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Abstract

Colorectal cancer (CRC) is a major cause of cancer-related deaths in humans, and effective treatments are still needed
in clinical practice. Despite significant developments in anticancer drugs and inhibitors, their poor stability, water
solubility, and cellular membrane permeability limit their therapeutic efficacy. To address these issues, multifunctional
CaCOj; nanoparticles loaded with Curcumin (Cur) and protein deacetylase (HDAC) inhibitor QTX125, and coated

with hyaluronic acid (HA) (CaCO;@Cur@QTX125@HA), were prepared through a one-step gas diffusion strategy.
Dynamic light scattering (DLS), transmission electron microscopy (TEM), and scanning electron microscopy (SEM)
showed that CaCO;@Cur@QTX125@HA nanoparticles have uniform spherical morphology and elemental distribution,
with diameters around 450 nm and a Zeta potential of — 8.11 mV. The controlled release of Cur from the nanoparticles
was observed over time periods of 48 h. Cellular uptake showed that CaCO;@Cur@QTX125@HA nanoparticles were
efficiently taken up by cancer cells and significantly inhibited their growth. Importantly, CaCO;@Cur@QTX125@HA
nanoparticles showed specific inhibitory effects on CRC cell growth. Encouragingly, CaCO;@Cur@QTX125@HA nano-
particles successfully internalized into CRC patient-derived organoid (PDO) models and induced apoptosis of tumor
cells. The multifunctional CaCO;@Cur@QTX125@HA nanoparticles hold promise for the treatment of CRC.

Introduction
Colorectal cancer (CRC) is a malignant tumor that poses
a serious threat to human health, with high incidence
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In recent years, epigenetic regulation has gained wide-
spread attention for its important role in tumorigenesis
and tumor progression [11, 12]. Epigenetics refers to
a series of molecular mechanisms that do not involve
changes in DNA sequence but result in alterations in gene
expression, including DNA methylation, histone modifi-
cations, and non-coding RNA regulation, among others
[11]. Epigenetic regulation can affect various biological
processes in tumor cells, such as proliferation, differen-
tiation, migration, invasion, angiogenesis, apoptosis, and
autophagy, thereby participating in tumorigenesis, devel-
opment, and metastasis [13—16]. Histone deacetylase 6
(HDAC 6) is a specific deacetylase for tubulin, which is
involved in regulating various processes in tumor cells,
such as proliferation, migration, invasion, metabolism,
and immune evasion [17-20]. HDAC 6 is overexpressed
in multiple tumors and is associated with poor prognosis,
especially in CRC [21, 22]. Therefore, HDAC 6 represents
a promising anticancer target.

QTX125 is a novel HDAC 6-specific inhibitor with
potent anticancer activity. It is a derivative of Tubacin, a
selective HDAC 6 inhibitor discovered by Haggarty et al.
[23]. QTX125 effectively inhibits the enzymatic activ-
ity of HDAC 6, leading to increased acetylation levels of
tubulin and histones, resulting in cell cycle arrest, apop-
tosis, and autophagy in tumor cells. Moreover, QTX125
enhances the sensitivity of tumor cells to chemotherapy
drugs by inhibiting HDAC 6-mediated ubiquitin—pro-
teasome system and autophagy [24]. Montserrat et al.
demonstrated significant antitumor effects of QTX125
both in vitro and in vivo, particularly in solid tumor cells
with high drug resistance [25]. However, the efficacy of
QTX125 alone in CRC treatment is limited, mainly due
to its lack of selectivity, short half-life, and weak drug
activity. Therefore, it is necessary to develop a safe and
effective nano-carrier to deliver QTX125, in order to
enhance CRC treatment.

In drug delivery, combination therapy is an effective
strategy to improve therapeutic efficacy [26-29]. Cur-
cumin (Cur) is a natural polyphenol derived from tur-
meric, which exhibits a wide range of biological activities,
including antioxidant, anti-inflammatory, anti-angio-
genic, and anticancer properties [30, 31]. Cur can induce
apoptosis and autophagy in CRC cells through various
mechanisms, while also enhancing the immune system’s
ability to clear tumors. Cur inhibits multiple signaling
pathways, such as NF-kB, AP-1, STAT3, Wnt/p-catenin,
MAPK, PI3K/Akt, etc., thereby regulating downstream
gene expression and protein activity [32, 33]. Giom-
marelli et al. studied the synergistic effect of combining
Cur with HDAC inhibitors, and observed that it pro-
moted tumor cell apoptosis [34]. However, Cur is often
poorly absorbed in the gastrointestinal tract, leading to
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low bioavailability. Therefore, the simultaneous delivery
of Cur and QTX125 using nano-carriers is expected to
significantly enhance CRC treatment efficacy.

In this study, We prepared amorphous and uniform
CaCO; nanoparticles using a one-step gas diffusion
strategy and successfully encapsulated Cur and QTX125
within them (Scheme 1). CaCO; nanoparticles pos-
sess excellent biocompatibility, biodegradability, and pH
sensitivity, making them ideal drug carriers. In order to
achieve a synergistic anticancer effect, we have designed
a drug delivery system based on amorphous calcium car-
bonate (CaCO;) nanoparticles to co-deliver Curcumin
(Cur) and QTX125. To enhance cellular uptake, we modi-
fied the surface of the nanoparticles with hyaluronic acid
(HA), which can bind to CD44 receptors over-expressed
on the surface of CRC cells, thereby enhancing the tar-
geting and endocytosis of the nanoparticles. The nano-
particles were characterized with scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), Fourier-transform infrared spectra (FTIR), X-ray
diffraction (XRD) and Zetasizer. Release of Cur from the
nanoparticles was determined. Cellular uptake of the
nanoparticles and their inhibitory effects on the growth
of cancer cells were investigated. Furthermore, the effi-
cacy of the nanoparticles on induced apoptosis of tumor
cells in PDO models was verified.

Experimental

Materials

Calcium chloride (CaCl,, 98%), ammonium bicarbonate
(NH,HCO3, 99%), Cur (Cy,Hy0Og, 98%), hyaluronic acid
(HA, molecular weight=97.0%), and ethanol (99.5%)
were purchased from Shanghai Aladdin Bio-Chem Tech-
nology Co., Ltd. QTX125 (98%) was purchased from
MedChemExpress, while Rhodamine B (C,gH;,CIN,Os,
98%), Paraformaldehyde (PFA), Triton X-100, Type
II collagenase, growth factor reducing matrix gel,
matrix adhesive were purchased from Sigma-Aldrich.
4/,6-diamidino-Z-phenylindole (DAPI, C,¢H;3N:-2HC],
98%), Hoechst33342 (C,,Hy,gN-O, 97%) was obtained
from Solarbio and alamarBlue (C,,H,NNaO,, 75%) was
obtained from Yeasen Biotechnology and used in accord-
ance with the manufacturers’ protocols. Phosphate-buft-
ered saline (PBS, pH=7.2-7.4, 0.01 M), sodium acetate
buffer (pH=5.2, 3 M), and Hanks’ Balanced Salt Solution
(HBSS) were purchased from Beyotime Biotechnology.
Dulbecco’s Modified Eagle Medium (DMEM), Mini-
mum Essential Medium (MEM), Roswell Park Memo-
rial Institute (RPMI) 1640 Medium, F12 medium, fetal
bovine serum (FBS), and penicillin/streptomycin (P/S)
were purchased from Thermo Fisher Scientific. Growth
factors Responsin 1 (120-38), EGF (100-15), and Wnt-
3a (315-20), primary rabbit monoclonal antibody CEA,
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Scheme 1 CaCOj; nanoparticles loaded with Cur/QTX125 and coated with HA can effectively inhibit the growth of CRC cells. a Chemical structures
of Cur, QTX125 and HA; b The preparation of CaCO;@Cur@QTX125@HA nanoparticles. NH,HCO; was first decomposed into NH; and CO,, which
diffused into the CaCl, solution containing Cur and QTX125. Then, CO, reacted with Ca* to form Cur and QTX125 loaded CaCO;@Cur@QTX 125
nanoparticles, which were subsequently coated with HA to generate CaCO,@Cur@QTX125@HA nanoparticles; ¢ CaCO;@Cur@QTX125@HA
nanoparticles can be taken up by CRC cells, Cur and QTX125 can be released to induce cell apoptosis

CA19-9 and AlexaFluor® 488-conjugated goat anti-rabbit
secondary antibody were purchased from Abcam. B12
(17504044) was purchased from Life Technology. Nicoti-
namide (N0636), N-acetylcysteine, and SB202190 (S7076)
were obtained from Sigma. All reagents and materials
used in the experiment were of analytical grade.

Preparation of CaCO; nanoparticles

CaCO; nanoparticles were synthesized using a gas diffu-
sion method [35, 36]. Briefly, 150 mg of CaCl, was dis-
solved in 100 mL of ethanol in a beaker and stirred for
20 h. Next, 5 g of NH,HCO; was placed outside the
beaker. The entire setup was then sealed and kept at 30 °C
while stirring overnight. After that, the dispersed CaCO,
nanoparticles were collected and washed three times
with deionized water through centrifugation (6000 rpm,
20 min). The final product was lyophilized and then
redispersed in deionized water at a concentration of
100 mg/mL.

Preparation of CaCO;@Cur@QTX125 nanoparticles

CaCO;@Cur@QTX125 nanoparticles were synthesized
using the gas diffusion method, which is similar to the
process used for the synthesis of CaCO; nanoparticles.
Firstly, 5 mg of QTX125, 5 mg of Cur, and 150 mg of
CaCl, were dissolved in 100 mL of ethanol and stirred
for 20 h until fully dissolved. Then, 5 g of NH,HCO,
was placed outside the beaker containing the mixture

solution. The entire setup was then sealed and kept at
30 °C while stirring overnight. The resulting nanoparti-
cles were collected and washed three times with deion-
ized water through centrifugation (6000 rpm, 20 min),
and finally lyophilized before being redispersed in deion-
ized water.

Preparation of CaCO;@Cur@QTX125@HA nanoparticles

To prepare CaCO;@Cur@QTX125@HA nanoparticles,
1 mg of the previously prepared CaCO;@Cur@QTX125
nanoparticles was dispersed in 10 mL of deionized water.
Then, 1 mg of HA was added to the solution and left
stirring overnight. The mixture was subsequently cen-
trifuged and the resulting CaCO;@Cur@QTX125@HA
nanoparticles were collected. They were then washed
three times with deionized water via centrifugation and
finally obtained through freeze-drying.

Preparation of rhodamine B-labeled CaCO;@Cur@
QTX125@HA nanoparticles

To prepare Rhodamine B-labeled CaCO;@Cur@
QTX125@HA nanoparticles, we followed the same
procedure as described above, except that Rhodamine
B (RhB) was added to the ethanol solution containing
Ca?* ions, Cur and QTX125. The concentration of RhB
was 0.1 mg/mL. The obtained RhB-labeled nanoparti-
cles were washed with PBS and collected by centrifuga-
tion. The fluorescence intensity of the nanoparticles was
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measured by a fluorescence spectrophotometer. The
results showed that the nanoparticles exhibited strong
fluorescence emission at 580 nm when excited at 550 nm,
indicating the successful labeling of RhB.

Characterization of nanoparticle compositions, crystal
structures and morphologies

The chemical compositions of CaCO;, CaCO;@Cur@
QTX125, and CaCO;@Cur@QTX125@HA nano-
particles were determined using an attenuated total
reflectance  Fourier-Transform Infrared spectrom-
etry (ATR-FTIR, Nicolet iS50) in the 4000-400 cm™
range. The crystal structures of the nanoparticles were
identified through powder X-ray diffraction (XRD)
(XRD-6100) using Cu Ka radiation. Morphologies and
energy-dispersive spectroscopy (EDS) maps of the nano-
particles were imaged with scanning electron microscopy
(SEM, MAIA3 LMH) and transmission electron micros-
copy (TEM, Thermo Fisher Scientific, Talos L120C G2)
at 120 kV. To prepare TEM samples, 10 mg of CaCOs,
CaCO;@Cur@QTX125, and CaCO;@Cur@QTX125@
HA nanoparticles were suspended in 10 ml of deionized
water and vortexed completely. Then, 5 pl of the nano-
particle suspensions were dropped onto carbon support
films, quickly frozen dried, and imaged.

Measurements of nanoparticle sizes and Zeta potentials

by dynamic light scattering (DLS)
CaCO;@Cur@QTX125@HA nanoparticles were sus-
pended in 1.5 mL of deionized water and thoroughly
vortexed. The size and zeta potential of the nanoparti-
cles were measured using a Malvern Instruments Zeta-
sizer (Nano ZSE, He—Ne laser, A\ =632 nm) at a scattering
angle of 173° and a temperature of 25 °C. All measure-
ments were repeated at least three times.

Measurements of pH-dependent release of Cur

from CaCO;@Cur@QTX125 and CaCO;@Cur@QTX125@HA
nanoparticles

A Cur standard curve was first plotted at the Cur con-
centration of 5, 10, 20, 40 and 80 pg/ml. To determine the
pH-dependent release profiles of Cur, 500 mg of CaCO;@
Cur@QTX125 or CaCO;@Cur@QTX125@HA nano-
particles were suspended in 15 mL of PBS (pH 7.2-7.4,
0.01 M) or sodium acetate buffer (pH 5.2, 3 M), vortexed,
and then kept under magnetic stirring at 25 °C. At differ-
ent time intervals, 1 mL of the solution was extracted and
centrifuged, the concentration of Cur in the supernatant
was measured using a microplate reader (Synergy Hybrid
H1, Biotek) at 425 nm. All measurements were repeated
at least three times.
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Cellular experiments

Cell culture

Human cervical cancer cells (HeLa, ATCC), human colon
cancer cell (HCT116, ATCC), HCV-29 bladder epithe-
lial cells (HCV-29, ATCC) and intestinal epithelioid cells
(IEC-6, ATCC) were cultured in DMEM supplemented
with 1% P/S and 10% FBS. Human bladder transitional
carcinoma cells (UC-3 cells, ATCC) were cultured in
MEM supplemented with 1% P/S and 10% FBS, while
human colorectal cancer cells (HT-29, ATCC) were cul-
tured in RPMI1640 medium supplemented with 1% P/S
and 10% FBS. All cells were incubated in a humidified
incubator under standard culture conditions of 37 °C and
5% CO,.

Cellular uptake of CaCO;@Cur@QTX125@HA nanoparticles

The CaCO;@Cur@QTX125@HA nanoparticles were
first labeled with Rhodamine B and then suspended in
PBS (Contained 5% DMSO) at a concentration of 40 pg/
ml. In a 96-well plate, HCT116 cells, HT29 cells, HCV-
29 cells and UC-3 cells were seeded at a density of 5000
cells/well in 100 pl cell culture medium and cultured
overnight. 10 pl of Rhodamine B-labeled CaCO;@Cur@
QTX125@HA nanoparticles were diluted with 90 ul of
cell culture medium containing 10% FBS. The medium
was removed from the cell culture plate and replaced
with 200 pl of the Rhodamine B-labeled CaCO;@Cur@
QTX125@HA nanoparticles. After 6 h, the medium was
removed and the cells were washed three times with PBS.
The cells were then stained with Hoechst33342 and visu-
alized using a fluorescence microscope (CK53, Olympus).

In vitro cell metabolic activity evaluation

Cell metabolic activity was measured using alamar-
Blue assays according to the manufacturer’s protocol.
HCT116 cells, HT29 cells, HCV-29 cells, UC-3 cells,
HeLa cells, and IEC-6 cells were seeded at a density of
1x10* cells per well in 100 pl of cell culture medium
and cultured until 80% confluency in a 96-well plate.
The CaCO;@Cur@QTX125@HA nanoparticles were
suspended in PBS at various concentrations (6.25, 12.5,
25, 50, 100, 200 and 400 pg/mL). Next, the cell culture
medium was removed from the plate, and 100 pl of the
CaCO;@Cur@QTX125@HA nanoparticles at vari-
ous concentrations was added to each well. After 24 or
48 h of incubation, the medium was removed, and the
cells were washed twice with HBSS. Next, 100 pL of a
10% diluted alamarBlue solution in DMEM, MEM, or
RPMI1640 was added to each well, and the cells were
incubated for an additional 0.5-1 h. Finally, the fluo-
rescence intensity of the supernatant was measured at
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530 nm excitation and 590 nm emission using a micro-
plate reader (Synergy Hybrid H1, Biotek). Cells that
were not treated with nanoparticles were used as con-
trols to define 100% viability.

CRC organoid experiment

Patient derived organoid (PDO) model CRC tumor
samples were collected from the Colorectal and Anorec-
tal Surgery Department of the First Affiliated Hospital of
Zhengzhou University. This experiment was approved
by Research and Clinical Experiment Ethics Committee
of the First Affiliated Hospital of Zhengzhou University
(NO. 2023-KY-0484). To construct a patient-induced
organoids model of CRC, fresh tumor tissue obtained
during surgery was immediately transported to DMEM/
F12 medium supplemented with 1% P/S. The tissue was
cut into approximately 2 mm slices and then digested with
a digestion solution (DMEM/F12 containing 2.5 mg/mL
type II collagenase) at 37 °C for 1 h. After centrifugation,
the supernatant was removed, and 1 ml of PBS was added
to resuspend the organoid precipitate. Then, 9 ml of PBS
was added, and the mixture was centrifuged at 400 g for
5 min before being mixed with the growth factor-reduc-
ing matrix gel. The mixture was distributed into 24-well
plates, with each well containing approximately 50,000
cells and 25 pL of matrix adhesive. Once the matrix gel
was solidified, 500 pL of culture medium was added. The
culture medium was replaced every 2-3 days for approxi-
mately 2 weeks, during which the growth and morpho-
logical changes of similar organs were observed. Photos
were taken on days 1, 3, 5, 9, and 12, respectively. The cul-
ture medium was composed of advanced DMEM/F12, 1%
P/S, 1X B27, nicotinamide, N-acetylcysteine, SB202190,
and growth factors Responsin, EGF and Wnt-3a. After
organoid generation, different concentrations of CaCOs,
CaCO;@Cur@QTX125, and CaCO;@Cur@QTX125@
HA nanoparticles were added to the culture medium, and
the medium was replaced every 3 days.

Internalization of nanoparticles in PDO models The
PDO models were first implanted into petri dishes. Next,
200 pl of Rhodamine B-labeled CaCO;@Cur@QTX125@
HA nanoparticles (50 pg/mL) suspended in PBS (con-
tained 5% DMSO) were added to the petri dishes and
incubated for 24 h. The cells were then fixed with 4%
paraformaldehyde for 20 min, washed three times with
PBS, and stained with DAPI. After staining, the cells were
washed again with PBS before being sealed with climbing
sheets. The uptake of CaCO;@Cur@QTX125 @HA nano-
particles in the PDO models was visualized using a confo-
cal microscopy (ANDOR Dragonfly, UK) with a Z-stack
model.
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TUNEL (EdU TUNEL) imaging To determine cell apop-
tosis in the PDO tissues, TUNEL (Terminal deoxynucle-
otidyl transferase dUTP nick end labeling) imaging was
performed using the TUNEL Alexa Fluor imaging Assay
(Invitrogen), following the manufacturer’s instructions.
Cryofixed graft tissue sections were fixed in 4% PFA for
15 min at room temperature and then permeabilized in
0.25% Triton X-100 in PBS for 20 min at room temper-
ature. The sections were then incubated at 37 °C with a
labeled reaction mixture containing 4.0 uL (TdT) and a
nucleotide mixture including 1.0 pL (FITC-12-dUTP) for
1 h under dark conditions. After washing three times,
they were counterstained with DAPI. Apoptosis was
determined by laser confocal microscopy (LEICA SPS,
Germany).

Immunofluorescence  PDOs were seeded onto 96-well
plates and treated with Rhodamine B-labeled CaCO;,
CaCO;@Cur@QTX125, and CaCO;@Cur@QTX125@
HA nanoparticles for 24 h. After fixation with 4% PFA for
30 min, the PDOs were permeabilized with PBST (PBS
containing 0.5% Triton X-100) for 5 min. The PDOs were
then incubated overnight at 4 °C with primary antibod-
ies CEA (1:200) and CA19-9 (1:200). After washing with
PBST 3 times, the samples were further incubated with
AlexaFluor® 488-conjugated goat anti-rabbit secondary
antibody (1:200). Nuclei were stained with DAPI, and
the images were captured using a confocal microscope
(LEICA SP8, Germany).

Statistical analysis

The cell viability was analyzed using Student’s ¢-test, and
the results are presented as mean+SD (standard devia-
tion) values. Mean and SD were calculated from at least
three independent experimental replications. A p value
less than 0.05 was considered statistically significant.

Result and discussion

Preparation of various nanoparticles

To synthesize CaCO; nanoparticles and co-encapsulate
Curcumin (Cur) and QTX125 within them, we employed
a one-step gas diffusion method. This method allows the
simple chemical reaction at room temperature to gener-
ate amorphous CaCO; nanoparticles and simultaneously
encapsulate the drugs in one step. Furthermore, we sur-
face-modified the nanoparticles with hyaluronic acid (HA)
to enhance their targeting and uptake by CRC cells. Vari-
ous characterization techniques were used to assess the
morphology, size, charge, composition, and structure of the
nanoparticles. As shown in Fig. 1, the process of preparing
CaCOg and CaCO;@Cur@QTX125 nanoparticles is as fol-
lows: In a sealed system, NH,HCO, decomposes into CO,
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and NH; (Eq. 1), which then diffuses into an ethanol solu-
tion containing Ca?" ions. Under alkaline conditions, the
carbonate reacts with Ca?* ions to form CaCOj nanopar-
ticles (Egs. 2, 3).

NH4HCO3 — NH3 4 CO; + H,0 )
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Ca*™ + CO3™ — CaCOs 3)

To prepare CaCO;@Cur@QT X125 nanoparticles, Cur
and QTX125 are dissolved in the ethanol solution con-
taining Ca’>" ions. As CO, and NHj; diffuse and react
with Ca* ions to form CaCOj4 nanoparticles, Cur and
QTX125 are simultaneously encapsulated. To further
prepare CaCO;@Cur@QTX125@HA  nanoparticles,
CaCO;@Cur@QT X125 nanoparticles are incubated with
hyaluronic acid (HA). After centrifugation and washing
with PBS, CaCO;, CaCO;@Cur@QTX125, and CaCO;@
Cur@QTX125@HA nanoparticles are obtained (Addi-
tional file 1: Figures S1, S2, S3). SEM and TEM obser-
vations show that all three types of nanoparticles have
uniform, spherical, and graded morphology, with diam-
eters of approximately 250, 500 and 500, respectively
(Fig. 2a). The size of CaCO;@Cur@QTX125 nanopar-
ticles is larger than that of corresponding CaCO; nano-
particles, consistent with DLS measurement results
(Fig. 2e). After HA coating, the size of the nanoparticles
further increases. Additionally, the Zeta potential of the
nanoparticles decreases from 4.83 mV to — 5.66 mV,
and further to — 8.11 mV, which helps prevent serum
protein adsorption (Fig. 2e). Element mapping shows
uniform distribution of carbon, nitrogen, oxygen, and
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Fig. 2 aRepresentative TEM images of CaCO5, CaCO;@Cur@QTX125 and CaCO;@Cur@QTX125@HA nanopart\cles, scale bars represent 500 nm.
b Elemental mapping of CaCO;@Cur@QTX125@HA nanoparticles, scale bars represent 5 um. ¢ FTIR spectra of CaCO,, CaCO;@Cur@QTX125

and CaCO;@Cur@QTX125@HA nanoparticles. d XRD patterns of CaCO;, CaCO;@Cur@QTX125 and CaCO;@Cur@QTX125@HA nanoparticles. e The
size and Zeta potential of CaCO;, CaCO;@Cur@QTX125 and CaCO; @Cur@QTX125@HA nanoparticles
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calcium in CaCO;@Cur@QTX125@HA nanoparticles
(Fig. 2b). FT-IR spectra indicate the appearance of asym-
metric stretching split peaks of C-O at 1491 cm™' and
1419 cm™, confirming the uniform loading of Cur and
QT X125 into the nanoparticles (Fig. 2c). The characteris-
tic peak of the carbohydrate group appears at 1038 cm-1,
confirming the successful coating of HA (Fig. 2c). XRD
spectra show that CaCO;@Cur@QTX125 and CaCO;@
Cur@QTX125@HA nanoparticles have similar amor-
phous structures (Fig. 2d), indicating that the loading
of Cur and QTX125, as well as the HA coating, did not
affect the crystallinity of the nanoparticles.

Release of Cur from CaCO;@Cur@QTX125 and CaCO;@
Cur@QTX125@HA nanoparticles

Effective prolonged therapy for tumors requires the con-
trolled release of therapeutics in tumor tissue. The release
of Cur from CaCO;@Cur@QTX125 and CaCO;@Cur@
QTX125@HA nanoparticles was first measured in PBS
with a pH of 7.4. The results showed that at the early
stage, around 18% of Cur was released from CaCO;@
Cur@QTX125 nanoparticles (Fig. 3a). With incubation
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time increased to 8, 16, and 24 h, the accumulated release
of Cur significantly increased and reached 31%, 37%, and
57%, respectively, but still less than 60%. However, after
an increased incubation time of 48 h, more than 90% of
the Cur was released from the nanoparticles, with almost
all of it being released after XX hours. In contrast, the
release of Cur in NaAc buffer with a pH of 5.2 was faster
in the early stages than in PBS. For instance, after incuba-
tion for 4, 8, 16, and 24 h, the accumulated release of Cur
was 36%, 57%, 65%, and 73%, which is 50%, 57%, 43%, and
22% higher than that in the PBS. However, after 48 and
72 h of incubation, similar amounts of Cur were released
from CaCO;@Cur@QTX125 as in PBS. The relatively
faster release of Cur in acidic solution can be attributed
to the greater solubility of CaCO; nanoparticles. After
HA coating, the release of Cur from CaCO;@Cur@
QTX125@HA nanoparticles during the first 24 h in both
PBS and sodium acetate buffer was markedly reduced
(Fig. 3b). For example, in PBS, after 4, 8, and 16 h of incu-
bation, the accumulated release of Cur was 20%, 28%,
and 35%, respectively. Similar to CaCO;@Cur@QTX125,
the release of Cur from CaCO;@Cur@QTX125@HA
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Fig. 3 aThe release profiles of Cur from CaCO;@Cur@QTX125 nanoparticles in PBS at a pH=7.4 and NaAc at pH=5.2. a The release profiles of Cur
from CaCO;@Cur@ QTX125@HA nanoparticles in PBS at pH=7.4 and NaAc at pH=5.2. ¢ Representative TEM images of CaCO;@Cur@QTX125@
HA nanoparticles incubated in NaAc at a pH of 5.2 over different periods of time, scale bars represent 200 nm. d Time-dependent size changes

of CaCO;@Cur@QTX125@HA in NaAc at a pH of 5.2 for different periods of time
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nanoparticles in the acidic NaAc buffer was still rela-
tively faster. These findings indicate that HA coating pro-
vides some protection to CaCOs, thereby prolonging the
release of Cur.

To further elucidate the mechanisms underlying the
release of Cur from the nanoparticles, CaCO;@Cur@
QTX125@HA nanoparticles were observed with TEM
after incubation for different periods in NaAc buffer.
Initially, the CaCO;@Cur@QTX125@HA nanoparticles
exhibited a uniform, spherical, and hierarchical morphol-
ogy (Fig. 3c). After 1 h of incubation, some of the nano-
particles partially dissolved, resulting in a decrease in size
from around 300 nm to less than 20 nm, and the nano-
particles presented an irregular morphology. With an
increase in incubation time to 2, 3, and 4 h, the changes
in size and morphology of the CaCO;@Cur@QTX125@
HA nanoparticles became more noticeable. After 5 h of
incubation, all the original CaCO;@Cur@QTX125@HA
nanoparticles decomposed, and much smaller nanopar-
ticles with a size of less than 40 nm were observed. Fur-
thermore, DLS measurements confirmed the decrease
in nanoparticle size with an increase in incubation time
(Fig. 3d). Our results demonstrate that the release of Cur
from the CaCO;@Cur@QTX125@HA nanoparticles was
due to their slow degradation.

Cellular uptake of CaCO;@Cur@QTX125@HA nanoparticles
Further studies were conducted to determine the cellu-
lar uptake of CaCO;@Cur@QTX125@HA nanoparticles
in different cancer cells. To enhance visualization, Cur
was labeled with Rhodamine B (shown in red) and loaded
into the nanoparticles, while cell nuclei were stained with
Hoechst 33,342 (shown in blue). As shown in Fig. 4a,
after incubation with Rhodamine B-labeled CaCO;@
Cur@QTX125@HA nanoparticles for 1 h, an obvious
red fluorescence was observed in HCT 116 cells. With
further increase in incubation time, the intensity of red
fluorescence significantly increased. Importantly, the red
fluorescence evenly distributed inside the cells, indicating
that the CaCO;@Cur@QTX125@HA nanoparticles did
not aggregate. Similarly, high cellular uptake of CaCO;@
Cur@QTX125@HA nanoparticles was observed in HT29
cells even after only 1 h of incubation, and the efficiency
of uptake maintained at a high level with increasing incu-
bation time. This high cellular uptake efficiency may be
attributed to the HA coating, which can specifically tar-
get the CD44 ligand on cancer cell surface and facilitate
the cellular uptake of CaCO;@Cur@QTX125@HA nan-
oparticles (Fig. 4b). To further confirm this, the cellular
uptake of CaCO;@Cur@QTX125@HA nanoparticles
was tested in HCV-29 and UC-3 cells, and high uptake
efficiency was similarly observed (Additional file 1: Fig-
ures S5, S6). These results demonstrate that CaCO;@
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Cur@QTX125@HA nanoparticles have great potential
for delivering Cur into various cancer cells.

Inhibitory effects of CaCO;@Cur@QTX125@HA
nanoparticles on CRC cell growth

The inhibitory effects of CaCO; CaCO;@Cur@
QTX125, and CaCO;@Cur@ QTX125@HA nanopar-
ticles on the growth of various cancer cells were meas-
ured using Alamarblue assays. The cells were incubated
with Cur at concentrations ranging from 6.25 pg/mL
to 400 pg/mL for 48 h. As shown in Fig. 5a, in HCT116
cells, regardless of the concentration of Cur, the CaCO,
nanoparticles alone did not induce obvious cytotoxic-
ity, and cell metabolic activity was preserved above 80%.
In contrast, treatment with CaCO;@Cur@QTX125
nanoparticles led to decreased metabolic activity in a
concentration-dependent manner. As the concentration
of Cur increased from 6.25 pg/mL to 400 pg/mL, the
metabolic activity decreased from 80 to 20%. After coat-
ing with HA, similar results were observed. In HCV-29
and U-23 cells, CaCO; did not induce obvious cytotox-
icity (Fig. 5b, c). However, when treated with increasing
concentrations of Cur, a clear decrease in cell metabolic
activity was observed. At high concentration of 400 pg/
mlL, the metabolic activity of these cells after incubation
with CaCO,@Cur@QTX125 nanoparticles was only40%
and 28%, respectively. Interestingly, after coating with
HA, the inhibitory effects were further increased to vary-
ing degrees, indicating that HA enhanced the inhibitory
effects of CaCO;@Cur@QTX125 nanoparticles. This
enhancement was even greater in HeLa and IEC-6 cells
(Additional file 1: Figures S7, S8). For example, in HeLa
cells, the cell metabolic activity after incubation with
CaCO;@Cur@QTX125@HA nanoparticles was only
15%, compared to 62% for cells treated with CaCO;@
Cur@QTX125 counterparts. Similarly, the cell metabolic
activity of IEC-6 cells decreased from 50 to 36% after
treatment with CaCO;@Cur@QTX125@HA nanopar-
ticles at a Cur concentration of 200 pg/mL. In contrast
to the above cancer cells, significantly stronger inhibitory
effects were observed in HT-29 cells, with much lower
cell metabolic activity (54% and 36%) at Cur concentra-
tions of 6.25 pg/mL and 12.5 pug/mL when treated with
CaCO,;@Cur@QTX125 nanoparticles. Moreover, the
inhibitory effects of were CaCO;@Cur@QTX125 nano-
particles further enhanced after coating with HA (54%
vs 14%). Importantly, as the Cur concentration increased
to 25 pg/mL, 50 pg/mL, 100 pg/mL, 200 pg/mL, and
400 pg/mL, the cell metabolic activity was as low as<12%
and 7% after treatment with CaCO,@Cur@QTX125 and
CaCO,;@Cur@QTX125@HA nanoparticles, demonstrat-
ing that both of these nanoparticles have high inhibitory
effects on the growth of cancer cells, indicating the good
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Hoechst 33342

3h

Hoechst 33342

synergistic effects of Cur and QTX125. Encouragingly,
CaCO;@Cur@QTX125 and CaCO;@Cur@QTX125@
HA nanoparticles exhibit obvious specific inhibitory
effects towards CRC cells, highlighting their potential
application for the treatment of CRC.

Evaluation of therapeutic effects of CaCO;@Cur@QTX125@
HA nanoparticles in PDO models

Organoids are a simple yet important approach for eval-
uating the therapeutic effect of CRC in vitro. Therefore,
to evaluate the effectiveness of CaCO;@Cur@QTX125@
HA nanoparticles on CRC, two patient derived colorectal
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Fig. 4 aFluorescence images of HCT116 cells after incubation with CaCO;@Cur@ QTX125@HA for 2, 3,4, and 5 h. b Fluorescence images of HT29
cells after incubation with CaCO;@Cur@QTX125@HA for 2, 3,4, and 5 h. Cur was labeled with Rhodamine B (shown in red), while cell nuclei were
labeled with Hoechst 33,342 (shown in blue). The scale bars present 100 um

carcinoid organ (Colon PDO) models were constructed
in vitro (Additional file 1: Figure S9). The uptake of
CaCO;@Cur@QTX125@HA nanoparticles in the orga-
noid was first determined using Z-stack confocal micros-
copy. The red fluorescence from Rhodamine B labeled
Cur was clearly observed near the nucleus stained with
DAPI (blue fluorescence), demonstrating the excellent
internalization effect of CaCO;@Cur@QTX125@HA
nanoparticles in PDO (Fig. 6a). In comparison to other
CaCOg-based nanoparticles, CaCO;@Cur@QTX125@
HA exhibited superior internalization in Colon PDO
models (Fig. 6¢). Next, cell apoptosis in CRC PDO after
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incubation with CaCO,; CaCO;@Cur@QTX125, and
CaCO;@Cur@QTX125@HA nanoparticles was deter-
mined using TUNEL assay (Fig. 6b), where fluorescence
intensity reflects the level of apoptosis. It was observed
that the green fluorescence was lowest in CRC PDO
treated with CaCO, nanoparticles, indicating their low
cytotoxicity. After 12 days of treatment, PDOs incubated
with CaCO;@Cur@QTX125@HA nanoparticles exhib-
ited more obvious cell apoptosis, possibly due to HA’s
ability to enhance cellular uptake in PDO models (Addi-
tional file 1: Figure S10). Immunofluorescence was used
to detect tumor marker expression in PDO models. Red
fluorescence intensity was used to measure nanoparticle
internalization in PDO models, while green fluorescence
was utilized to indicate higher CEA and CA19-9 expres-
sion on the cell surface (Fig. 6¢, d). After treatment with
CaCO; nanoparticles, the PDO model exhibited the
strongest green fluorescence, indicating higher expres-
sion of CEA and CA19-9 on the cell surface. In contrast,
the green fluorescence was fainter in the PDO models
treated with CaCO;@Cur@QTX125 and CaCO,;@Cur@
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QTX125@HA nanoparticles, possibly due to the sig-
nificant pro-apoptotic effects of CaCOg nanoparticles in
PDO cells. Bax protein expression was further measured
by immunofluorescence assay to determine the effect of
different nanoparticles on apoptosis in the PDO models.
It was observed that compared to treatment with CaCO,
nanoparticles, Bax protein expression significantly
increased in PDOs treated with CaCO,@Cur@QTX125
and CaCO;@Cur@QTX125@HA nanoparticles, with the
latter demonstrating the most obvious fluorescent inten-
sity (Fig. 6d). These results indicate that CaCO;@Cur@
QTX125@HA nanoparticles have a significant inhibitory
effect on the PDO model of CRC.

Conclusions

Multifunctional CaCO;@Cur@QTX125@HA  nano-
particles were prepared using a one-pot gas diffusion
strategy and were used to inhibit the growth of colorec-
tal cancer (CRC) cells. The amorphous CaCO;@Cur@
QTX125@HA nanoparticles exhibited uniform, spheri-
cal, and hierarchical morphology with a diameter of
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and CaCO;@Cur@QTX125@HA nanoparticles, measured by TUNEL assay. ¢ Expression of tumor marker CEA in CRC PDO model after incubation
with CaCO;, CaCO;@Cur@QTX125 and CaCO;@Cur@QTX125 @HA nanoparticles at a Cur concentration of 20 ug/mL; d Expression of tumor
marker CA19-9 in CRC PDO model after incubation with CaCO;, CaCO;@Cur@QTX125 and CaCO;@Cur@QTX125@HA nanoparticles at a Cur
concentration of 20 ug/mL. The nuclei were labeled with DAPI in blue, Cur were labeled with Rhodamine B in red, and tumor markers were labeled

with AlexaFluor® 488 in green. The scale bars represent 50 pm

approximately 450 nm and a Zeta potential of — 8.11 mV.
Cur was released from the CaCO;@Cur@QTX125@HA
over 5 h upon nanoparticle degradation. The CaCO;@
Cur@QTX125@HA nanoparticles showed high cellular
uptake efficiency in multiple cancer cells, resulting in an
effective inhibition of cancer cell growth, especially in
CRC cells. Moreover, these nanoparticles were effectively
taken up by PDO models, inducing cancer cell apoptosis.
These results highlight the potential of CaCO;@Cur@
QTX125@HA nanoparticles for CRC treatment.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512951-023-02104-w.

Additional file 1: Figure S1. SEM image of representative CaCO;
nanoparticles. The scale bar presents 10 um. Figure S2. SEM image of

representative CaCO;@Cur@QTX125 nanoparticles. The scale bar presents
20 um. Figure S3. SEM image of representative CaCO;@Cur@QTX125@
HA nanoparticles. The scale bar presents 50 um. Figure S4. Elemental
mapping of CaCO;@Cur@QTX125 nanoparticles, scale bars represent

5 um. Figure S5. Fluorescence images of HCV-29 cells after incubation
with CaCO;@Cur@QTX125@HA for 2, 3,4, and 5 h, scale bars represent
100 um. Figure S6. Fluorescence images of HCV-29 cells after incubation
with CaCO;@Cur@QTX125@HA for 2, 3,4, and 5 h, scale bars represent
100 um. Figure S7. Metabolic activity of Hela cells after incubation with
CaCO;, CaCO;@Cur@QTX125 or CaCO;@Cur@QTX125@HA nanoparticles
with a concentration of Cur of 12.5, 25, 50, 100 or 200 pg/mL. Figure S8.
Metabolic activity of [EC-6 cells after incubation with CaCO;, CaCO;@Cur@
QTX125 or CaCO;@Cur@QTX125@HA nanoparticles with a concentra-
tion of Cur of 12.5, 25, 50, 100 or 200 pg/mL. Figure S9. Representative
morphological image of PDO models with different CRC1/2 (PDO1/2). The
scale bars represent 100 um. Figure $10. Images of the growth morphol-
ogy of the PDO1/2 model at Day 1, 3, 5,9 and 12 days. The number of
organoids per well was counted at the end of the experiment. The scale
bars represent 100 um.



https://doi.org/10.1186/s12951-023-02104-w
https://doi.org/10.1186/s12951-023-02104-w

Hu et al. Journal of Nanobiotechnology (2023) 21:353

Acknowledgements
Not applicable.

Author contributions

SH, KX and XH contributed to this work equally SH and ZZ designed experi-
ments and wrote the manuscript, SH and KX conducted the vitro experi-
ments and related analysis. XH, WX CW synthesized and characterized the
nanoparticles, QZ and Z drew the diagram of Fig. 1 and Scheme 1, ZC and DH
contributed to CRC PDO studies and subsequent analysis, ZZ and KX provided
the clinical samples of CRC patients, ZZ, CW and ZC revised the manuscript,
SH and KX performed statistical analysis of the data.

Funding
We acknowledge the support from Medical Science and Technique Founda-
tion of Henan Province (No: SBGJ202103060 to KKX).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate

Patient Derived Organoid (PDO) experiment was in accordance with institu-
tional guidelines. All PDO studies were performed in accordance with the ethi-
cal approval of Research and Clinical Experiment Ethics Committee of the First
Affiliated Hospital of Zhengzhou University.

Consent for publication
All the authors have reviewed and agreed for the publication of this
manuscript.

Competing interests
There is no competing interests to declare.

Received: 17 August 2023 Accepted: 11 September 2023
Published online: 29 September 2023

References

1. Eng C, Jdcome AA, Agarwal R, Hayat MH, Byndloss MX, Holowatyj AN,
Bailey C, Lieu CH. A comprehensive framework for early-onset colorectal
cancer research. Lancet Oncol. 2022;23(3):e116-28.

2. QuR,MaY,Zhang Z, FuW. Increasing burden of colorectal cancer in
China. Lancet Gastroenterol Hepatol. 2022;7(8):700.

3. Spaander MCW, Zauber AG, Syngal S, Blaser MJ, Sung JJ, You YN, Kuipers
EJ. Young-onset colorectal cancer. Nat Rev Dis Primers. 2023;9(1):21.

4. GuoJ,YuZ SunD, ZouY,LiuY,Huang L. Two nanoformulations induce
reactive oxygen species and immunogenetic cell death for synergistic
chemo-immunotherapy eradicating colorectal cancer and hepatocellular
carcinoma. Mol Cancer. 2021;20(1):10.

5. Frank MH, Wilson BJ, Gold JS, Frank NY. Clinical implications of colorectal
cancer stem cells in the age of single-cell omics and targeted therapies.
Gastroenterology. 2021;160(6):1947-60.

6.  Sinicrope FA. Increasing incidence of early-onset colorectal cancer. N Engl
J Med. 2022;386(16):1547-58.

7. Kotani D, Oki E, Nakamura Y, Yukami H, Mishima S, Bando H, Shirasu
H, Yamazaki K, Watanabe J, Kotaka M, Hirata K, Akazawa N, Kataoka K,
Sharma S, Aushev VN, Aleshin A, Misumi T, Taniguchi H, Takemasa |,

Kato T, Mori M, Yoshino T. Molecular residual disease and efficacy of
adjuvant chemotherapy in patients with colorectal cancer. Nat Med.
2023,;29(1):127-34.

8. Glimelius B, Stintzing S, Marshall J, Yoshino T, de Gramont A. Metastatic
colorectal cancer: advances in the folate-fluoropyrimidine chemotherapy
backbone. Cancer Treat Rev. 2021;98: 102218.

9. Shen D, Luo J, Chen L, MaW, Mao X, Zhang Y, Zheng J, Wang Y, Wan J,
Wang S, Ouyang J, Yi H, Liu D, Huang W, Zhang W, Liu Z, McLeod HL,

He Y. PARPi treatment enhances radiotherapy-induced ferroptosis and

20.

21.

22.

23.

24.

25.

Page 12 of 13

antitumor immune responses via the cGAS signaling pathway in colorec-
tal cancer. Cancer Lett. 2022;550: 215919.

. Picco G, Cattaneo CM, van Vliet EJ, Crisafulli G, Rospo G, Consonni S,

Vieira SF, Rodriguez IS, Cancelliere C, Banerjee R, Schipper LJ, Oddo D,
Dijkstra KK, Cinatl J, Michaelis M, Yang F, Di Nicolantonio F, Sartore-Bianchi
A, Siena S, Arena S, Voest EE, Bardelli A, Garnett MJ. Werner helicase is

a synthetic-lethal vulnerability in mismatch repair-deficient colorectal
cancer refractory to targeted therapies. Chemother Immunother Cancer
Discov. 2021;11(8):1923-37.

. Jung G, Herndndez-llldn E, Moreira L, Balaguer F, Goel A. Epigenetics of

colorectal cancer: biomarker and therapeutic potential. Nat Rev Gastro-
enterol Hepatol. 2020;17(2):111-30.

. Johnstone SE, Reyes A, Qi Y, Adriaens C, Hegazi E, Pelka K, Chen JH, Zou

LS, Drier Y, Hecht V, Shoresh N, Selig MK, Lareau CA, lyer S, Nguyen SC,
Joyce EF, Hacohen N, Irizarry RA, Zhang B, Aryee MJ, Bernstein BE. Large-
scale topological changes restrain malignant progression in colorectal
cancer. Cell. 2020;182(6):1474-1489.e23.

. YuT,Guo F,YuY,SunT,Ma D, Han J, Qian Y, Kryczek |, Sun D, Nagarsheth

N, ChenY, Chen H, Hong J, Zou W, Fang JY. Fusobacterium nuclea-
tum promotes chemoresistance to colorectal cancer by modulating
autophagy. Cell. 2017;170(3):548-563.e16.

. HuF, Song D, Yan Y, Huang C, Shen C, Lan J, Chen Y, Liu A, Wu Q, Sun'L,

Xu F HuF, Chen L, Luo X, Feng Y, Huang S, Hu J, Wang G. IL-6 regulates
autophagy and chemotherapy resistance by promoting BECN1 phospho-
rylation. Nat Commun. 2021;12(1):3651.

. Pan Z, Zheng J, Zhang J, Lin J, Lai J, Lyu Z, Feng H, Wang J, Wu D, Li Y. A

Novel protein encoded by exosomal CircATG4B Induces oxaliplatin resist-
ance in colorectal cancer by promoting autophagy. Adv Sci. 2022;9(35):
2204513,

. LiY,GanY, LiuJ, LiJ, Zhou Z,Tian R, Sun R, Liu J, Xiao Q, Li Y, Lu P, Peng V,

Peng Y, Shu G, Yin G. Downregulation of MEIST mediated by ELFN1-AS1/
EZH2/DNMT3a axis promotes tumorigenesis and oxaliplatin resistance in
colorectal cancer. Signal Transduct Target Ther. 2022;7(1):87.

. LiT, Zhang C, Hassan S, Liu X, Song F, Chen K, Zhang W, Yang J. Histone

deacetylase 6 in cancer. J Hematol Oncol. 2018;11(1):111. https://doi.org/
10.1186/513045-018-0654-9.

. Pulya S, Amin SA, Adhikari N, Biswas S, Jha T, Ghosh B. HDAC6 as privi-

leged target in drug discovery: a perspective. Pharmacol Res. 2021;163:
105274.

. Zeleke TZ, Pan Q, Chiuzan C, Onishi M, Li Y, Tan H, Alvarez MJ, Honan

E,Yang M, Chia PL, Mukhopadhyay P, Kelly S, Wu R, Fenn K, Trivedi MS,
Accordino M, Crew KD, Hershman DL, Maurer M, Jones S, High A, Peng J,
Califano A, Kalinsky K, Yu J, Silva J. Network-based assessment of HDAC6
activity predicts preclinical and clinical responses to the HDAC6 inhibitor
ricolinostat in breast cancer. Nat Cancer. 2023;4(2):257-75.

Zhang Z, Zhang X, Huang A. Aggresome-autophagy associated gene
HDACS6 Is a potential biomarker in pan-cancer. Especially Colon Adeno-
carcinoma Front Oncol. 2021;11: 7185809.

Lee DH, Won HR, Ryu HW, Han JM, Kwon SH. The HDAC6 inhibitor ACY-
1215 enhances the anticancer activity of oxaliplatin in colorectal cancer
cells. Int J Oncol. 2018;53(2):844-54.

ChenT, LiJ, Xu M, Zhao Q, Hou Y, Yao L, Zhong Y, Chou PC, Zhang W,
Zhou P, Jiang Y. PKCe phosphorylates MIIP and promotes colorectal can-
cer metastasis through inhibition of RelA deacetylation. Nat Commun.
2017;8(1):939.

Haggarty SJ, Koeller KM, Wong JC, Grozinger CM, Schreiber SL.
Domain-selective small-molecule inhibitor of histone deacetylase

6 (HDAC6)-mediated tubulin deacetylation. Proc Natl Acad Sci USA.
2003;100(8):4389-94.

Strebl MG, Campbell AJ, Zhao WN, Schroeder FA, Riley MM, Chindavong
PS, Morin TM, Haggarty SJ, Wagner FF, Ritter T, Hooker JM. HDAC6 brain
mapping with [18F] bavarostat enabled by a Ru-mediated deoxyfluorina-
tion. ACS Cent Sci. 2017,3(9):1006-14.

Pérez-Salvia M, Aldaba E, Vara Y, Fabre M, Ferrer C, Masdeu C, Zubia A,
Sebastian ES, Otaegui D, Llinas-Arias P, Rossell6-Tortella M, Berdasco M,
Moutinho C, Setien F, Villanueva A, Gonzalez-Barca E, Muncunill J, Navarro
JT, Piris MA, Cossio FP, Esteller M. In vitro and in vivo activity of a new
small-molecule inhibitor of HDAC6 in mantle cell lymphoma. Haemato-
logica. 2018;103(11):e537-40.


https://doi.org/10.1186/s13045-018-0654-9
https://doi.org/10.1186/s13045-018-0654-9

Hu et al. Journal of Nanobiotechnology

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

(2023) 21:353

Ma Z, LiN, Zhang B, HuiY, Zhang Y, Lu P, Pi J, Liu Z. Dual drug-loaded
nano-platform for targeted cancer therapy: toward clinical therapeutic
efficacy of multifunctionality. J Nanobiotechnol. 2020;18(1):123.

Guo J, Yu Z, Das M, Huang L. Nano codelivery of oxaliplatin and folinic
acid achieves synergistic chemo-immunotherapy with 5-fluorouracil for
colorectal cancer and liver metastasis. ACS Nano. 2020;14(4):5075-89.
Sun D, ZouY, Song L, Han S, Yang H, Chu D, Dai Y, Ma J, O'Driscoll CM, Yu
Z, Guo J. A cyclodextrin-based nanoformulation achieves co-delivery of
ginsenoside Rg3 and quercetin for chemo-immunotherapy in colorectal
cancer. Acta Pharm Sin B. 2022;12(1):378-93.

Liu X, Jiang J, Chan R, JiY, Lu J, Liao YP, Okene M, Lin J, Lin P, Chang CH,
Wang X, Tang |, Zheng E, Qiu W, Wainberg ZA, Nel AE, Meng H. Improved
efficacy and reduced toxicity using a custom-designed irinotecan-deliv-
ering silicasome for orthotopic colon cancer. ACS Nano. 2019;13(1):38-53.
Ruiz de Porras V, Layos L, Martinez-Balibrea E. Curcumin: a therapeutic
strategy for colorectal cancer? Semin Cancer Biol. 2021;73:321-30.
ZhuX,Yu Z, Feng L, Deng L, Fang Z, Liu Z, LiY, Wu X, Qin L, Guo R, Zheng
Y. Chitosan-based nanoparticle co-delivery of docetaxel and curcumin
ameliorates anti-tumor chemoimmunotherapy in lung cancer. Carbohydr
Polym. 2021;268: 118237.

Liu C, Rokavec M, Huang Z, Hermeking H. Curcumin activates a ROS/
KEAP1/NRF2/miR-34a/b/c cascade to suppress colorectal cancer metas-
tasis. Cell Death Differ. 2023;30(7):1771-85.

LuY, Zhang R, Zhang X, Zhang B, Yao Q. Curcumin may reverse 5-fluo-
rouracil resistance on colonic cancer cells by regulating TET1-NKD-Wnt
signal pathway to inhibit the EMT progress. Biomed Pharmacother.
2020;129: 110381.

Giommarelli C, Zuco V, Favini E, Pisano C, Dal Piaz F, De Tommasi N,
Zunino F. The enhancement of antiproliferative and proapoptotic activity
of HDAC inhibitors by curcumin is mediated by Hsp90 inhibition. Cell Mol
Life Sci. 2010,67(6):995-1004.

Dong Z, Feng L, Zhu W, Sun X, Gao M, Zhao H, Chao Y, Liu Z. CaCO4
nanoparticles as an ultra-sensitive tumor-pH-responsive nanoplatform
enabling real-time drug release monitoring and cancer combination
therapy. Biomaterials. 2016;110:60-70.

Yu J,Wang L, Xie X, ZhuW, Lei Z, Lv L, Yu H, Xu J, Ren J. Multifunctional
nanoparticles codelivering doxorubicin and amorphous calcium carbon-
ate preloaded with indocyanine green for enhanced chemo-photother-
mal cancer therapy. Int J Nanomed. 2023;18:323-37.

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

Page 13 of 13

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




	Multifunctional CaCO3@Cur@QTX125@HA nanoparticles for effectively inhibiting growth of colorectal cancer cells
	Abstract 
	Introduction
	Experimental
	Materials
	Preparation of CaCO3 nanoparticles
	Preparation of CaCO3@Cur@QTX125 nanoparticles
	Preparation of CaCO3@Cur@QTX125@HA nanoparticles
	Preparation of rhodamine B-labeled CaCO3@Cur@QTX125@HA nanoparticles
	Characterization of nanoparticle compositions, crystal structures and morphologies
	Measurements of nanoparticle sizes and Zeta potentials by dynamic light scattering (DLS)
	Measurements of pH-dependent release of Cur from CaCO3@Cur@QTX125 and CaCO3@Cur@QTX125@HA nanoparticles
	Cellular experiments
	Cell culture
	Cellular uptake of CaCO3@Cur@QTX125@HA nanoparticles
	In vitro cell metabolic activity evaluation
	CRC organoid experiment
	Patient derived organoid (PDO) model 
	Internalization of nanoparticles in PDO models 
	TUNEL (EdU TUNEL) imaging 
	Immunofluorescence 


	Statistical analysis

	Result and discussion
	Preparation of various nanoparticles
	Release of Cur from CaCO3@Cur@QTX125 and CaCO3@Cur@QTX125@HA nanoparticles
	Cellular uptake of CaCO3@Cur@QTX125@HA nanoparticles
	Inhibitory effects of CaCO3@Cur@QTX125@HA nanoparticles on CRC cell growth
	Evaluation of therapeutic effects of CaCO3@Cur@QTX125@HA nanoparticles in PDO models

	Conclusions
	Anchor 30
	Acknowledgements
	References


