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Intracellular Condensates of Oligopeptide for Targeting
Lysosome and Addressing Multiple Drug Resistance

of Cancer

Jing Wang, Liangbo Hu, Hongyue Zhang, Yu Fang, Tingliang Wang, and Huaimin Wang*

Biomolecular condensates have been demonstrated as a ubiquitous phe-
nomenon in biological systems and play a crucial role in controlling cellular
functions. However, the spatiotemporal construction of artificial biomolecular
condensates with functions remains challenging and has been less explored.
Herein, a general approach is reported to construct biomolecular condensates
(e.g., hydrogel) in the lysosome of living cells for cancer therapy and address
multiple drug resistance induced by lysosome sequestration. Aromatic-motif-
appended pH-responsive hexapeptide (LTP) derived from natural insulin can
be uptaken by cancer cells mainly through caveolae-dependent endocytosis,
ensuring the proton-triggered phase transformation (solution to hydrogel) of
LTP inside the lysosome specifically. Lysosomal hydrogelation further leads to
enlargement of the lysosome in cancer cells and increases the permeability of
the lysosome, resulting in cancer cell death. Importantly, lysosomal assem-
blies can significantly improve the efficiency of current chemotherapy drugs
toward multidrug resistance (MDR) cells in vitro and in xenograft tumor
models. As an example of functional artificial condensates in lysosomes, this
work provides a new strategy for controlling functional condensates forma-
tion precisely in the organelles of living cells and addressing MDR in cancer

therapy.

1. Introduction

Molecular self-assembly, a prevalent phenomenon used exten-
sively in nature, serves as a bottom-up approach in chemistry
and materials science to generate functional structures.!?
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Although research in this field has
achieved great successes in constructing
functional Dbiomaterials in vitro in a
variety of applications,>™ instructed self-
assembly for cancer therapy and imaging,
which involves the endogenous stimuli
and molecular self-assembly to form func-
tional higher-order structures in living
cells, has emerged as a promising strategy
in the past decade.l>”?% Living cells used
this strategy to make functional macromol-
ecules involving highly efficient catalytic
reactions (e.g., enzyme, redox, pH) and
then self-assemble to form higher-order
structures.?!! Recent discoveries also high-
light the essential role of intracellular con-
densed liquid-like droplets (e.g., hydrogel
in most cases) of biomolecules, including
protein and RNA, in dictating the biological
functions and devastating diseases.??~%]
Thus, a synthetic platform of functional
higher-order assemblies (e.g., hydrogel) in
living cells could offer an opportunity to
understand the intracellular condensates
and perform certain functions.[26-28]

Since Coffey and De Duve’s discovery of the lysosome,230]
the lysosome has been recognized as an essential cellular orga-
nelle (or recycling center) to degrade and recycle extracellular
and intracellular materials.?!! The dysfunction of the lysosome
has been implicated in many diseases, including cancer pro-
gression. Understanding the function and dysfunction of the
lysosome in recent years suggests the targeting lysosome selec-
tively emerges as a novel opportunity for treating diseases. For
example, heat-shock protein 70 (HSP70) and V-H*-ATPase are
attractive targets in the drug screening for cancer treatment by
increasing lysosomal pH and inducing lysosomal-membrane
permeabilization (LMP).3% Moreover, the acidic property of the
lysosomal compartment of tumor cells is usually used to modu-
late drug release from acid-sensitive prodrug or pH controllable
drug carriers.}334 Although the above strategies have achieved
remarkable success for therapeutically targeting the lysosome,
less attention has been focused on forming functional assem-
blies inside lysosome through molecule self-assembly.?*3¢l
Moreover, lysosomal drug sequestration contributes to cancer
multidrug resistance by entrapping chemotherapeutic agents in
lysosome to reduce drug availability to sites of action.’”8] We
hypothesized that in situ construction of biomolecular conden-
sates in the lysosome could change the lysosomal property and
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Figure 1. Schematic illustration of pH-responsive transformable peptides and the self-assembly process in vitro and in vivo. A) Typical molecular
structure of LTP which composed of a SA promoting group, a pH transformable motif and C-terminal modification with or without sugar. B) LTP could
form nanoparticles at pH 7.4 aqueous solution and transform into nanofibers in acidic condition (pH 5.0) through noncovalent interaction, which
further entangled with each other to form self-supporting hydrogel. C) Phase-transformation process in living cells. After being uptaken by cancer
cells through endocytosis (stage 1), oligomers of LTP accumulate in the lysosomes and transform into nanofibrous hydrogel through proton-induced
phase transformation (stage I1). The nanofibrous hydrogel further induces the enlargement of the lysosome (stage I11) and causes LMP to result in

cancer cell death.

redirect the lysosomal sequestrated drugs to the active targets
for addressing MDR.

Here, we report a general approach that could induce func-
tional assemblies (e.g., hydrogel) formation in the lysosome
of living cells (Figure 1). Taken advantage of lysosomal acidi-
fication and a pH-responsive natural protein, we rationally
designed aromatic capped peptides that reversibly form higher-
order assemblies from oligomers with the changing of con-
formation and morphologies in the lysosome. The oligomer
of molecules could readily uptake by cells mainly through
caveolae-mediated endocytosis. The proton in lysosome then
induces the self-assembly of molecules to form a nanofibrous
hydrogel, as evidenced by in vitro and in vivo experiments.
The lysosomal hydrogel undergoes swelling in the lysosome,
leading to massive lysosome swelling, resulting in cancer cell
death through necroptosis and apoptosis. Significantly, the
lysosome swelling also changes the lysosomal membrane’s
permeability and releases the trapped chemotherapy drugs to
the cytosol, resulting in over 600 folds of bioactivity. Using two
drug-resistant tumor-bearing mouse models, we demonstrate
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that our strategy could inhibit drug-resistant cancer growth
during the therapeutic period. This work, mimicking the func-
tional high-order assemblies (e.g., biomolecular condensates)
in cells, opens up a new opportunity for addressing multidrug
drug resistance of cancer.

2. Results and Discussion

2.1. Design, Synthesis, and Characterization of Lysosomal
Acid-Induced Assemblies

Based on the concept illustrated in Figure 1, the designed
lysosome targeting molecule (LTP) consists of the following
essential parts: i) Val-Glu-Ala-Leu-Tyr-Leu (VEALYL)P? is
the segment derived from human insulin protein, which plays
a crucial role in determining the aggregation of insulin. A
detailed mechanistic study suggested that this segment could
form amyloid fibrils consisting of a pair of S-sheet through
intermolecular hydrogen bonding.’) Eisenberg and others
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demonstrated that the aggregation of this segment depends on
the changes of pH.?>* ITP forms amyloid fibers (or micro-
crystals) under acidic conditions while remains in the soluble
oligomer state at neutral pH. Taking advantage of the prop-
erty of this segment, we thus select VEALYL as a pH-respon-
sive segment in our design. ii) N-terminal modification of
the 2-naphthylacetyl group provides the aromatic—aromatic
interaction to increase the self-assembly ability of peptides.*!

www.advmat.de

iii) C-terminal glycosylation of peptide to improve the proteo-
Iytic stability of peptides. We used the standard Fmoc-based
solid-phase peptide synthesis (SPPS) to synthesize L (L-LTP) and
D (D-LTP) enantiomer of LTP. After obtained the LTP, we used
liquid phase coupling to synthesize glycopeptide (Figure 2A),
resulting in L-LTPS and D-LTPS. All the molecules were puri-
fied by high-performance liquid chromatography (HPLC),
and analyzed by 'H NMR spectra and LC-MS to confirm the
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Figure 2. Physiochemical characterization of self-assembling behavior of designed molecules in this work. A) Molecular structure of peptides L-LTP,
D-LTP, L-LTPS, and D-LTPS. B) CMC values of L-LTP, D-LTP, L-LTPS, and D-LTPS at pH 7.4 and pH 5.0 that measured by the Rhodamine 6G method.
C) TEM images of L-LTP, D-LTP, L-LTPS, and D-LTPS at the concentration of 500 x 1078 m at pH 7.4 and pH 5.0. Scale bar: 100 nm. D) CD spectra of
L-LTP, D-LTP, L-LTPS, and D-LTPS (500 x 10~® m) at pH 7.4 and pH 5.0. E) Rheological measurement of L-LTP, D-LTP, L-LTPS, and D-LTPS at the con-

centration of 5x 1073 m at pH 7.4 and pH 5.0.
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structures and purities (Figures S1-S3 and Table S1, Sup-
porting Information).

To examine the pH-responsive property of the molecules,
we first measured their critical micellization concentration
(CMC) at different pHs since CMC reflects the self-assembling
abilities of a given molecule. The results (Figure 2B) show that
the CMC value of L-LTP reduced from 1536 to 219 X 10° m
with a pH change from 74 to 5.0, which is over seven folds
reduction. The CMC value of D-ITP follows a similar trend,
which is 1521 X 107° m at pH 74 and decreases to 76 x 10° m
at pH 5.0. Notably, the CMC value of L-LTPS (or D-LTPS) is
530 x 107® M (or 191 x 107° m) at pH 74, indicating C-terminal
modification of LTP increases the self-assembly ability of
resulted molecules. At pH 5.0, the CMC value of L-LTPS and
D-ITPS is 102 x 107° m (five folds reduction) and 30 x 10 m
(six folds reduction), suggesting the glycosylation of LTP main-
tains the pH-responsive property of original peptides. Stability
analysis experiments indicate that D-LTP and D-LTPS are
stable in proteinase K solution (1.0 mg mL™) and 10% fetal
bovine serum (FBS) solution (Figure S9, Supporting Infor-
mation). We also found that L-LTP and L-LTPS are easy to be
degraded compared with D-LTP and D-LTPS. L-I'TP almost
degraded completely in proteinase K (1.0 mg mL™) and 10%
FBS solution after 2 h incubation, while the glycosylated
peptide L-LTPS is much more stable than L-ITP since 48%
of L-LTPS still maintained in 10% FBS after 24 h incubation.
Transmission electron microscopy (TEM) images reveal the
pH-dependent morphology transformation of these molecules
at different pHs (Figure 2C). These molecules self-assembled
into nanoparticles at pH 74. While an acidic environment can
deionize the carboxyl group and enhance the self-assembly of
the molecules to transform into nanofibers. Statistical image
analysis shows that the mean diameter of nanofibers is 10.28 +
1.42 nm for L-LTP, 11.38 + 2.03 nm for D-LTP, 9.51 + 1.00 nm
for L-LTPS, and 7.51 + 0.88 nm for D-LTPS, respectively. TEM
images (Figure S4, Supporting Information) also show that
the transformation of nanoparticles to nanofibers starts at pH
6.0. The nanoparticles are stable within the pH range from 74
to 8.2, and the nanofibers are very stable at pH 4.0-6.0. The
results of dynamic light scattering (DLS, Figure S5, Supporting
Information) also consist with the morphology change that
observed by TEM, further demonstrating that the changing
of environmental pH induces the morphology transformation
of peptide. We further used atomic force microscopy (AFM),
Cryo-EM, and DLS to characterize the self-assembly property
of our peptides (Figures S6-S8, Supporting Information).
The results of AFM show the morphology transformation of
the peptides in pH 74 and pH 5.0 solution, agreeing with the
observation by TEM. To better understand the self-assembly
property of the peptide without drying effects, we used Cryo-
EM to examine the morphology of peptides at different pHs.
The results show that the peptides form nanospheres in pH 74
and nanofibers in pH 5.0, consisting with the observation by
AFM. DLS results indicate that peptides in pH 5.0 have longer
timescales of inflection points in Autocorrelation function
profiles than in pH 74, which confirms the transformation
from oligomer to nanofibers of peptides. Circular dichroism
(CD) results reveal the conformation changes of peptide at dif-
ferent pHs. Compared with the peptide at pH 74, there is one
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negative peak at 214 nm (L-LTP) and 218 nm (D-LTP), and one
positive peak at 181 nm in pH 5.0. For glycosylated peptide of
LTPS, the CD spectra show one positive peak at 181 nm and
two negative peaks at 206 and 219 nm (Table S2, Supporting
Information). These results suggest that the designed peptides
undergo pH-dependent conformational changes. To investi-
gate whether the molecules could undergo a phase transfor-
mation from solution to hydrogel in living cells under the
acidic condition, we first performed the hydrogelation test in
vitro at different pHs by GdL strategy.*!l GdL strategy is widely
used to prepare the hydrogel by pH adjustment, which hydro-
lyzes glucono-&lactone to generate gluconic acid and results
in pH gradient of the system. The results show that all the
molecules could form transparent hydrogel at pH 5.0, while
maintaining a clear solution at pH 74, suggesting the pH-
dependent phase transition of the molecules, which is con-
sistent with the observation of TEM images. According to the
results of critical gelation concentration (CGC) experiments
(Figure S10, Supporting Information), the CGC of D-LTP and
D-LTPS is 1.0 x 107> M. Rheological experiments (Figure 2E)
reveal that the storage modulus (G’) is almost the same as the
loss modulus (G”) of molecules at pH 7.4, which is lower than
30 Pa. In contrast, all the molecules form hydrogel at pH 5.0 at
the same concentration, as evidenced by the dominating value
of G’ in the rheological measurement. These results suggest
that the designed molecules could form stable hydrogel under
an acidic environment similar to the pH value of lysosome,
suggesting the promising formation of hydrogel in the lyso-
some of living cells.

2.2. Intracellular Formation and Distribution
of Molecular Assemblies

We next evaluate the bioactivity of the intracellular molecular
assemblies on human cervical cancer (HeLa) cells. As shown
in Figure 3A, L-ITP has little cytotoxicity against HeLa cells,
and D-ITP kills about 50% HeLa cells at high concentration
(500 x 107 m), while L-LTPS and D-LTPS exhibit higher cytotoxicity
toward Hela cells in a concentration-dependent manner. The
ICso of D-LTPS is 343 x 107 m (24 h) and 196 x 10 m (48 h)
against Hela cells. While for L-LTPS, cell viability is higher
than that of D-LTPS after 48 h incubation, indicating that
D-LTPS still show decent inhibitory effect even after 48 h incu-
bation (Figure S11, Supporting Information). These results
together indicate that the stability and self-assembling ability
of molecules together determine the cytotoxicity of final assem-
blies. Apoptosis/necrosis assay by flow cytometry suggests
that the cell death induced by D-LTPS involved both apoptosis
and necrosis (Figure 3B). Moreover, we also utilized necrop-
tosis inhibitor Necrostatin-1 (Nec-1)** and caspase inhibitor
Z-VAD-FMK®! to investigate the modality of cell death induced
by molecular assemblies (Figure S12, Supporting Information).
The cytotoxicity results indicate that Z-VAD-FMK could rescue
the cell viability of HeLa cells from 78% to 116% upon the treat-
ment with D-LTP (200 x 10 m) for 24 h, while the cytotox-
icity of D-LTPS is barely reduced (200 x 10~° m) with addition
of Z-VAD-FMK. However, Nec-1 decreases the cytotoxicity of
both D-LTP and D-LTPS in a concentration-dependent manner,
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Hela cells treated with D-LTP (500 x 106 m) and D-LTPS (500 x 10~® m) for 2 h. C) Confocal laser scanning microscopy images of Hela cells treated with
fL-LTP (100 X 1076 m) and fD-LTP (100 x 10°¢ m) for 2 and 24 h. D) Effect of endocytosis inhibitors (amiloride 25 x 107 m; chlorpromazine 15 x 107 m;
EIPA 25 x 107 m; filipin 111 3 X 1078 M) on cellular uptake of fD-LTP that analyzed by flow cytometry. E-G) Representative Bio-TEM images of Hela cells
treated with: E) culture medium, F) D-LTP (500 x 107 m), and G) D-LTPS (500 x 10~® m) for 24 h. Scale bars in (E-G): 2 um in the low-magnification
images, and 200 nm in the high-magnification images. Data are means + standard deviation (SD), P < 0.01 (analysis of variance (ANOVA) and two-
tailed Student’s t-test).
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especially for the cells treated with D-LTPS. Nec-1 could also
rescue the cell viability from 50% to 100% that treated with
D-LTPS at higher concentration (500 x 107® m) for 24 h, sug-
gesting the leading cause of cell death induced by D-LTPS is
necroptosis. We also employed HS-5 (Human bone marrow
stromal cells) cell line as a normal cell model. The results
(Figure S13, Supporting Information) indicate that the mole-
cules are innocuous to normal cells even at high concentra-
tion (500 x 107 m), suggesting the cancer cell selectivity of our
strategy.

To directly image the intracellular formation of molecular
assemblies and their cellular distribution in living cells, we
synthesized fluorophore-labeled peptide {-LTP (Figure S14, Sup-
porting Information) by attaching nitrobenzofurazan (NBD)
at &amine of lysine because NBD is an environment-sensitive
fluorophore and has been employed for imaging biological
components and molecular assemblies in the living system.!"’]
f-LTP exhibits similar self-assembling behaviors with LTP,
forming nanoparticles at pH 74 and transforming to nanofibers
at pH 5.0 (Figure S14, Supporting Information). The pH-
dependent property ensures the morphology transformation of
molecular assemblies of f-LTP in the lysosome of living cells.
Time-dependent confocal laser scanning microscopy (CLSM)
showed that the green fluorescence from intracellular assem-
blies formed by f-LTP colocalized with the red fluorescence
from the lysosome in Hela cells at first 2 h (Figure 3C), indi-
cating the lysosomal formation of molecular assemblies that
initiated by lysosomal acidic environment. The results also sug-
gest that lysosomes of Hela cells treating with fD-LTP swell
and become enlarged dramatically. The enlargement of lyso-
somal volume also increases the intensity of cytosolic fluores-
cence of assemblies, indicating the molecular assemblies could
escape from the lysosome. Compared with fL-LTP-treated cells,
the intensity of fluorescence from the cells treated with fD-LTP
is much higher, which could be due to the intracellular stability
of {D-LTP. With the increase of incubation time (24 h), the lyso-
some volume of cells treated with fD-LTP becomes much larger,
suggesting the sustainable accumulation of molecular assem-
blies. According to the cytotoxicity of molecules to normal cell
HS-5, we further investigate the cellular uptake of self-assembly
molecules (Figure S15, Supporting Information) by normal
cells. CLSM images indicate that tumor cells uptake more nan-
oparticles than the normal cells does, which may explain why
the self-assembly molecules exhibit innocuous to normal cells.

To understand the modes of endocytosis involved in the
uptake of molecules by HelLa cells, we employed inhibitors of
different endocytic processes to determine the cellular uptake
pathways (Figure 3D). The results show that the addition of ami-
loride (an inhibitor of macropinocytosis) and chlorpromazine
(an inhibitor of clathrin-mediated endocytosis) hardly affects the
uptake of {D-LTP. Co-incubation of 5-(N-ethyl-N-isopropyl)-ami-
loride (EIPA), another inhibitor of macropinocytosis, reduces the
uptake of fD-LTP for about 24% (analyzed by flow cytometry).
Filipin III, an inhibitor of caveolae-mediated endocytosis by dis-
rupting lipid raft, significantly decreases the uptake of fD-LTP
by about 70%. These results indicated that the nanoparticles
formed by LTP mainly undergo caveolae-mediated endocytosis,
which ensures the further accumulation of LTP in lysosomes/
endosomes after cellular uptake and then self-assemble to form
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the nanofibrous network under acidic conditions. To determine
the concentration of peptide in lysosomes, we extracted the
lysosomes of Hela cells that were treated with peptides using
a Lysosome Isolation Kit, and determined the concentration of
peptides by LC-MS and TEM (Figure S16, Supporting Informa-
tion). TEM imaging of extracted lysosomes shows the formation
of nanofibrous network inside the lysosomes, further suggesting
the formation of assemblies inside the lysosomes. LC-MS cal-
culation indicates that the concentration of peptides inside the
lysosomes is much higher than the CMC value in vitro, con-
firming that the accumulation of peptides inside the lysosome
is sufficient to form assemblies in the lysosome. To prove the
formation of the hydrogel like structure in living cells, we per-
formed fluorescence recovery after photobleaching (FRAP)
experiments (Figure S17, Supporting Information) by bleaching
the Lysotracker Deep Red (DND-99) signal. Molecules in liquid
phase undergo exchange rapidly with the surrounding cyto-
plasm, while molecules in hydrogel-like phase undergo a slower
exchange. According to the FRAP results, the control group has
a strong recovery of the fluorescence signal, with 68.3% + 22.0%.
While D-LTP- and D-LTPS-treated groups exhibited a poor FRAP
recovery, with 40.0% * 16.5% for D-LTP and 20.8% * 79% for
D-LTPS, respectively. These results suggested that D-LTP and
D-LTPS form hydrogel-like structures in the lysosomes. We fur-
ther investigated the nanostructures formed by LTP inside HelLa
cells using Bio-TEM (Figure 3E-G). Compared with the control
cells, the cells treated with D-LTP and D-LTPS show swollen
and different shaped lysosomes (blue square frame in Figure 3),
indicating lysosomal hydrogel could influence the integrity of
the lysosome. Time-dependent bio-TEM (Figure 3E-G; and
Figure S19, Supporting Information) reveals the gradual forma-
tion of nanofibers inside the lysosome. After 24 h incubation,
TEM results show obvious nanofiber formation in the lysosome
(as indicated by red arrow), suggesting the morphology trans-
formation of LTP under the acidic condition in the lysosome.
We also found the cytoplasmic nanofibers with the extension
of incubation time, indicating the molecular assemblies could
escape from the lysosome into the cytoplasm with the increase
of incubation time.

2.3. Lysosomal Hydrogelation Improves Chemosensitivity
of Conventional Chemotherapy Drug in MDR Cells

MDR is one of the main obstacles for clinical chemotherapy
failure and exists in almost all types of cancer cells and occur-
rence in all modes of treatment.*#] Lysosomal sequestration
of lipophilic, weakly basic anticancer drugs is one of the mecha-
nisms of MDR, which causes drug resistance by reducing drug
availability to the active site.*¥*] To enhance the therapeutic
effect of chemotherapeutic agents by eliminating lysosomal
sequestration, several strategies, including lysosome alkalin-
izing agents and lysosomotropic agents, have been explored
to reverse lysosomal drug accumulation. Induction of LMP by
these small molecules is the direct consequence for enhancing
the efficiency of chemotherapy drugs. Different from these
strategies and based on the above results, we hypothesized that
the lysosomal hydrogelation could also improve the lysosome
sequestration of clinical drugs by phase transition of peptides
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in lysosome to modulate the properties of the lysosome and  doxorubicin (Dox) as the model drug (Figure 4B).% In the
inducing LMP (Figure 4a). Dox-treated HeLa cells, CLSM results show that the fluorescent

We first utilized Hela cervical cancer cells as a research  intensity of Dox is significantly reduced with the incubation time
cancer cell model and chose the lysosomal sequestration drug  from 2 to 24 h. We hardly observe any fluorescence of Dox in the
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Figure 4. Synergistic effect of peptides and chemotherapeutic drug Doxorubicin. A) Schematic illustration of the synergistic effect of anticancer drug and pep-
tides. B) CLSM images of HeLa cells treated with 5 x 10 M Dox and 500 x 107® m D-LTP or D-LTPS for 2 and 24 h. Lysosomes are stained with Lyso—Tracker,
which denoted with red signals; Dox is presented as green signals. C) Combined cytotoxicity of peptides D-LTP or D-LTPS (200 and 500 x 1076 m) with Dox
after 24 h incubation. D) Combination index (Cl) and dose-reduction index (DRI) calculated by the Chou-Talalay method.*? E) ICg, of Dox of different groups.
F) Expression level of cleaved Caspase-3, Caspase-8, and Cathepsin B in Hela cells treated with Dox, and D-LTPS + Dox after 6, 12, 24, and 36 h incubation.
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nucleus of HeLa cells and only observe fluorescent dots that colo-
calize with lyso-tracker. In contrast, the HeLa cells treated with
Dox in the presence of D-LTP and D-LTPS exhibit much stronger
green fluorescence from Dox. As shown in Figure 4B, CLSM
images indicate that the green fluorescence occurs inside the
nucleus at first 2 h, the intensity of which became much stronger
with the increase of incubation time (24 h, red arrows). These
results suggest that intracellular hydrogelation could increase
Dox accumulation and endow drug escaping from lysosome
sequestration to the active sites (e.g., nucleus).

We next evaluated the therapeutic effect of molecular assem-
blies and chemotherapy drug Dox (Figure 4C; and Figure S20,
Supporting Information). The cytotoxicity results show that
D-LTP and D-LTPS could significantly enhance the inhibitory
effect of Dox against Hela cells, indicating the synergistic effect
of the combination of intracellular hydrogelation and Dox. In
addition, the synergistic effect of molecular assemblies and Dox
is also reflected in the reduction of ICs, of Dox (Figure 4E). The
ICs value of Dox is 11.35 X 107 M against Hela cells. In con-
trast, adding D-ITP or D-LTPS (200 x 107° m) reduces the ICs
of Dox to 0.25 X 107 m or 16.8 x 10~ M, which is about 45 and
676 folds reduction compared with the ICs, of Dox, respectively.
These results indicate that the drug concentration needed to
achieve the same therapeutic effect is significantly lower with
intracellular hydrogelation than that in the Dox-treated group.
Then we calculated the combination index (CI) and dose-reduc-
tion index (DRI) to evaluate the synergistic effect of assemblies
and Dox (Figure 4D). CI depicts synergism (CI < 1), additive
effect (CI = 1), and antagonism (CI > 1). The results indicate that
all of the combination groups are less than 1, and most are less
than 0.5, indicating a strong synergistic effect between mole-
cular assemblies and Dox. DRI indicates dose-reduction folds
for each drug in their combination form compared to the drug
alone. Favorable DRI (> 1) indicates dose-reduction in the combi-
nation therapy, and almost all of the combination group’s DRI is
greater than 1, suggesting the lysosomal assemblies can promote
the therapeutic efficiency of Dox. For D-LTPS, it can achieve a
good therapeutic efficiency with Dox even at a low concentration
of 20 x 107 M, which reduced the ICs, value of Dox for about
18 folds, indicating a strong synergistic effect between D-LTPS
and Dox (Figure S21, Supporting Information). To further eval-
uate whether D-LTP and D-LTPS could improve the anticancer
efficiency of Dox on drug-resistance cell lines, we further chose
HepG2 and MCF-7 cell lines, and the corresponding anti-drug
resistance (ADR) cell lines as research model (Figures $22-S25,
Supporting Information). According to the results of combined
cytotoxicity of HepG2 cells, the addition of D-LTP and D-LIPS
achieves ten and eight folds reduction of ICs, of Dox, respec-
tively. While for HepG2/ADR cells, D-LTP and D-LTPS achieves
15 and 588 folds reduction of ICs, of Dox. Moreover, for MCF-7,
the addition of D-LTP and D-LTPS achieves two and seven folds
reduction of ICs of Dox, while for MCF-7/ADR cells, D-LTP and
D-ITPS achieves 10 and 31 folds reduction of ICs, of Dox. These
results indicate that our strategy could improve the anticancer
efficiency of Dox, especially in the treatment of ADR cells.

We further investigate the mechanism of apoptosis by
detecting the expression level of Cathepsin B, Caspase-3, and
Caspase-8 by Western blotting experiments. According to
previous research, tumor necrosis factor (TNF) induces an
increased expression level of Cathepsin B, and Cathepsin B acts
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as an essential downstream mediator of TNF-triggered apop-
tosis.P!l Caspase-3 and Caspase-8 are normal proteases activated
in the apoptosis pathway. Figure 4F shows that the expression
level of cathepsin B peaked at 12 h, and the cells treated with
the mixture of assemblies and Dox express a higher level of
cathepsin B than the cells treated with Dox. Western blotting
results also indicate that the HeLa cells treated with the mixture
of assemblies and Dox express high levels of cleaved caspase-3
and caspase-8, suggesting cell death induced by the combina-
tion of molecular assemblies and Dox involved apoptosis.

2.4. Intracellular Assemblies Inhibit Tumor Growth and Boost
Activity of Dox in Tumor-Bearing Mice

Based on the above encouraging results, we evaluated the
therapeutic efficacy of LTP in the tumor-bearing mouse model.
We first evaluated the biodistribution of assemblies by cya-
nine5.5 (Cy5.5) labeled peptides D-LTP-Cy5.5 and D-LTPS-Cy5.5
(Figure 5A). The biodistribution is carried out in the HeLa-cells-
bearing tumor mouse model, which is developed by subcuta-
neous injection of 2 x 10° HelLa cells to the flank of the forelegs
of nude mice. After the tumor reached to the average size of
200 mm?, we injected free Cy5.5, D-LTP-Cy5.5, and D-LTPS-Cy5.5
intravenously through the tail vein and examined the fluores-
cence signals at the designated time. The in vivo imaging results
show that the fluorescence signals in organs of Cy5.5-treated
mice reduce significantly after injection, while the fluorescence
intensity of D-LTP-Cy5.5- and D-LTPS-Cy5.5-treated mice are
much higher than that of the free Cy5.5. The decrease of fluo-
rescent intensity is relatively insignificant with the increase of
administration time. The long retention time of the fluores-
cence from D-LTP-Cy5.5 and D-LTPS-Cy5.5 at the tumor sites
confirms the ability of assemblies to prolong the retention time
at tumor sites, thereby enhancing the therapeutic effect. We
next utilized the ex vivo imaging to measure the fluorescence
intensity of each group at tumor sites. After 4 h postinjection,
mice were sacrificed, and the major organs and blood were col-
lected for fluorescence imaging (n = 3) (Figure 5B). The ex vivo
imaging results indicate that the fluorescence signals of D-LTP-
Cy5.5 and D-LTPS-Cy5.5 at tumor sites are higher than that
from the free-Cy5.5-treated group, which are 2.6- and 3.2-fold
higher than the free-CyS.5-treated one, respectively, indicating
the accumulation of assemblies at tumor sites. In contrast, the
free-Cy5.5-administered group is excreted rapidly by the kidney.

We next investigate the therapeutic effect of intracellular assem-
blies and their ability for addressing MDR in Hela cells bearing
tumor model (Figure 5C-E). Mice were randomly divided into
6 groups (n = 5), and treated with saline, Dox, D-LTP, D-LTPS,
D-LTP + Dox, and D-LTPS + Dox, respectively. Figure 5A shows
that the combination group of D-LTPS and Dox exhibits a signifi-
cant inhibiting effect on the tumor growth after the first adminis-
tration, the antitumor effect sustained for the whole therapeutic
period. In contrast, the treatments of the combination of D-LTP
and Dox show feeblish inhibition on the tumor growth. Specifi-
cally, the combination of D-LTP and Dox showed some inhibiting
effect at the first 6 days, but the tumors had a significant growth
rate in the following treatment. Administration of D-LIPS alone
has similar antitumor effects with Dox at first 10 days, while D-LTP
has some effects on preventing tumor growth. At the end of the
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Figure 5. The in vivo therapeutic efficacy of peptides and anticancer drug Doxorubicin on tumor growth in a subcutaneous Hela tumor model.
A) In vivo distribution of Cy5.5, D-LTP-Cy5.5, and D-LTPS-Cy5.5 in the HelLa tumor model at different timepoints. B) The ex vivo distribution of Cy5.5,
D-LTP-Cy5.5, and D-LTPS-Cy5.5 in the HelLa cell tumor model. C) The tumor growth profiles of each group (n = 5). D) The relative tumor weights of
each group (n =5). E) Images of tumor issue of each group (n =5). F) The body weight profiles of each group (n =5). G) TUNEL results of tumor

tissue for each group; scale bar: 200 um.

treatment, we collected major organs of each group and weight the
tumor plagues to calculate the therapeutic effect. We further used
histopathological analysis by H&E staining and TUNEL assays
(Figure 5G; and Figure S26, Supporting Information) to evaluate
the toxicity of assemblies on major organs and their antitumor
effect. Compared with the saline-treated group, the treatment of
D-LTPS + Dox shows a 76.2% inhibition of tumor growth, which
exhibits significant anti-tumor ability. In addition, there are no
significant changes in body weights during the treatment period.
H&E staining indicates no obvious damage to the heart, liver,
spleen, lung, and kidney. TUNEL assays show that the combina-
tion of D-LTPS and Dox exhibits obvious apoptosis of tumor tissue
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compared to other groups, confirming the antitumor efficacy of
the combination therapy of intracellular assemblies and chemo-
therapy drugs. These results suggest that intracellular assemblies
could effectively sensitize tumors to Dox administration and boost
its activity toward MDR cancers. We also evaluated in vivo toler-
ance of the peptides via i.v. injection. The results show that injec-
tion of peptide (D-LTP or D-LTPS) at a single dose of 200 mg kg™
is fatal to mice. An iv. injection of peptides at a single dose of
150 mg kg! is healthy to mice, as evidenced by histological exami-
nation of major organs (Figure S27, Supporting Information), indi-
cating the fatal dosage of our peptide is higher than 150 mg kg™,
which is at least 5 times higher than the dosage for cancer therapy.
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2.5. Lysosomal Assemblies Boost the Activity of Sunitinib
Against Sunitinib-Resistant Ovarian Cancer

To further investigate whether the strategy could improve the
MDR in severe tumors (e.g., ovarian cancer), we examine their

effect in sunitinib resistance ovarian cancer SK-OV-3 since
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sunitinib induces lysosome-dependent MDR.®I CLSM results
show that intracellular assemblies formed by LIP-NBD (green
fluorescence) colocalized with the lysosomes (red fluorescence)
in SK-OV-3 cells at first 2 h incubation (Figure 6A). With the
increase of incubation time (24 h), the lysosomes become much
larger, similar to the observation in Hela cells. We also observe
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Figure 6. Cellular uptake and combination therapy of sunitinib and assemblies in SK-OV-3 ovarian cancer model. A) CLSM images of SK-OV-3 cells
treated with fL-LTP (100 x 1076 m) and fD-LTP (100 X 10~® m) for 2 and 24 h. B) Combination therapy of peptides D-LTP (or D-LTPS) and sunitinib against
SK-OV-3 cells after 48 h incubation. C) Combination index (Cl) and dose-reduction index (DRI) calculated according to the Chou-Talalay method.l2
D) Summary of the 1Csq of different groups against SK-OV-3 cells. E) Schematic illustration of the treatments. Sunitinib is administered intraperito-
neally and peptides are administered intravenously every other day. F) Tumor growth profiles from each group in SK-OV-3 cell tumor model (n = 6).
G) Tumor weight measurements in SK-OV-3-induced tumor model (n = 6). H) Typical image of tumor mass from each group in SK-OV-3-induced

tumor model (n =6).
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some cytoplasmic fluorescence after 24 h incubation, suggesting
the assemblies could also escape from the lysosome of SK-OV-3
cells. We then examine the therapeutic effect of D-LTP, D-LTPS,
and their combination effect with sunitinib in SK-OV-3 cancer
cells. The results indicate that the combination of assemblies
with sunitinib inhibits SK-OV-3 cell growth more efficiently
than sunitinib itself (Figure 6B). The combination of D-LTP (or
D-LTPS) and sunitinib (10 x 10° M) inhibits 677% (85.3%) of
SK-OV-3 cells. In contrast, sunitinib inhibits only 41.0% SK-OV-3
cells, and the peptides are almost innocuous to the cells. We
evaluated the synergistic effect of assemblies and sunitinib by
calculating the CI and DRI. The results show that most CI data
are less than 1, while all DRI data are greater than 1, indicating
a strong synergistic effect between molecular assemblies and
sunitinib (Figure 6C). According to the DRI diagram, D-LTP and
D-LTPS could cause three folds and 1000 folds dose-reduction for
90% inhibitory effect toward SK-OV-3 cells than sunitinib does,
respectively. The ICs, (Figure 6D) values of sunitinib, D-ITP +
sunitinib, and D-LTPS + sunitinib against SK-OV-3 cells are 1180,
657, and 244 x 107 wm, respectively, indicating the synergistic
effect of molecular assemblies and sunitinib.

Then we investigated the in vivo therapeutic effect of intra-
cellular assemblies and sunitinib in SK-OV-3-bearing tumor
mouse model. We randomly divided tumor-bearing mice
into 6 groups (n = 6), and treated them with PBS, sunitinib,
D-ITP, D-LTPS, D-LTP + sunitinib, and D-ITPS + sunitinib
every other day, respectively. As shown in Figure G6F, the
tumor sizes reduced obviously in the D-LTP + sunitinib- and
D-LTPS + sunitinib-treated groups, while the inhibition effect
is moderate in sunitinib-, D-LTP-, and D-LTPS-treated groups.
Compared with the PBS group, sunitinib, D-LTP, and D-LTPS
inhibit tumor growth by 37.88%, 46.77%, and 61.70%, respec-
tively. The inhibitory effect on the tumor growth of D-LTP +
sunitinib and D-LTPS + sunitinib groups exists persistently
during the treatment period, promoting an overall inhibition of
71.32% and 79.80% in tumor growth. After the treatment, all
mice were sacrificed, and all tumor mass and organs were col-
lected. We weighted the tumor mass of each group and veri-
fied the therapeutic efficacy of D-LTP + Sunitinib and D-LTPS +
Sunitinib, which showed 76.87% and 85.53% inhibition of
tumor growth, respectively. The therapeutic effect of the groups
treated with sunitinib, D-LTP, and D-LTPS is 49.84%, 43.75%,
and 68.63% (Figure 6G,H), respectively. The body weight of
each group showed no significant reduction during the treat-
ment process and the H&E staining of each tissue did not show
any obvious damage (Figure 6I; and Figure S28, Supporting
Information), indicating the biocompatibility of the treatment
toward major organs. These results suggest that the intracel-
lular assemblies play an essential role in improving the thera-
peutic efficiency of the current chemotherapeutic drugs against
MDR.

3. Conclusion

This work reports an artificial biomolecular condensate formed
through proton-induced phase transformation of peptide spati-
otemporally in the lysosome of cancer cells. Lysosomal assem-
blies cause the enlargement of the lysosome, which changes
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the permeability of lysosome and further redirects the distribu-
tion of current chemotherapy drugs. We demonstrated that the
redistribution of anticancer drugs could significantly increase
their efficiency in MDR cancer cells and tumor-bearing mouse
models. Compared with the reported strategies for addressing
MDR, this work is the first example of using lysosomal hydroge-
lation to redirect the chemotherapeutics that sequestrated inside
lysosome to the organelle where the target is, which opens up a
new adventure for improving the drug efficiency related to lyso-
some sequestration. We envision that the strategy demonstrated
here could also be suitable for other stimuli (enzyme, redox,
light, and ionic strength) to induce biomolecular condensates
formation in different organelles and for different functions.>’!
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