB in cancer cell inhibition (Figure S29 and S30).

Drug sequestration in lysosome is one of the major
problems for drug resistance.[21] Encouraged by the fact that
our EISA precursors can disrupt the lysosomeQs integrity, we
further investigated whether they can improve drug release
from the lysosome. The combination of DL-NAM (62.5 mM)
and an anti-cancer chemotherapy drug (DOX, 0.4–10 mM)
potently inhibits U87MG cell viability to 10–13 % of control
(Figure 9A), while neither of them alone can inhibit cell
viability to lower than 36 %. Notably, the combination of
125 mM DL-NAM and 0.4 mM DOX inhibits 98 % cell
viability, suggesting an exceptionally strong synergism. We
quantitatively evaluated the synergy effect of DL-NAM and

DOX by calculating the combination index (CI) that depicts
synergism (CI< 1), additive effect (CI = 1) and antagonism
(CI> 1).[22] CI of most data is small than 1, with 10 out of 15
small than 0.5, indicating a strong synergy effect (Figure 9B).
We also calculated plotted dose-reduction index (DRI),
which denotes how many folds the dose of each drug may
be reduced base on synergism, compared with the dosage of
each drug alone.[22] According to the DRI diagram, there is
a ca. 3 fold and ca. 100 fold dose-reduction for DL-NAM and
DOX to achieve 90 % inhibition, respectively (Figure 9C),
indicating the synergy effect of DL-NAM and DOX and that
DL-NAM can improve the efficiency of DOX toward cancer
cells. Strong synergy effect of DL-NAM and DOX was also
observed in HeLa cells (Figure S32). In contrast, very weak
synergy effect was observed in non-cancer MCF-10A cells
(Figure S33). Using CLSM, we detected the distribution of
DOX in U87MG cells with or without the treatment of DL-
NAM. The results indicate that the distribution of DOX
changes significantly after the addition of DL-NAM. Fig-
ure 9D shows that the fluorescence from DOX reduce in
lysosomes and increased in the nucleus after the cells were
treated by DL-NAM (Figure 9D). Meanwhile, impaired
staining of lysosome with acidophilic LysoTracker also reveals
the disruption of the lysosome by DL-NAM.

Conclusion

This work reports the programming of functional assem-
blies in living cells for cancer cell inhibition selectively by the
integration of the endocytotic process and enzyme instructed
self-assembly. Unlike the emerging concept of biological
condensates, the rationally designed artificial assemblies
presented in this work provide an easily accessible way to

Figure 8. A) Plot graph of U87MG cells stained by PI and YP1.
B) Percentage of apoptosis (YP1+ /PI@) and necrosis (YP1: /PI+)
cells. C) Cell viability of U87MG incubated with DL-NAM and Necros-
tatin-1 (Nec) or Z-VAD-fmk (VAD).

Figure 9. A) Cell viability of U87MG cells incubated with DL-NAM and
DOX for 24 h. (B) Combination index and C) DRI calculated from (A)
according to the Chou–Talalay Method.[22] Fa, fraction affected.
D) CLSM images of U87MG cells incubated with 10 mM DOX for 1 h
and then incubated with 250 mM DL-NAM for another 1 h. Lysosomes
were stained by LysoTracker. Scale bar: 20 mM.
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modulate cell behaviors in a biomimetic strategy. The fully
characterized precursors and their bioactivities in living cells
illustrate a better understanding of the essential role of
serumal stability of designed molecules in their bioactivity
efficacy. Because of the unique cell death mechanism of our
strategy, we also applied it in solving the multidrug resistance
of certain drugs by inducing LMP of the lysosome. We predict
that the integration of endocytotic process and microenviron-
ment of certain diseases provides a general way to design
functional assemblies in living cells and offer an alternative
strategy to solve the clinical problem of multidrug resist-
ance.[23]
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