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Tumor Triggered Disassembly of Multiple-Agent-Therapy Probe
for Efficient Cellular Internalization

Juliang Yang*, Jun Dai*, Quan Wang, Yong Cheng, Jingjing Guo, Zujin Zhao, Yuning Hong, Xiaoding

Lou,*and Fan Xia

Abstract: Integration of multiple agent therapy (MAT) into one probe
has been considered as a promising approach to improve therapeutic
efficiency for cancer treatment. However, MAT probe, if entering the
cell as a whole, might not be optimal for each individual therapeutic
agent (with different physicochemical properties), to achieve their best
performance, which hinders the strategy optimization. Here, we report
a peptide-conjugated-AlEgen (FC-PyTPA): upon loading with siRNA,
it can be self-assembled into FCsrna-PYTPA. When approaching the
region near targeting tumor cells, FCsrna-PYTPA responds to
extracellular MMP-2 and is cleaved into two parts: FCsrna @and PyTPA.
The former enters cells mainly by macropinocytosis and the latter is
internalized into cells mainly through caveolae-mediated endocytosis.
This  dividing-into-two-part  strategy greatly improves the
internalization efficiency of each individual therapeutic agent. Once
inside the cell, (1) self-assembly of nanofiber precursor F, (2) gene
interference of Csrna @nd (3) ROS production of PyTPA are activated
synergistically to successfully inhibit tumor growth.

Cancer that jeopardizes public health remains one of the most
dreadful diseases. Owing to the complexity, diversity, and
heterogeneity, numerous types of cancers cannot be eliminated
completely.l'! Recently, by integrating of various therapeutic
agents into one probe, multiple-agent-therapy probe (MATP),
which could achieve maximized therapeutic efficiency with
minimized side effects, has attracted huge research interests and
been considered as a promising approach in cancer treatment.??!
Classical therapeutic agents include photosensitizers for
photodynamic therapy (PDT), drugs for chemotherapy (CT),
genes for gene therapy (GT) and so on. Through the diversified
combinations, a number of MATPs have achieved remarkable
antitumor effect.®! Generally, in these “all-in-one” MATPs, different
therapeutic agents co-transport into cells as a whole,

[* J. Yang, Q. Wang, Dr. Y.Cheng, Prof. X. Lou, Prof. F. Xia
Engineering Research Center of Nano-Geomaterials of Ministry of
Education, Faculty of Materials Science and Chemistry, China
University of Geosciences
Wuhan 430078, China
E-mail: louxiaoding@cug.edu.cn
Dr. J. Dai
Department of Obstetrics and Gynecology, Tongji Hospital, Tongji
Medical College, Huazhong University of Science and Technology,
Wuhan, 430030, China
J. Guo, Prof. Z. Zhao
State Key Laboratory of Luminescent Materials and Devices,
Guangdong Provincial Key Laboratory of Luminescence from
Molecular Aggregates, South China University of Technology,
Guangzhou, 510640, China
Prof. Y. Hong
Department of Chemistry and Physics, La Trobe Institute for Molecul
ar Science, La Trobe University,

Melbourne, VIC 3086, Australia

[+]  These authors contributed equally to this work.

Supporting information for this article is available on the WWW under
http://

subsequently
mechanisms.!

In fact, due to the distinctive physicochemical properties, large
molecules or complexes are taken up via various endocytic
pathways including  macropinocytosis, clathrin-mediated
endocytosis, caveolae-mediated endocytosis, as well as
phagocytosis. For example, cationic cell penetrating peptides
(CPPs) and their functionalized nanomaterials can be engulfed
through the macropinocytosis pathway;®! latex particles larger
than 200 nm in diameter are internalized exclusively via a
caveolae-dependent pathway, whereas smaller particles enter the
cells by clathrin-mediated endocytosis;® phagocytosis involves
the ingestion of large particles through phagosomes with the
diameter over 250 nm.["" Obviously, “all-in-one” MATPs with
changeless structure cannot satisfy the optimal dominant
pathway of each agent simultaneously to enter the cells efficiently,
leading to the unfulfilled therapeutic effect.®!

There is an urgent demand to develop a smart MATP that, when
approaching tumor-cells, can be separated into several agents
which then enter the tumor cells by their dominant pathway,
respectively. In this proof-of-concept study, a tumor triggered
disassembled MATP with unique cellular internalization capability
for efficient cancer treatment was designed. We utilized
aggregation-induced emission luminogens (AlEgens, generally
show faint fluorescence in solutions but emit bright fluorescence
in the aggregated state) ¥, and constructed a peptide-conjugated-
AlEgen (FC-PyTPA) loaded with siRNA. We demonstrated
efficient cellular internalization of triple therapeutic agents
(nanofiber precursor, siRNA and photosensitizer) through two
dominant internalization pathways (macropinocytosis for FCsirna;
caveolae-mediated endocytosis for PyTPA). As shown in Scheme
1 (upleft part), FC-PyTPA contains three segments. (1) An
amphiphilic structure with 16-carbon alkyl chain and GGGH
peptide segment (F, blue part of FC-PyTPA).l'% It could self-
assemble to form nanofibers and kill cancer cells."l (2) A
positively charged peptide, GRKKRRQRRR (C, black part of FC-
PyTPA), which transports cell-impermeable therapeutic genes
(siRNA) into cells through electrostatic interaction.'? (3) An AIE-
based photosensitizer (PyTPA, red part of FC-PyTPA), which is
an azide-functionalized triphenylamine derivative for image-
guided PDT. In addition, matrix metalloproteinase-2 (MMP-2)
responsive peptide PLGLAG and cathepsin B (CB) responsive
peptide GFLG are incorporated in this design and act as linkers
in FC-PyTPA.l"8I Then, FC-PyTPA was loaded with siRNA through
electrostatic interactions.[' When approaching the tumor-cells,
FCsirna-PYTPA could be specifically cleaved into two parts in the
presence of MMP-2, which is overexpressed in tumor
microenvironment.l'8! One part, FCsrna can enter cells mainly by
means of macropinocytosis and be trapped in lysosomes. The
other part PyTPA can be internalized simultaneously mainly
through caveolae-mediated endocytosis.

realizing the  corresponding therapeutic
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Scheme 1. FC-PyTPA and Bcl-2 siRNA are assembled into FCsirna-PyTPA
complex, which can be divided into two parts (FCsrna and PyTPA) once
approaching tumor-cells with overexpressed MMP-2, which is secreted from
tumor cells to the extracellular matrix. FCsirna and PyTPA enter cells mainly
through macropinocytosis and caveolae-mediated endocytosis pathway,
respectively, and play multiple therapeutic functions.

Once FCsirna enters into the cells, it can be hydrolyzed by CB to
facilitate the formation of nanofibers via molecules self-assembly.
The resulting nanofibers critically destroy the lysosomal structure
and enable the escape of siRNA.I'8! Under white light irradiation,
the aggregation of PyTPA exhibited fluorescence image-guided
PDT property. Consequntly, this smart MATP enables efficient
internalization of triple therapeutic agents (nanofiber, siRNA and
PyTPA) and thus successfully inhibits tumor growth, indicating
great potential in translational nanomedicine.

To prove the function of different segments, both FC-PyTPA and
its six control probes C-PyTPA (without nanofiber-forming
segment), FC-PyTPA-M (without MMP-2 cleavage site), FC-
PyTPA-C (without CB cleavage site), FC (without image-guided
PDT segment), C (only siRNA-loading segment) and PyTPA (only
image-guided PDT segment) were designed and synthesized
(Figure 1a; Scheme S1-4; Table S1-2). All the products were
confirmed by high performance liquid chromatography (HPLC),
high resolution mass spectra (HRMS) or nuclear magnetic
resonance spectra (NMR) (Figure S1-16). FC-PyTPA, FC-PyTPA-
M, FC-PyTPA-C and C-PyTPA showed similar UV-vis absorption
spectra as that of PyTPA. However, their fluorescence intensity
was significantly reduced when PyTPA was modified with the
hydrophilic peptides, owing to the AIE property (Figure S17-19).
The capacity of FC-PyTPA on loading siRNA was evaluated by
agarose gel electrophoresis.l'"With full consideration of loading
capacity, particle size and zeta potential, 50:1 was selected as the
optimal combination ratio with high stability toward serum (Figure
1b; Figure S20-23). Then we confirmed that the photosensitizing
activity of probe was attributed to PyTPA and not altered by
modifying the peptide (9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA) as ROS indicator) (Figure
1c; Figure S24-25). In the following, fluorescence intensity
changes were used to demonstrate that different probes were
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cleaved by MMP-2 and CB (Figure 1d; Figure S26-29).
Furthermore, the formation of nanofibers was clearly observed in
both FC-PyTPA and FCsrna-PyTPA after hydrolysis with CB
through transmission electron microscope (TEM) and dynamic
light scattering (DLS) (Figure 1e, f; Figure S30-34). The enzymatic
hydrolysis products were confirmed via HRMS analysis (Figure

S35-37).
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Figure 1. (a) HPLC spectra of different probes. (b) Agarose gel electrophoresis
of the siRNA loading capacity of FC-PyTPA (50 uM). (c) Absorption spectra of
the mixture containing ABDA (50 uM) and various probes (2.5 uM) upon white
light irradiation (50 mW cm?) for different time. (d) Plot of //lo-1 versus different
probes (2.5 uM) incubated with MMP-2 or CB (5.0 ug mL"") for 10, 20 and 30
min at 37 °C, respectively. (¢) TEM images and (f) diameter distribution (DLS)
of FC-PyTPA (5 uM) and FCsirna-PyTPA (5 uM) incubated with MMP-2 or CB
(5.0 ug mL").

In order to investigate the cellular internalization mechanism of
FCsirna-PYTPA, three inhibitors EIPA (blocking macropinocytosis),
CPZ (blocking clathrin-mediated endocytosis) and Filipin
(blocking caveolae-mediated endocytosis) were utilized.["! EIPA
and Filipin showed the highest inhibition rate (lo-finnibitor /o) towards
FCsirna-cys (86%) and PyTPA (57%), respectively, when we
physically mixed them, which was considered to achieve their own
ideal cellular internalization efficacy (Figure 2a-b). The results
indicated that macropinocytosis is the dominant pathway for
FCsirna-cys, While PyTPA mainly enters cells through caveolae-
mediated endocytosis. For our probe, as shown in Figure 2c-d,
EIPA and Filipin inhibited most of FCsrnacs and PyTPA,
respectively, with inhibition rate of 75% and 50%, which is similar
to the results in Figure 2a-b. We then investigated the role of
MMP-2 in adjusting cellular uptake efficiency of FCsirna-PYTPA.
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Figure 2. (a, c) Confocal laser scanning microscopy (CLSM) images and (b, d)
the corresponding inhibition rate of HeLa cells treated with PBS (pH=7.4), Filipin
(1 ug mI"), CPZ (10 pg mI") or EIPA (10 pg ml") for 30 min, then incubated with
FCsirnacys mix PYTPA or FCsirnacys-PYTPA (5 uM, 4 hours). (e) Mean
fluorescence intensity of HelLa cells treated with FCsirna-cys-PYTPA (5 uM) for 4
hours. MMP-2 expression levels were regulated by washing cells with PBS. (f)
Mean fluorescence intensity of HeLa cells incubated with FCsirna-cys mix PYyTPA,
FCsirna-cys-PYTPA-M, FCsirna-cys-PYyTPA-C or FCsirna-cys-PYTPA (5 uM) for 1, 2
and 4 hours. Green fluorescence (SiIRNA-Cy5, Aex =633 nm; Aem =650—-740 nm);
red fluorescence (PyTPA, Aex =488 nm, Aem =640—-740 nm). Scale bars: 20 pm.
Data are expressed as mean + SD; **p < 0.01, ***p < 0.001.

Since MMP-2 is mainly located in the extracellular matrix,
expression levels of MMP-2 were regulated by washing cells with
PBS and confirmed by enzyme-linked immunosorbent assay
(ELISA) (Figure S38). The mean fluorescence intensity of siRNA-
Cy5 and PyTPA increases significantly along with the MMP-2
expression levels and incubation time (Figure 2e; Figure S39-40).
When incubating the probe with four cancer cell lines (MMP-2
expression level: SKOV3=HelLa>PC3>MCF-7) (Figure S41) ['8],
the intracellular fluorescence intensity was positively correlated
with  MMP-2 expression level (Figure S42-48). In addition,
statistical analysis was carried out for multiple comparisons
(Figure 2f; Figure S49-50). With the incensement of incubation
time, both the fluorescence of siRNA-Cy5 and PyTPA increased
in FCsiRNA-Cy5 mix PyTPA, FCsiRNA-Cys-PyTPA-M, FCsiRNA-Cys-
PyTPA-C or FCsirna-cys-PYTPA treated cells. The fluorescence in
FCsirna-cys-PYTPA treated cells was comparable with that of
FCsiRNA.Cy5-PyTPA-C, but hlgher than FCSiRNA.Cy5-PyTPA-M and
lower than FCsirna-cys mix Py TPA treated ones. Besides, the mean
fluorescence intensity of HelLa cells incubated with siRNA-Cy5
was much lower than our probe (Figure S51). These results
clearly demonstrated that MMP-2 played an important role in
cleaving FCsirna-PyTPA and improving the cellular internalization
efficiency of each segment.

In the following, we evaluated the effectiveness of each
therapeutic agent after entering cells. The intracellular ROS
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Figure 3. (a) CLSM images exhibit the intracellular ROS levels of FCsirna-
PyTPA (5 uM) treated Hel a cells with DCFH-DA (10 uM, Aex =488 nm; Aem =500—
530 nm). White light irradiation (10 min; 200 mW cm). Scale bar: 20 um. (b)
Bio-TEM images of HeLa cells after incubation with FCsirna-PYTPA (5 uM, 24 h).
Red arrows indicate the nanofibers. Scale bar: 2 um. (c) Western blotting
analyses of the expressions of apoptosis-related protein Bcl-2 in HelLa cells
under different treatments indicated. HelLa cells are incubated with FCsirna-
PyTPA (5 uM, 24 h) and irradiated with white light (200 mW cm2, 10 min). (d)
Cytotoxicities of HeLa cells upon different treatments by MTT assay. Data are
expressed as mean + SD; n.s.: no significant difference, **p < 0.01, ***p < 0.001.

generating ability was studied using 2’,7’-dichlorofluorescin
diacetate (DCFH-DA) as an Intracellular ROS indicator. After
white light irradiation, HelLa cells incubated with FCgirna-PYTPA,
FC-PyTPA, Csirna-PYTPA or C-PyTPA exhibited bright green
fluorescence, demonstrating that probes containing PyTPA can
produce intracellular ROS (Figure 3a; Figure S52-54). Under the
treatment of CB, FCsirna-PYTPA was converted into a nanofiber
precursor confirmed by HRMS, which would then be able to self-
assemble into nanofibers (Figure S55-56). Slender nanofibers
were observed in lysosomes after the addition of FCsirna-PYTPA,
while no nanofibers were observed in Csrna-PyTPA incubated
cells (Figure 3b; Figure S57). It indicated that nanofibers could
only be formed when 16-carbon alkyl chain “F” was present. We
then photobleached the small area (white circle) staining by
lysosomes indicator in Figure S58. The fluorescence did not
recover 10 min after photobleaching. This result was attributed to
the high viscosity inside lysosomes, implying the formation of
nanofibers.['"! The process of nanofibers-assisted lysosomal
escape of siRNA was directly observed by CLSM and investigated
using Lysotracker Blue as a lysosome indicator. The relative co-
localization coefficient steadily decreased with extension of the
incubation time (Figure S59). As illustrated in Figure S60, the
PyTPA residue of FC-PyTPA mostly located in the lysosome.
Figure S61 demonstrated that siRNA-Cy5 and PyTPA gradually
separated with the increasing incubation time. Therefore, we
could make a reasonable hypothesis that siRNA-Cy5 escaped
from the lysosome. The Bcl-2 (apoptosis-related protein)
expression level was confirmed by western blot assay (Figure 3c,).
It was found that nanofiber therapy, photodynamic therapy and
siRNA interference could down-regulate the expression of Bcl-2,
but the effect was more effective when the three methods were
combined. MTT assay revealed that probes at various
concentrations had different cellular damage effects on HelLa cells
and FCgrna-PYTPA +Light displayed the highest cytotoxicity
(Figure 3d). These results demonstrated the effect of FCsirna-
PyTPA in promoting cancer cell death.
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Before the in vivo antitumor experiment, we first measured the
time of FCsirna-PYyTPA metabolism (Figure S62-63). HeLa tumor-
bearing mice were randomly divided into 8 groups and received
corresponding treatment. Tumor growth curves proved that
FCsirna-PYTPA +Light group had significant tumor inhibition effect
compared to other groups (Figure 4a). At the same time, during
the treatment, there was almost no difference in the weight of the
mice between the groups (Figure 4b). After treatment, tumors and
organs were obtained for further examination. Bio-TEM showed
that there were a lot of nanofibers in tumor tissues of FCsirna-
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Figure 4. (a) Relative volume changes (V/Vo) and (b) body weight change of
tumors in each group during treatment (n = 3). For the irradiation groups, the
mice were exposed to white light (200 mW cm™2) for 10 min. (c) Bio-TEM images
of tumor slices of HeLa tumor-bearing mice model, after injection of FCsirna-
PyTPA. Red arrows indicate the nanofibers. (d) TUNEL, Bcl-2, Ki-67 and p53
staining of HeLa tumor tissues after different treatments. Scale bar: 100 um.
Data are expressed as mean * SD; n.s.: no significant difference, *p < 0.05, **p
< 0.01, ***p < 0.001.

PyTPA +Light and FCsrna-PyTPA groups, but not in Csirna-PyTPA
and PBS groups (Figure 4c and S64). Furthermore, TUNEL, Bcl-
2, Ki67 and p53 staining results showed that FCgrna-PyTPA
+Light group had the best anti-tumor effect than other groups
(Figure 4d). In addition, H&E staining showed no obvious damage
in the organs (Figure S65). Therefore, animal experimental results
confirmed that the MATP based on peptide-modified-AlEgen is
efficient for cancer treatment and has good biocompatibility.

In conclusion, we demonstrated a novel MATP (both
extracellular MMP-2 and intracellular CB response) with high
cellular internalization efficiency for effective multimodal cancer
therapy. MATP divides into two parts, FCsirna @and PyTPA, when
approaching the region near targeting cells with relatively high
concentration of MMP-2. The two parts then enter the cell in
each’s dominant pathway, which increases the total cellular
internalization efficiency. The responsiveness of CB controls the
lysosomal targeting and nanofibers formation of MATP. After
hydrolysis of CB, the self-assembled nanofibers destroy the
lysosomal structure and lead to the escape of siRNA for further
gene silencing. Both in vitro and in vivo experiments confirm that
the formation of nanofibers, the escape of siRNA and the ROS
production of PyTPA effectively inhibit tumor growth. This study is
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also the first example of “all-in-one” MATP with enzyme response
to divide into two-parts when approaching targeting cells with
superior cellular internalization efficiency. The performance
surpasses the control probe which enters the cell as an intact one.
Our approach could inspire further investigation and provide
insights in both the fields of nanotechnology and modular probe
design.
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