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Abstract

Background: Cancer synergistic therapy strategy in combination with therapeutic gene and small molecule drug
offers the possibility to amplify anticancer efficiency. Colon cancer-associated transcript-1 (CCAT1) is a well identified
oncogenic long noncoding RNA (IncRNA) exerting tumorigenic effects in a variety of cancers including colorectal
cancer (CRC).

Results: In the present work, curcumin (Cur) and small interfering RNA targeting INncRNA CCAT1(siCCAT1) were co-
incorporated into polymeric hybrid nanoparticles (CSNP), which was constructed by self-assembling method with
two amphiphilic copolymers, polyethyleneimine-poly (o, L-lactide) (PEI-PDLLA) and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy (polyethylene glycol) (DSPE-mPEG). Owing to the multicolor fluorescence characteris-
tics of PEI-PDLLA, the constructed CSNP could be served as a theranostic nanomedicine for synchronous therapy and
imaging both in vitro and in vivo. Resultantly, proliferation and migration of HT-29 cells were efficiently inhibited, and
the highest apoptosis ratio was induced by CSNP with coordination patterns. Effective knockdown of IncRNA CCAT 1
and concurrent regulation of relevant downstream genes could be observed. Furthermore, CSNP triggered conspicu-
ous anti-tumor efficacy in the HT-29 subcutaneous xenografts model with good biosafety and biocompatibility dur-
ing the treatment.

Conclusion: On the whole, our studies demonstrated that the collaborative INcCRNA CCAT1 silencing and Cur delivery
based on CSNP might emerge as a preferable and promising strategy for synergetic anti-CRC therapy.

Keywords: [ncRNA CCATT1, Curcumin, Combinational therapy, Co-delivery, RNAi, Theranostic nanoparticles

Introduction surgery and usually resistant to chemotherapy, leading to

Colorectal cancer (CRC) is one of the most commonly
diagnosed cancer in both male and female [1]. The meta-
static relapse is hard to be completely eliminated during
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high morbidity and mortality of CRC, although radical
resection is the cornerstone of CRC treatment clinically
[2, 3]. Nowadays, many types of epigenetic modifications
have been found to be involved in the development of
CRC. A new consensus on the evolutionary properties
of CRC shifted the therapeutic paradigm to the develop-
ment of new therapies for novel molecular targets related
to the complex biological characteristics of the disease.
Therefore, we believe that the use of gene therapy in
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combination with chemotherapy drugs provides broad
prospects for CRC treatment.

Noncoding RNAs (ncRNAs) used to be considered as
transcription junk since they lack of significant protein-
coding capacity. However, more and more studies have
shown that ncRNAs closely related to human diseases
and widely involved in important biological processes in
life activities, such as the development, and reproduction
of individuals, apoptosis, and reprogramming of cells,
etc. [4—7]. At present, long noncoding RNAs (IncRNAs)
are operationally defined as a new class of ncRNAs that
genes larger than 200 base-pairs, and many of which are
uniquely expressed in differentiated tissues or specific
cancer types [8, 9]. Colon cancer-associated transcript-1
(CCAT1), a recently identified oncogenic IncRNA, which
maps to chromosome 8q24.21 containing single-nucle-
otide polymorphisms with a length of 2628 nucleotides,
has been reported to be continuously raised in a variety
of cancer tissues, especially in CRC [10-13]. CCAT1 has
been confirmed that it participated in multiple processes
related to the occurrence of tumor through aberrant
expressions such as cell proliferation, apoptosis, migra-
tion, and invasion [14—18]. Zhang et al. indicated that
silencing of CCAT1 brought out the regulation of GO/G1
arrest markers, Caspase-3 and B-cell lymphoma-2 (Bcl-
2), pl6, p21 and p27, and pro-apoptotic factors, which
showed that knockdown of CCAT1 could suppress can-
cer cell proliferation by the motivation of GO/G1 arrest
and apoptosis [19]. Luo et al. reported that the effect of
CCAT1 on cancer cell migration and invasion might be
regulated through the variation of epithelial-mesenchy-
mal transition (EMT) because knockdown of CCATI1
would change the content of a collection of EMT-related
genes [20]. Comparing to protein-coding genes, IncR-
NAs do not encode the protein, and thus their effect
would emerge shortly after delivery and might lead to
fewer side-effects [21-23]. For this reason, IncRNAs can
be operated by RNA interference (RNAi) or other means
with ease. RNAi-mediated gene silencing specificity is a
prospective strategy to treat various diseases, including
cancer.

Curcumin (Cur), is a natural extraction of turmeric,
which has been confirmed to have the anti-tumor capac-
ity, including the resistance of development, metastasis,
and progression in multiple cancer types, such as CRC,
pancreatic cancer, myeloid leukemia, and breast can-
cer [24—27]. Cur brings its anti-cancer effects into play
by targeting multiple intracellular signaling pathways.
Cur can inhibit EMT in breast cancer cells by block-
ing related genes indicated by in vitro examination, and
the same suppression effect has been identified in pan-
creatic cancer cells [28, 29]. It has been confirmed that
Cur induces apoptosis of various cancer cells including
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CRC cancer cells in response to the expression of Bcl-2
and Caspase-3, which is related to the sensitivity of CRC
cancer cells to the chemotherapy [30, 31]. There is grow-
ing evidence that Cur has a multiplex scope of molecular
targets, which supports the notion that Cur can trigger a
cascade of many molecular interactions and biochemical
reactions.

Over the years, combinational therapy has been applied
in clinics that have addressed the problems related to
single-drug treatment of tumors. Combinational therapy
generally refers to the simultaneous co-delivery of mul-
tiple therapeutic agents or combining a different kind
of therapies, such as chemotherapy, gene therapy, pho-
tothermal therapy, immunotherapy, and radiotherapy
[32-36]. In recent years, the combinational therapy of
chemotherapeutics and genes, whose targets are the
same kind of cells, co-delivery with nanoparticles has
become a new research focus. Different biological signal
transduction pathways can be counteracted synergisti-
cally through combinations of two or more bioactive
agents, to achieve a low dosage of each agent or confer
context-specific multi-target mechanisms to overcome
side-effects associated with resistance and high doses of a
single medication [37-40]. In addition, the overall thera-
peutic advantage of the combination bioactive agents
was found to be greater than the sum of the efficacy of
the individual agents, because the co-delivered bioactive
agents, which can target the same cellular signal path-
ways, could performance synergistically for higher thera-
peutic efficacy and better targeting selectivity [41, 42].

In this study, we constructed Cur and small interfer-
ing RNA CCAT1(siCCAT1) co-delivered nanoparticles
(CSNP), which self-assembled from 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy (poly-
ethylene glycol)] (DSPE-mPEG) and the synthesized
amphiphilic copolymer polyethyleneimine-poly (D, L-lac-
tide) (PEI-PDLLA) by film dispersion and electrostatic
interaction methods, to achieve RNAi-chemo modula-
tion combinational therapy against CRC. The in vitro
experimental data implied that CSNP could encapsulate
and delivered Cur and siCCAT1 to HT-29 cells effec-
tively, which led to the down-regulation of CCAT1 and
the influence of upstream and downstream genes related
to CCAT1. Based on this, the inhibition of proliferation
and migration, and the enhancement of apoptosis on
HT-29 cells were observed. Furthermore, CSNP could be
used as imaging agents at the cellular and living levels.
Based on these results of in vivo fluorescence/photoa-
coustic imaging, the fluorescence/photoacoustic signals
preferentially occurred in the tumor site, which sug-
gested that CSNP could mainly accumulate at the tumor
area after intravenous injection. In addition, due to the
combinational therapy of Cur and siCCAT1, which had
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good biocompatibility in HT-29 xenograft mouse tumor
models, CSNP demonstrated extraordinary anti-tumor
efficacy. Taking all these factors into consideration, the
results obtained indicate that CSNP could be used as an
effective strategy of combined RNAi-chemo therapy for
CRC.

Results and discussion

Construction and characterization of the co-delivery
system CSNP

The amphiphilic copolymer PEI-PDLLA was prepared
according to the ring-opening polymerization method,
which was reported by our laboratory formerly [43]. The
preparation procedure of Cur and siCCAT1 co-delivery
system CSNP was displayed as Scheme 1. Fourier trans-
form infrared spectroscopy (FT-IR) analysis showed a
peak at 1663 cm ™! corresponding to PEI, and the strong
absorption peak at 1757 cm™! corresponding to PDLLA
(Additional file 1: Fig. S1). 'H nuclear magnetic resonance
(*H NMR) in CDCl; as shown in Additional file 1: Fig.
S2, the signal at 2.1~3.5 ppm in PEI-PDLLA assigned
to PEI (-NHCH,CH,-), indicating that the hydrophilic
PEI backbone was linked to the hydrophobic PDLLA
successfully. To obtain the most appropriate drug load-
ing content (LC) and drug encapsulation efficiency (EE)
of Cur and other physicochemical properties for Cur-
loaded NP (CNP), which was prepared by film disper-
sion method, we made a thorough inquiry of the effect
of various weight ratio of PEI-PDLLA, DSPE-mPEG and
Cur. Comparing to single-component nanoparticles, pol-
ymeric hybrid nanoparticles like CSNP formed by self-
assembly from multiple amphiphilic copolymers with
various effects can realize multifunctionality, such as
co-delivery of disparate cargos with opposite properties
of hydrophilic and hydrophobic, or zeta potential. It was
also controllable for size, zeta potential, EE, and LC of
CSNP by changing the mass ratio of components. Firstly,
we explored the cytotoxicity of the bare PEI-PDLLA NP
to HT-29 cells. As shown in Additional file 1: Fig. S3,
the bare PEI-PDLLA NP was toxic to HT-29 cells due to
excessive positive charge, especially in high concentra-
tion at 48 h. As displayed in Additional file 1: Table S1,
DSPE-mPEG was used to decrease the zeta potential of
CNP, which aimed to better cell endocytosis and easier
siCCAT1 release, and a positive correlation increasing
in EE from 85 to 97% was observed, while the average
size of CNP increased from 130 to 180 nm. The optimal
mass ratio of PEI-PDLLA:DSPE-mPEG:Cur (5:5:1) was
selected for the following studies on general considera-
tions of the relatively small size, high zeta potential, EE
and LC. The spherical morphology of CNP and CSNP
were measured by transmission electronic microscopy
(TEM) (Fig. 1A, B), and dynamic light scattering (DLS)
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analysis established that CNP and CSNP exhibited an
equalized distribution with an average size of ~ 131
and ~ 151 nm furthermore (Fig. 1C, D). In the next step,
we explored the ability of CNP to absorb negatively
charged siCCAT1 through electrostatic interaction, and
according to the obtained results of DLS analysis, the
zeta potential of CSNP transformed from+12.37 mV to
— 10.48 mV, while the weight ratio of CNP and siCCAT1
varied from 60:1 to 5:1 (Fig. 1G). To further evaluate
whether siCCAT1 could be adsorbed onto CNP success-
fully, gel electrophoresis retardation assay was imple-
mented with weight ratios of CNP and siCCAT1 ranging
from 5:1 to 60:1 (Fig. 1E), whose results showed that
the vast majority of siCCAT1 could be blocked by CNP
when the mass ratio more than 20:1. These results of DLS
analysis and agarose gel electrophoresis assay confirmed
that CNP had the ability to bind negatively charged siC-
CAT1 through electrostatic interaction, and we adopted
the 20:1 mass ratio of CNP and siCCAT1 to prepare
CSNP in follow-up studies. Additionally, serum stability
analysis showed that naked siCCAT1 degraded gradu-
ally during 24 h, while the siCCAT1 encapsulated in
CSNP undegraded (Fig. 1F), which indicated that CSNP
could improve the stability of siCCAT1and protect siC-
CAT1 from fast degradation in serum. In addition, there
was no significant changes in the average size or surface
zeta potential of CSNP for 5 days as shown in Additional
file 1: Figs. S4 and S5, indicating the CSNP were stable
and suitable for further application.

In vitro self-tracking of cellular uptake and endosomal/
lysosomal escape

PEI has the property of autofluorescence, which had been
widely investigated, and PEI-PDLLA copolymer solu-
tion had obviously autofluorescence ability under 365 nm
excitation UV light as reported in our previous work with
the similarity to the fluorescence emission of PEI [44].
To investigate the fluorescence properties of NP (blank
DSPE-mPEG and PEI-PDLLA NP), concentration-
dependent autofluorescence and excitation-dependent
photoluminescence behavior in the fluorescence spec-
trum was detected (Fig. 2A, B), which was suitable for
bio-imagining at cellular and living level. A major chal-
lenge of RNAI is the delivery of RNA. Naked RNA is eas-
ily degraded by RNase in plasma and tissues, or cleared
by liver and kidney, and recognized by the immune sys-
tem. The electronegativity and molecular weight of RNA
make it difficult to pass through biofilms freely, and it
may be retained in the endocytic body and cannot func-
tion even after entering through the cell membrane. So, it
is important for the delivery system to help RNA achieve
endosomal/lysosomal escape. Based on this, to evaluate
whether siCCAT1 could effectively escape endosomes/
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Scheme 1 A schematic diagram of amphiphilic copolymer self-assembled micellar system constructed by PEI-PDLLA and DSPE-mPEG for IncRNA
CCAT1 silencing and Cur co-delivery. The combinational therapeutic effects were accomplished by regulating multiplex CCAT1-related downstream
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lysosomes at the cellular level, we used Cy3 labeled siC-
CAT1 to prepare SNP (siCCAT1-loaded NP), and then
co-cultured with HT-29 cells. The confocal laser scan-
ning microscopy (CLSM) images (Fig. 2D) showed that
clear and strong blue fluorescence of CSNP, most of

which coincided with the position of endosomes/lys-
osomes, which were labeled by LysoTracker Green, only
after 1 h post-incubation. It indicated that the CSNP
could be endocytosed fast and locate in endosomes/
lysosomes, moreover, the NP could act as a particular
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fluorescent dye for self-tracking in vitro fluorescence
imaging. After 4 h, siCCAT1 and endosomes/lysosomes
overlapped only a small part, and the red fluorescent sig-
nal was mainly distributed in the cytoplasm (Fig. 2E). The
signals of Cur and NP separated after 6 h, either (Fig. 2F).
The increasing yellow fluorescence of Cur and red fluo-
rescence of Cy3 labeled siCCAT1 were detected, while
the blue fluorescence of NP and the green fluorescence
of endosomes/lysosomes were faded, which implied that

Cur and siCCAT1 might release from CSNP and make
endosomes/lysosomes damaged. In addition, we also
explored the in vitro release of Cur and siCCAT1 in PBS
at pH 7.4 and pH 5.5. As shown in Additional file 1: Fig.
S6, in the first 12 h, all Cur and siCCAT1 were released
with an initial burst. After that it was followed by a con-
tinuously slow-release phase, and finally the amount of
Cur and siCCAT1 released in PBS at pH 7.4 was less than
that at pH 5.5. In contrast, the release rate of siCCAT1
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from CSNP was faster than Cur in PBS at pH 5.5, which
reason might be that CSNP was more likely to collapse
under acidic conditions and it was difficult to maintain
the positive charge for adsorbing siCCAT1. The above
results could confirm that CSNP has the ability to help
siCCAT1 and Cur realize endosomal/lysosomal escape to
the cytoplasm effectively and damage HT-29 cells, which
might be attributed to the proton sponge effect of the
PEI-PDLLA copolymer.

In vitro combinational therapeutic anti-cancer effects

of CSNP

To evaluate the 50% inhibitory concentration (ICs,) of
Cur in HT-29 cells, the concentration of HT-29 cells
treated with Cur ranges from 5 pg/mL to 75 ug/mL, and
the IC;, of Cur to HT-29 cells was about 18 pg/mL at
24 h. In order to study whether CSNP-mediated intra-
cellular co-delivery of Cur and siCCAT1 could realize
a synergistic therapeutic effect in HT-29 cells, HT-29
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cells were treated with a different formulation of PBS,
siCCAT1, NP, free Cur, CNP, SNP, and CSNP at a con-
centration of 10 pg/mL (lower than that of ICy, of Cur),
for 24 h or 48 h, and the cytotoxicity of HT-29 cells was
evaluated by CCK-8 assay. As depicted in Fig. 3A, B,
there was no apparent death of HT-29 cells in the group
of NP treated, which indicated the good biocompatibility
and biosafety of the NP. Moreover, we used different con-
centrations of NP, from 10 pg/mL to 200 pg/mL, to co-
culture with HT-29 cells for 24 h and 48 h, and there was
also no obvious toxicity to HT-29 cells (Additional file 1:
Fig. S7), which also confirmed low cytotoxicity of NP. The
HT-29 cells co-cultured with SNP showed cell viability
reduction, indicating that inhibiting CCAT1 in HT-29
cells could lead to the apoptosis of CRC cells, which was
consistent with many reports that CCAT1 could promote
tumorigenesis and development [45]. The free Cur, CNP
and CSNP were all showed significant cytotoxicity to
HT-29 cells, and CNP exhibited higher cytotoxicity than
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Fig. 3 In vitro combinational therapeutic anti-cancer effects of CSNP. A, B Relative viability of HT-29 cells cultured with different formulations for
24 h and 48 h. NP: blank nanoparticles. Cur: free Cur. C Histogram analysis of the FCM analysis. D Histogram analysis of wound healing assays. E FCM
analysis of a variety of preparations treated HT-29 cells. F Measured and photographed the wound healing width at 0 h and 48 h
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free Cur, indicating that CNP had enhanced the sensitiv-
ity of HT-29 cells to the toxicity of Cur. Furthermore, sig-
nificant decreases in cell viability of CSNP treated groups
were observed at 24 h and 48 h, demonstrating the co-
delivery of Cur and siCCAT1 by CSNP might notably
increase the sensitivity of HT-29 cells to anti-cancer effi-
ciency of Cur and the silencing effect of CCAT1 by com-
binational therapy.

In vitro CSNP-mediated enhancement of apoptosis

and inhibition of migration

A large number of studies had shown that the mito-
chondrial pathway plays a vital role in the cell survival
mechanism. Among many apoptosis-regulating genes,
the Bcl-2 protein family and the Caspase family are cur-
rently the most concerned [46, 47]. Caspase-3 is the most
critical apoptosis executive protease and Bcl-2 is cur-
rently known as the most important regulatory gene in
the process of apoptosis regulation. Bcl-2 and Caspase-3
had been identified as the major downstream aim of Cur
and CCAT1, and down-regulating CCAT1 can inhibit
the expression of Bcl-2 gene and promote the expres-
sion of Caspase-3 [45, 48-50]. In addition, Bcl-2 has been
proved to be an important oncogene, which can regulate
the apoptosis of cancer cells. Inhibiting the expression of
Bcl-2 can make cancer cells sensitive to chemotherapy,
thereby improving the overall therapeutic effect [51,
52]. Since EMT is an effective way for epithelial cells to
acquire the ability to migrate, it has become an important
way for the infiltration and metastasis of epithelial cell
carcinoma, which accounts for more than 90% of malig-
nant tumors [51, 53, 54]. It has been demonstrated that
inhibition of CCAT1 regulates the expression of a vari-
ety of transcription factors that mediate EMT, such as
downregulating N-Cadherin while upregulating E-Cad-
herin, and the same concept has also been reported in
Cur related researches [55—58]. Therefore, further studies
were carried out to demonstrate whether CSNP-medi-
ated co-delivery Cur and siCCAT1 could have synergetic
enhancement of apoptosis and inhibition of migration.
FCM analysis showed the apoptosis rate of HT-29 cells
co-cultured with a variety of preparations. As displayed
in Fig. 3C, E, comparing with the PBS group, the apop-
tosis rate of free Cur, CNP and SNP treated groups
were ~ 9%, ~ 67%, and ~ 22%, respectively, while the CSNP
treated group led to a notable increase in the apoptosis
rate (about 88%), which suggested that the co-delivery of
Cur and siCCAT1 mediated by CSNP could synergisti-
cally increase the apoptosis of HT-29 cells. Besides that,
the level of CCAT1 in cells after treatment with different
preparations for 24 h was measured by qRT-PCR, which
results validated CNP, SNP and CSNP could all down-
regulate the expression of CCAT1, and co-delivery of
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Cur and siCCAT1 by synergy could downregulate much
more effectively than separate delivery (Fig. 4A). The
western blot results showed that the free Cur, CNP, SNP,
and CSNP treatment groups significantly downregulated
the expression of Bcl-2, and the CSNP treatment group
showed the highest inhibition efficiency of Bcl-2, while
the NP treatment group showed no significant difference
with control (Fig. 4B, C). The result of Caspase-3 expres-
sion was opposite to that of Bcl-2 (Fig. 4D), which sug-
gested the CSNP-mediated enhancement of apoptosis on
HT-29 cells might be due to the synergistic therapeutic
effect of Cur and siCCAT1, through the Bcl-2 and Cas-
pase-3 mediated mitochondrial apoptosis pathway. The
micrometastatic relapse is the key reason for the high
mortality of CRC. It could be clearly observed from the
western blot results that N-Cadherin expression was
down-regulated and E-Cadherin was up-regulated in
the CNP, SNP, and CSNP treatment groups (Fig. 4E, F),
indicating CSNP might inhibit migration of HT-29 cells
through EMT pathway. To make a thorough inquiry of
the ability of CSNP-mediated inhibition to the migra-
tion of HT-29 cells, the wound healing assay was per-
formed. The progress of wound healing was much slower
in the HT-29 cells treated with CNP and SNP than that
of the HT-29 cells treated with free Cur and NP, and the
HT-29 cells treated with CSNP had almost no migration
observed (Fig. 3D, F). The obtained results illustrated that
the co-delivery of Cur and siCCAT1 mediated by CSNP
could significantly enhance Bcl-2-mediated mitochon-
drial apoptosis and inhibit EMT-mediated migration
through a synergistic effect.

In vivo fluorescence/photoacoustic imaging

The successful in vitro self-tracking results of SNP
encouraged us to evaluate tumor-targeting self-trac-
ing capabilities of CSNP in vivo. In order to assess the
biosafety of NP in vivo first, a blood compatibility deter-
mination was performed. As shown in Fig. 2C, NP did
not induce red blood cell hemolysis so far as to a strong
density (1 mg/mL), indicating that CSNP had good blood
compatibility in vivo. We processed the fluorescence
imaging of HT-29 tumor-bearing nude mice with CSNP
by intravenous injection and compared them with the
free IR780 group. As displayed in Fig. 5A, after the injec-
tion intravenously, the fluorescence signal of free IR780
accumulated at the tumor site within 3 h and disappeared
quickly at 6 h, while the fluorescence signal strength of
the CSNP signal of the tumor site increased progressively
and achieved the summit at 12 h. As time goes by, the
fluorescence signal of CSNP did not fade until 24 h while
the fluorescence signal of free IR780 could only last for
about 6 h (Fig. 5D), indicating that CSNP could continu-
ously accumulate in the tumor site through the enhanced
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permeability and retention effect (EPR). Mice were
immolated at 24 h after the injection, and main organs
were obtained for ex vivo fluorescence imaging. As dis-
played in Fig. 5B, strong fluorescence accumulated in the
tumor site with the CSNP group, while the fluorescence
was mostly enriched in the lungs with the free IR780
group, and the quantification analysis was also consistent
with the above results (Fig. 5E). In addition, photoacous-
tic imaging (Fig. 5C) had the same results as fluorescence
imaging, suggesting that CSNP tended to accumulate
enrichment at tumor region, and could be used as both
fluorescence imaging and photoacoustic imaging agent
for self-monitoring.

In vivo combinational therapeutic anti-cancer effects

of CSNP

In order to detect whether NP would damage the tis-
sues of mice during the treatment, we observed mice that
were injected with saline and NP for 7 days, and then the
main organs were taken for H&E staining. As displayed
in Fig. S8, healthy tissues could be observed in the slices,
and there were no signs of organ damage. To evaluate
combinational therapeutic anti-cancer effects of CSNP
in vivo, we established the HT-29 subcutaneous xeno-
grafts model. The mice were randomly divided into dif-
ferent treatments and intravenously injected with saline,

free Cur, CNP, SNP, and CSNP when the tumor volume
of the mice reached about 150 mm?. By examining the
tumor volume of the mice (Fig. 6A), we found that the
control saline group and the free Cur group both showed
rapid growth trends, and the CNP group and SNP group
had a slight inhibitory effect on tumor growth, while the
CSNP group showed a much more superior therapeutic
effect than other groups, which implied that the treat-
ment of CSNP had a remarkably advanced activity over
free Cur, CNP and SNP, suggesting CSNP-mediated co-
delivery of Cur and siCCAT1 had a combinational thera-
peutic anti-cancer effect through a synergetic function
in vivo. In addition, no weight loss was observed in all the
treated mice (Fig. 6B), which indicated the co-delivery of
Cur and siCCAT1 mediated by CSNP might lead to the
expected synergetic therapeutic effect almost without
systemic acute toxicity. The mice were sacrificed after
the in vivo anti-tumor experiment, and the tumor tis-
sues of the mice were taken out and weighed. Tumor tis-
sue weighing results showed a trend similar to the tumor
volume growth curve (Fig. 6C), and the CSNP group also
exhibited the best treatment effect. We also performed
western blot assay of tumor tissues to explore whether
the changes in the content of Caspase-3 and Bcl-2 were
consistent with in vitro experiment. As displayed in
Additional file 1: Fig. S9, the result was consistent with
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those of HT-29 cells, which implied CSNP could enhance
Bcl-2-mediated mitochondrial apoptosis in vivo by Cur
and siCCAT1 co-delivery, too. Hematoxylin—eosin (H&E)
staining was used to analyze and examine the histologi-
cal characteristics of tumors and assess tissue damage of
major organs after treatment with various formulations.

The results indicated the H&E-dyed profiles of the saline
and free Cur treatments both showed the representa-
tive shape of large nuclear tumor cells. While the slices
of the CNP and SNP treatments showed a decrease in
cancer cell density, moreover, the CSNP treatment had
minimum cell concentration with contrast. As displayed

(See figure on next page.)

Fig. 6 In vivo combinational therapeutic anti-cancer effects of CSNP. After intravenous injection of different preparations, (A) the changes of tumor
volume and (B) body weight of HT-29 tumor-bearing nude mice during treatment, n=5. C Tumor weight of each nude mice after immolated. D
Histological analysis of tumors and main organs with different treatments. E Hemanalysis of ALP, ALT, ALB, AST, CK, LDH, BUN and CREA. ALP alkaline
phosphatase, ALT alanine aminotransferase, ALB albumin, AST aspartate transaminase, CK creatine kinase, LDH lactate dehydrogenase, BUN blood

urea nitrogen, CREA creatinine
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in Fig. 6D, E, no obvious tissue damage was found under
different treatments, and the levels of various serum bio-
chemical indicators were the same as those of the mice
in the saline group, and there was no statistical difference
among these treatment groups, implying that our Cur-
siCCAT1 co-delivery system CSNP had good biosafety
and biocompatibility during the treatment.

Conclusion

In summary, we used the amphiphilic copolymers PEI-
PDLLA and DSPE-mPEG to prepare CSNP, which was
capable of co-delivery of Cur and siCCAT1 through
film dispersion technique and electrostatic interac-
tion. CSNP-mediated Cur and siCCAT1 co-delivery
could effectively silence CCAT1 and achieve a synergis-
tic effect, thereby increasing Bcl-2-mediated apoptosis
of HT-29 cells, inhibiting EMT-mediated migration of
HT-29 cells, and triggering conspicuous anti-tumor effi-
cacy in vivo through combinational therapy with good
biocompatibility during the treatment. CSNP could suc-
cessfully achieve endosomal/lysosomal escape and be
well enriched at the tumor site, moreover, be used as an
imaging agent for self-tracking fluorescence imaging and
photoacoustic imaging at the cellular and living level in
a real-time manner. Since the co-delivery of siCCAT1
and anti-cancer drug Cur had the advantage of simulta-
neously inhibiting tumor growth and migration, CSNP
revealed great potential in anti-cancer treatment as a
combinational therapeutic strategy in CRC.

Materials and methods

Materials

Branched polyethyleneimine (PEI, 25 kDa) was obtained
from Sigma-Aldrich (MO, USA). b, L-lactide (DLLA)
was obtained from Alfa Aesar (MA, USA). The anhy-
drous dimethyl sulfoxide (DMSO) was purchased from
J&K Scientific Ltd. 1,2-Distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethyleneglycol)2000]
(DSPE-mPEG) was obtained from A.V.T. (Shanghai)
Pharmaceutical Co., Ltd. Curcumin (Cur) was purchased
from Alfa Aesar (MA, USA). The 0.8 pm polycarbon-
ate membrane was purchased from Millipore Co. (MA,
USA). The mimics of siCCAT1 or cyanine-3 (Cy3) labeled
siCCAT1 were obtained from RiboBio Co. (Guangzhou,
China). Antibodies of western bolt were purchased from
Cell Signaling Technology, Inc and Abcam plc. RNase-
free deionized water was purchased from TIANGEN Bio-
tech Co. Ltd (Beijing). LysoTracker Green was obtained
from Molecular Probes Inc. (Eugene, OR). The cell count-
ing kit-8 (CCK-8) was obtained from Dojindo Molecular
Technologies, Inc., (Japan). Fetal bovine serum (FBS) was
obtained from Wisent Inc. 0.25% trypsin—-EDTA, RPMI
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1640 medium and penicillin/streptomycin were obtained
from Thermo Fisher Scientific (MA, USA). The water
used was of ultrapure grade and was supplied by a Milli-
Q purification system of Millipore Co. (MA, USA).

Synthesis of PEI-PDLLA copolymers

Pre-dehydrated 15 g of DLLA and 250 mg of PEI were
dissolved in 50 mL of anhydrous DMSO. Then 0.05 mol
of trimethylamine was added into above solution, and
kept the solution stirring under nitrogen for 12 h at 86°C.
The reaction solution was then poured into ice water,
and the precipitate was collected and washed by distilled
water. Finally, the precipitate was dried in a vacuum oven.
The chemical structure was characterized by Fourier
transform infrared spectroscopy (Spotlight 200i; Perki-
nElmer, USA) and proton magnetic resonance spectros-
copy (AVANCE III HD 400; Bruker, USA).

Preparation of Cur-siCCAT1 co-loaded nanoparticles
(CSNP)

Amounts of PEI-PDLLA, DSPE-mPEG and Cur were
dissolved into dichloromethane (DCM) to form 5 mg/
mL, 5 mg/mL and 10 mg/mL solutions, respectively. The
blank nanoparticles (NP) were obtained by mixing PEI-
PDLLA and DSPE-mPEG solutions in various ratios and
then rotating evaporation by film dispersion method.
Briefly, after mixing the two solutions, a thin film was
formed in the round-bottomed flask by a rotary evapo-
rator, and then distilled water was added to form NP by
ultrasonic vibration for 0.5 h. The mixtures were pre-
pared with PEI-PDLLA: DSPE-mPEG mass ratios of 5:5,
5:10, 5:20, 10:10 and 10:20.

The Cur-loaded NP (CNP) with different mass ratios
of PEI-PDLLA, DSPE-mPEG and Cur was constructed
by mixing Cur solution with PEI-PDLLA and DSPE-
mPEG solutions together, and then prepared with film
dispersion technique as described above. Separation
of unloaded Cur by filtering the suspension through a
0.8 um polycarbonate membrane. The siCCAT1-loaded
NP (SNP) was formed by adding different mass ratios of
siCCAT1 to NP through electrostatic interaction. The
mixture of NP and dissolved siCCAT1 were incubated
for 30 min at 25 °C. The Cur-siCCAT1-co-loaded NP
(CSNP) was prepared by adding different mass ratios of
siCCAT1 to CNP.

Physicochemical characterization

The average size and zeta potential were detected by
dynamic light scattering (DLS) using ZetaSizer Nano
series Nano-ZS (Malvern Instruments Ltd, Malvern,
UK). After the sample was properly diluted in distilled
water, three replicates were analyzed per batch. The
morphology of CNP was determined by transmission
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electron microscopy (TEM) (Ht-7700; HITACHI,
Japan). The absorption spectra were analyzed by a UV—-
vis spectrophotometer (TU-1810; PERSEE, China) and
the fluorescence spectra were recorded on a EnSpire®
Multimode Plate Reader (PerkinElmer, Fremont, CA,
USA).

A UV-Vis spectrophotometer (TU-1810; PERSEE,
China) was used to measure the encapsulation effi-
ciency (EE) and load capacity (LC) of Cur at 425 nm. EE
and LC were computed by the following formulas:
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was detected by confocal laser scanning microscope
(CLSM, Z-760; Carl Zeiss, Germany).

In vitro cytotoxicity assays

HT-29 cells were seeded in 96-well plates at a density
of 5x10? cells per well and cultured for 24 h before
subsequent studies. Replaced the current medium with
100 pL of RPMI 1640 containing different equivalent
density of PBS, naked siCCAT1, NP, free Cur, CNP,
SNP and CSNP for 24 h or 48 h (different preparations

EE% = (weight of loaded drug)/(weight of originally added drug) x 100%.

LC% = (weight of loaded drug) / (total weight of nanoparticles and drug) x 100%.

Gel electrophoresis and serum stability assay

CSNP was analyzed by 4% agarose gel electrophoresis.
The 4% agarose gel was prepared with tris—acetate-eth-
ylenediaminetetraacetic acid (TAE) buffer containing
0.5 pg/mL Genecolor (Gene-bio, China). For electro-
phoretic mobility analysis, incubated the sample for
30 min at room temperature, and then 10% glycerol
was added to the samples. The gel electrophoresis was
conducted at 110 V for 10 min, and then the gel was
photographed using a Bio-Rad ChemiDoc" XRSTouch
Imaging System (CA, USA).

For the determination of serum degradation, the naked
siCCAT1 aqueous solution and CSNP samples were
mixed with FBS, at a ratio of 1:1 to obtain a serum con-
centration of 50%. The mixtures were then incubated at
37 C for the indicated times. The mixtures were taken
out at indicated time interval and then mixed with 2%
sodium dodecyl sulfonate (SDS), and which were further
loaded onto a 4% agarose gel for gel electrophoresis assay.

In vitro self-tracking of cellular uptake and endosomal/
lysosomal escape

The CRC cells HT-29 were cultured in RPMI 1640
medium containing 10% (v/v) FBS and 1% penicillin/
streptomycin (P/S) at 37 °C in a humidified atmosphere
with 5% CO,. HT-29 cells were cultured onto a glass bot-
tom dish, reaching a suitable concentration of 2 x 10°
cells per well. The medium was replaced by fresh medium
compromising SNP for incubation 0.5 h, 1 h, 2 h, 4 h,
6 h, respectively. After that, HT-29 cells were washed 3
times with PBS, and then stained endosome/lysosome
with LysoTracker Green. And cell uptake and endosomal/
lysosomal escape of SNP (blue fluorescence) carrying
Cy3 labeled siCCAT]1 (red fluorescence) and LysoTracker
Green labeled endosome/lysosome (green fluorescence)

containing an equivalent 10 pg/mL of Cur or 100 nM
of siCCAT1). The cell viability was estimated using the
CCK-8 assay according to manufacturer’s instructions
(Dojindo, Japan).

To calculate 50% inhibitory concentration (ICs),
HT-29 cells in 96-well plates were co-cultured with free
Cur in concentrations ranging from 5 to 75 ug/mL. The
IC;, was reckoned based on the dose of Cur that caused
50% cell death compared to the PBS control.

Cell apoptosis assay

FITC Annexin V/Propidium Iodide (PI) double stain-
ing method was used to determine the ability of induc-
ing apoptosis by different treatment. HT-29 cells
co-cultured with a variety of NP, free Cur, CNP, SNP
and CSNP were evaluated. After 24 h of incubation,
by centrifuging at 500 g for 5 min to harvest cells. The
Annexin V/PI Apoptosis Detection Kit was used in
accordance with the manufacturer’s protocol and sub-
jected to flow cytometry analysis (FCM).

Western blot assay

Total protein samples in HT-29 cells were extracted
with RIPA lysis buffer (Beyotime Biotechnology,
Shanghai, China), and then the protein concentration
was detected using BCA kit (Beyotime Biotechnol-
ogy, Shanghai, China). The same amount protein sam-
ples were separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). After
transferring it to PVDF membrane (Millipore, USA),
the protein was incubated in blocking solution (5%
skim milk powder) at room temperature for 1 h. The
primary antibody pB-actin, Bcl-2, Caspase-3, E-Cadherin
and N-Cadherin were diluted as 1: 2000 and incubated
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with the sample at 4 °C overnight, and then reacted
with the secondary antibody labeled with horseradish
peroxidase for 1 h. The Bio-Rad ChemiDoc" Touch
Imaging System was used to determine protein levels in
cells, with B-actin as an internal reference.

In vitro wound healing assay

HT-29 cells were seeded in 24-well plates at a density of
2 x 10° cells per well and cultured for 24 h before subse-
quent studies. Using the tip of 200 uL sterile micropipette
scraped the culture monolayer, and keeping the tip per-
pendicular to the bottom of the petri dish. The cultured
cells were incubated with NP, free Cur, CNP, SNP and
CSNP for 48 h for the cells repairing the wound. Finally,
in order to calculate the mobility, the quantization width
in the case where the wound was observed through a
microscope.

In vivo imaging

The female BALB/c nude mice were obtained from Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China). All relevant experiments were carried out fol-
lowing the ethical rules enacted by Experimental Ani-
mal Ethics Committee in Beijing. CSNP and free IR780
were intravenously injected into tumor-bearing nude
mice, and then the IVIS Spectrum in vivo optical imag-
ing system (PerkinElmer, USA) and multispectral opti-
cal tomography system (MSOT invasion 128; iThera
medical, Germany) were used for fluorescence and pho-
toacoustic imaging at specific time points (1 h, 3 h, 6 h,
12 h, 24 h), respectively. All mice were immolated after
imaging, and tumors and major organs were gathered for
ex vivo fluorescence imaging further.

In vivo antitumor assessment

To establish a tumor model, 1 x 10® HT-29 cells dispersed
in 100 pL of PBS were injected subcutaneously into the
right hind limb of mice, which were divided into 5 groups
(n=5 per group) stochastically when the tumor vol-
umes grown into ~ 150 mm?>, and saline, free Cur, CNP,
SNP and CSNP were injected through the tail vein (Cur
5 mg/kg, siCCAT1 2 mg/kg) every 2 days, respectively.
The tumor volume and body weight of the experimental
mice were measured every other day. After all mice were
immolated on the 14th day, and tumors were excised and
weighed.

Statistical analysis

All experiments were independently repeated at least
3 times (n=3), unless otherwise stated. Data were
expressed as mean=£ SD. To evaluate the significance of
the difference between the treatment groups Student’s
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t-test was used, and the statistical significance was
*p<0.05, *p<0.01, *** p<0.005 and ****p <0.001.

Abbreviations

CCAT1: Colon cancer-associated transcript-1; INcRNA: Long noncod-

ing RNA; CRC: Colorectal cancer; PEI-PDLLA: Polyethyleneimine-poly (o,
I-lactide); DSPE-mPEG: 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy (polyethylene glycol)]; siCCAT1: Small interfering RNA targeting
INcRNA CCAT1; Cur: Curcumin; NP: The blank nanoparticles were obtained
by mixing PEI-PDLLA and DSPE-mPEG solutions through film dispersion
method; CNP: The Cur-loaded NP; SNP: The siCCAT 1-loaded NP; CSNP:

The Cur-siCCAT1-co-loaded NP; IR780: 2-[2-[2-Chloro-3-[(1,3-dihydro-
3,3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidenel]-1-cyclohexen-1-yl]
ethenyl]-3,3-dimethyl-1-propylindoliumiodide.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-021-00981-7.

Additional file 1: Scheme S1. (A) Synthesis route of PEI-PDLLA and (B)
The structure of DSPE-mPEG2000. Fig. S1. FT-IR spectrum of PEI, PDLLA
and PEI-PDLLA. Fig. $2. (A) "H NMR spectrum of PEl, PDLLA and PEI-PDLLA
(The deuterated chloroform (CDCl;) was used as solvent), and (B) partial
amplification. Fig. $3. Cytotoxicity of PEI-PDLLA blank micelles. Fig.
S4.The average size of CSNP after maintained in PBS for different time
intervals. Fig. S5. Zeta potential of CSNP in PBS (pH = 7.4) at different
time intervals. Fig. S6. In vitro Cur and siCCAT1 release profiles from CSNP
in PBS at pH 5.5 and pH 7.4 at 37 °C, respectively. Fig. S7. Cytotoxicity of
PEI-PDLLA/DSPE-mPEG blank micelles. Fig. S8. Histological analysis of main
organs with saline and NP treatments, respectively. Fig. $9. The protein
expression level of Bcl-2 and Caspase-3 of tumor tissues detected by
western blot assay. Table. S1. The influences of formulation parameters
on the size, zeta potential and Cur drug encapsulation efficiency (EE) and
loading content (LC).

Acknowledgements
Not applicable.

Author’s contributions

FJand YL contributed to the majority of experimental work and the writ-

ing of the manuscript. YW, XD and JL directed the research, designed and
coordinated the project, and provided advice and revised the manuscript.
XW helped perform fluorescence imaging. XC helped perform photoacoustic
imaging. ZP helped perform proton magnetic resonance. All authors read and
approved the final manuscript.

Funding
This study was supported by the National Natural Science Foundation of
China (81773185, 81272453, 81472850).

Declarations

Ethics approval and consent to participate
All relevant experiments were carried out following the ethical rules enacted
by Experimental Animal Ethics Committee in Beijing.

Consent for publication
All authors accept the submission conditions.

Availability of data and materials
Without restrictions.

Completing interests
The authors declare no conflict of interest.


https://doi.org/10.1186/s12951-021-00981-7
https://doi.org/10.1186/s12951-021-00981-7

Jia et al. J Nanobiotechnol

(2021) 19:238

Author details

CAS Key Laboratory for Biomedical Effects of Nanomaterials and Nanosafety,
CAS Center for Excellence in Nanoscience, National Center for Nanoscience
and Technology, Beijing 100190, China. 2Department of General Surgery,
Peking Union Medical College Hospital, Peking Union Medical College, Chi-
nese Academy of Medical Sciences, Beijing 100730, People’s Republic of China.
3University of Chinese Academy of Sciences, Beijing 100049, People’s Republic
of China.

Received: 14 April 2021 Accepted: 28 July 2021
Published online: 11 August 2021

References

1.

20.

21.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. Ca Cancer J Clin.
2020;70:7-30.

Eaden JA, Abrams KR, Mayberry JF. The risk of colorectal cancer in ulcera-
tive colitis: a meta-analysis. Gut. 2001;48:526-35.

Kopetz S, Chang GJ, Overman MJ, et al. Improved survival in metastatic
colorectal cancer is associated with adoption of hepatic resection and
improved chemotherapy. J Clin Oncol. 2009;27:3677-83.

Schmitz SU, Grote P, Herrmann BG. Mechanisms of long noncoding RNA
function in development and disease. Cell Mol Life Sci. 2016;73:2491-509.
Dinger ME, Amaral PP, Mercer TR, et al. Long noncoding RNAs in mouse
embryonic stem cell pluripotency and differentiation. Genome Res.
2008;18:1433-45.

Cesana M, Cacchiarelli D, Legnini |, et al. A long noncoding RNA controls
muscle differentiation by functioning as a competing endogenous RNA.
Cell. 2011;147:358-69.

Ponting CP, Oliver PL, Reik W. Evolution and functions of long noncoding
RNAs. Cell. 2009;136:629-41.

Bhan A, Soleimani M, Mandal SS. Long noncoding RNA and cancer: a new
paradigm. Cancer Res. 2017;77:3965-81.

Schmitt AM, Chang HY. Long noncoding RNAs in cancer pathways.
Cancer Cell. 2016;29:452-63.

He XL, Tan XM, Wang X, et al. C-Myc-activated long noncoding RNA
CCAT1 promotes colon cancer cell proliferation and invasion. Tumor Biol.
2014;35:12181-8.

Ozawa T, Matsuyama T, Toiyama Y, et al. CCAT1 and CCAT2 long noncod-
ing RNAs, located within the 8q. 24.21 ‘gene desert, serve as important
prognostic biomarkers in colorectal cancer. Ann Oncol. 2017;28:1882-8.
Xiang JF, Yin QF, Chen T, et al. Human colorectal cancer-specific CCAT1-L
INncRNA regulates long-range chromatin interactions at the MYC locus.
Cell Res. 2014;24:513-31.

Nissan A, Stojadinovic A, Mitrani-Rosenbaum S, et al. Colon cancer associ-
ated transcript-1: a novel RNA expressed in malignant and pre-malignant
human tissues. Int J Cancer. 2012;130:1598-606.

Zhang EB, Han L, Yin DD, et al. H3K27 acetylation activated-long non-
coding RNA CCAT1 affects cell proliferation and migration by regulating
SPRY4 and HOXB13 expression in esophageal squamous cell carcinoma.
Nucleic Acids Res. 2017:45:3086-101.

Chen S, Ma P, Li B, et al. LncRNA CCAT1 inhibits cell apoptosis of renal

cell carcinoma through up-regulation of Livin protein. Mol Cell Biochem.
2017;434:135-42.

SuY,Yao S, Zhao S, et al. LncRNA CCAT1 functions as apoptosis inhibitor
in podocytes via autophagy inhibition. J Cell Biochem. 2020;121:621-31.
Zhang S, Xiao J, Chai, et al. LncRNA-CCAT1 promotes migration, inva-
sion, and EMT in intrahepatic cholangiocarcinoma through suppressing
miR-152. Dig Dis Sci. 2017;62:3050-8.

Lv L, Jia JQ, Chen J. The IncRNA ccat1 upregulates proliferation and
invasion in melanoma cells via suppressing miR-33a. Oncol Res.
2018,26:201-8.

Zhang Y, Ma MZ, Liu WY, et al. Enhanced expression of long noncoding
RNA CARLo-5 is associated with the development of gastric cancer. Int J
Clin Exp Pathol. 2014;7:8471-9.

Luo J, Tang L, Zhang J, et al. Long non-coding RNA CARLo-5 is a negative
prognostic factor and exhibits tumor pro-oncogenic activity in non-small
cell lung cancer. Tumor Biol. 2014;35:11541-9.

Castanotto D, Rossi JJ. The promises and pitfalls of RNA-interference-
based therapeutics. Nature. 2009;457:426-33.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 14 of 15

Davis ME, Zuckerman JE, Choi CHJ, et al. Evidence of RNAi in humans
from systemically administered siRNA via targeted nanoparticles. Nature.
2010;464:1067-U140.

Kleinman ME, Yamada K, Takeda A, et al. Sequence- and target-
independent angiogenesis suppression by siRNA via TLR3. Nature.
2008;452:591-U1.

Martinez-Castillo M, Villegas-Sepulveda N, Meraz-Rios MA, et al. Curcumin
differentially affects cell cycle and cell death in acute and chronic
myeloid leukemia cells. Oncol Lett. 2018;15:6777-83.

Johnson JJ, Mukhtar H. Curcumin for chemoprevention of colon cancer.
Cancer Lett. 2007;255:170-81.

Sahu RP, Batra S, Srivastava SK. Activation of ATM/Chk1 by curcumin
causes cell cycle arrest and apoptosis in human pancreatic cancer cells.
BrJ Cancer. 2009;100:1425-33.

ChoudhuriT, Pal S, Agwarwal ML, et al. Curcumin induces apoptosis in
human breast cancer cells through p53-dependent Bax induction. FEBS
Lett. 2002;512:334-40.

Cao L, Xiao X, Lei JJ, et al. Curcumin inhibits hypoxia-induced epithelial-
mesenchymal transition in pancreatic cancer cells via suppression of the
hedgehog signaling pathway. Oncol Rep. 2016;35:3728-34.

Gallardo M, Calaf GM. Curcumin inhibits invasive capabilities through
epithelial mesenchymal transition in breast cancer cell lines. Int J Oncol.
2016;49:1019-27.

Anto RJ, Mukhopadhyay A, Denning K, et al. Curcumin (diferuloylmeth-
ane) induces apoptosis through activation of caspase-8, BID cleavage
and cytochrome c release: its suppression by ectopic expression of Bcl-2
and Bcl-xl. Carcinogenesis. 2002;23:143-50.

Zhu L, Han MB, Gao Y, et al. Curcumin triggers apoptosis via upregulation
of Bax/Bcl-2 ratio and caspase activation in SW872 human adipocytes.
Mol Med Report. 2015;12:1151-6.

Silva DM, Liu R, Goncalves AF, et al. Design of polymeric core-shell carriers
for combination therapies. J Colloid Interface Sci. 2021,587:499-509.

. Kunimura N, Kitagawa K, Sako R, et al. Combination of rAd-p53 in situ

gene therapy and anti-PD-1 antibody immunotherapy induced anti-
tumor activity in mouse syngeneic urogenital cancer models. Sci Rep.
2020;10.

Cong ZQ, Zhang L, Ma SQ, et al. Size-transformable Hyaluronan stacked
self-assembling peptide nanoparticles for improved transcellular
tumor penetration and photo-chemo combination therapy. ACS Nano.
2020;14:1958-70.

Dudani S, Graham J, Wells JC, et al. First-line immuno-oncology com-
bination therapies in metastatic renal-cell carcinoma: results from the
international metastatic renal-cell carcinoma database consortium. Eur
Urol. 2019;76:861-7.

Kaesmann L, Eze C, Dantes M, et al. State of clinical research of radio-
therapy/chemoradiotherapy and immune checkpoint inhibitor therapy
combinations in solid tumours—a German radiation oncology survey.
Eur J Cancer. 2019;108:50-4.

El Jundi A, Morille M, Bettache N, et al. Degradable double hydrophilic
block copolymers and tripartite polyionic complex micelles thereof for
small interfering ribonucleic acids (siRNA) delivery. J Colloid Interface Sci.
2020;580:449-59.

Zhang B-C, Luo B-Y, Zou J-J, et al. Co-delivery of Sorafenib and CRISPR/
Cas9 based on targeted core-shell hollow Mesoporous Organosilica
nanoparticles for synergistic HCC therapy. ACS Appl Mater Interfaces.
2020;12:57362-72.

YanT, Zhu S, Hui W, et al. Chitosan based pH-responsive polymeric prod-
rug vector for enhanced tumor targeted co-delivery of doxorubicin and
SIRNA. Carbohydr Polym. 2020;250:116781.

Xu JQ, Zhang YL, Xu JC, et al. Reversing tumor stemness via orally tar-
geted nanoparticles achieves efficient colon cancer treatment. Biomateri-
als. 2019,216:11.

Lehar J, Krueger AS, Avery W, et al. Synergistic drug combinations

tend to improve therapeutically relevant selectivity. Nat Biotechnol.
2009;27:659-U116.

Ashton JC. Drug combination studies and their synergy quantification
using the Chou-Talalay method-letter. Cancer Res. 2015;75:2400-00.

. LiS,HuK, CaoW, et al. pH-responsive biocompatible fluorescent polymer

nanoparticles based on phenylboronic acid for intracellular imaging and
drug delivery. Nanoscale. 2014;6:13701-9.



Jia et al. J Nanobiotechnol

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

(2021) 19:238

Shao L, Li Q, Zhao C, et al. Auto-fluorescent polymer nanotheranostics
for self-monitoring of cancer therapy via triple-collaborative strategy.
Biomaterials. 2019;194:105-16.

You ZH, Liu CH, Wang C, et al. LncRNA CCAT1 promotes prostate cancer
cell proliferation by interacting with DDX5 and MIR-28-5P. Mol Cancer
Ther. 2019;18:2469-79.

Kale J, Osterlund EJ, Andrews DW. BCL-2 family proteins: changing part-
ners in the dance towards death. Cell Death Differ. 2018;25:65-80.

Van Opdenbosch N, Lamkanfi M. Caspases in cell death, inflammation,
and disease. Immunity. 2019;50:1352-64.

Zhang H, Zhong J, Bian Z, et al. Long non-coding RNA CCAT1 promotes
human retinoblastoma SO-RB50 and Y79 cells through negative regula-
tion of miR-218-5p. Biomed Pharmacother. 2017;87:683-91.

Shehzad A, Wahid F, Lee YS. Curcumin in cancer chemoprevention:
molecular targets, pharmacokinetics, bioavailability, and clinical trials.
Arch Pharm. 2010;343:489-99.

Mukhopadhyay A, Bueso-Ramos C, Chatterjee D, et al. Curcumin down-
regulates cell survival mechanisms in human prostate cancer cell lines.
Oncogene. 2001;20:7597-609.

Kirkin V, Joos S, Zornig M. The role of Bcl-2 family members in tumorigen-
esis. BBA-Mol Cell Res. 2004;1644:229-49.

Oltersdorf T, Elmore SW, Shoemaker AR, et al. An inhibitor of Bcl-2 family
proteins induces regression of solid tumours. Nature. 2005;435:677-81.
Thiery JP, Acloque H, Huang RYJ, et al. Epithelial-mesenchymal transitions
in development and disease. Cell. 2009;139:871-90.

54.

55.

56.

57.

58.

Page 15 of 15

Nantajit D, Lin D, Li JJ. The network of epithelial-mesenchymal transition:
potential new targets for tumor resistance. J Cancer Res Clin Oncol.
2015;141:1697-713.

Wang J, Guo C. Down-regulation of INcRNA CCAT1 inhibits colon cancer
cell proliferation and promotes apoptosis by targeting apoptosis-related
proteins. Int J Clin Exp Pathol. 2016;9:11169-78.

Ye ZY, Zhou M, Tian B, et al. Expression of INcRNA-CCAT1, E-cadherin and
N-cadherin in colorectal cancer and its clinical significance. Int J Clin Exp
Med. 2015;8:3707-15.

Zhang CH, Xu YJ, Wang HW, et al. Curcumin reverses irinotecan resistance
in colon cancer cell by regulation of epithelial-mesenchymal transition.
Anticancer Drugs. 2018;29:334-40.

Shakor ABA, Atia M, Alshehri AS, et al. Ceramide generation during
curcumin-induced apoptosis is controlled by crosstalk among Bcl-2, Bcl-
XL, caspases and glutathione. Cell Signal. 2015;27:2220-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Self-assembled fluorescent hybrid nanoparticles-mediated collaborative lncRNA CCAT1 silencing and curcumin delivery for synchronous colorectal cancer theranostics
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Introduction
	Results and discussion
	Construction and characterization of the co-delivery system CSNP
	In vitro self-tracking of cellular uptake and endosomallysosomal escape
	In vitro combinational therapeutic anti-cancer effects of CSNP
	In vitro CSNP-mediated enhancement of apoptosis and inhibition of migration
	In vivo fluorescencephotoacoustic imaging
	In vivo combinational therapeutic anti-cancer effects of CSNP

	Conclusion
	Materials and methods
	Materials
	Synthesis of PEI-PDLLA copolymers
	Preparation of Cur-siCCAT1 co-loaded nanoparticles (CSNP)
	Physicochemical characterization
	Gel electrophoresis and serum stability assay
	In vitro self-tracking of cellular uptake and endosomallysosomal escape
	In vitro cytotoxicity assays
	Cell apoptosis assay
	Western blot assay
	In vitro wound healing assay
	In vivo imaging
	In vivo antitumor assessment
	Statistical analysis

	Acknowledgements
	References




