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Objective: The combination of DOX and 5-Fu is an important chemotherapeutic regimen but lacks targeting to solid tumor sites. 
Precise drug delivery via folate-modified nanomaterials is an important measure to improve efficacy and reduce toxicity.
Methods: CaCO3 nanoparticles served as the carrier for loading DOX and 5-Fu, followed by encapsulation with folic acid-modified 
polydopamine (PDA) to form a smart dual drug-carrying nanosystem called FA-DCFP. The nanoparticles (NPs) were characterized 
and the release kinetics and anti-tumor effectiveness of FA-DCFP were studied in vitro and in vivo.
Results: The prepared nanoparticles had an average particle size of 188.79±0.93nm and exhibited pH-sensitive drug release. Cellular 
experiments demonstrated that the synergistic effect of tumor cell calcium overload and chemotherapy resulted in tumor cell death. Small 
animal in vivo imaging showed that FA-DCFP was well enriched in the tumour region. In vivo experiments demonstrated that FA-DCFP 
exhibited significant inhibition of tumour growth, attenuation of toxic side effects, and good biosafety compared to other groups.
Conclusion: An intelligent-responsive nano-dual drug delivery system was developed to enhance the therapeutic effectiveness of 
tumors through calcium overload synergistic chemotherapy, offering a novel approach to tumor treatment.
Keywords: adriamycin, calcium overload, 5-fluorouracil, drug-targeting delivery, colon cancer

Introduction
Doxorubicin (DOX) and 5-fluorouracil (5-Fu) are widely used in combination therapy;1,2 however, their lack of 
selectivity can lead to severe side effects, including cardiotoxicity, bone marrow suppression, and gastrointestinal 
reactions.3–5 Therefore, enhancing the targeting capabilities of these chemotherapy drugs is essential for improving 
tumor efficacy and minimizing drug-related adverse effects.

Nanodrug delivery systems offer a promising solution to this challenge.6,7 Innovative drug delivery platforms, such as 
nanoparticles,8 nano hydrogels,9 and nano microorganisms,10 provide high drug loading capacity and suitable sizes, 
enabling the effective delivery of chemotherapy drugs to tumor sites through modifications of the nanodrugs. Bujalance 
Fernández designed a macroporous metal-organic framework for the loading and sequential release of 5-fluorouracil and 
doxorubicin.11 Elaheh Ranjbar successfully encapsulated 5-fluorouracil 5-Fu and doxorubicin DOX in carboxymethyl 
starch and evaluated their co-delivery performance in vitro.12 Xu utilized hierarchical mesoporous silica and albumin 
composite nanomaterials to deliver DOX and 5-fluorouracil, demonstrating inhibitory effects on tumor development in an 
in vivo hepatocellular carcinoma nude mouse model.13
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Calcium carbonate (CaCO3) nanoparticles have been identified as effective carriers for chemotherapy drug 
delivery.14,15 The employment of calcium carbonate as a carrier for diverse drug delivery systems affords advantages 
including facile preparation, low cost, and stable nanoparticle morphology. Additionally, CaCO3 nanomaterials can 
disrupt the calcium ion balance in the tumor microenvironment, leading to calcium overload and subsequent tumor cell 
death.16,17 Their solubility in acidic environments aligns well with the acidic characteristics of tumors, facilitating the 
natural release of drugs within the tumor microenvironment.18 This approach concurrently prevents disintegration under 
physiological conditions from causing damage to normal tissues.19 These features establish CaCO3 nanomaterials as 
intelligent drug carriers for precise delivery and effective release, thereby enhancing therapeutic efficacy while reducing 
systemic toxicity. Chang20 and Hu21 have demonstrated that CaCO3-based carriers serve as effective therapeutic 
adjuvants in the treatment of colorectal cancer.

Drug-loaded nanoplatforms can exploit the Enhanced Permeability and Retention (EPR) effect to preferentially accumu
late in tumor tissues during systemic circulation, thereby enabling sustained therapeutic efficacy.22 Owing to the leakiness of 
tumor vasculature, nanoparticles can extravasate from the bloodstream through intercellular gaps in the endothelial lining and 
accumulate within tumor tissue. Concurrently, the dysfunctional lymphatic drainage in tumor tissues impedes effective 
clearance of extravasated therapeutic payloads, resulting in their prolonged retention within the interstitial space to potentiate 
sustained therapeutic outcomes.23 But incorporating a targeting component can further improve the specificity of drug delivery 
systems.24 A particularly promising approach involves utilizing the properties of folate receptors (FR). Folate receptors are 
glycoprotein membrane receptors located on the cell surface, playing a crucial role in the transport and metabolism of folate 
and its derivatives. The folate receptor family includes several subtypes, such as FR α, FR β, FR γ, and FR δ; among them, FR 
α (FOLR1) is primarily responsible for mediating intracellular folate transport. Through receptor-mediated endocytosis, 
FOLR1 enhances the internalization of folate to meet the growth and metabolic demands of cells.25 Research has indicated that 
FOLR1 is highly expressed in various tumor cells, including colorectal cancer, hepatocellular carcinoma, and lung cancer, 
while exhibiting low or absent levels in normal cells.26–28 This differential expression provides a strong foundation for the 
development of folate receptor-targeted drug delivery systems.29,30

In this study, as shown in Scheme 1, we designed an intelligent nano dual drug delivery system, FA-DCFP, 
incorporating CaCO3 nanoparticles to encapsulate DOX and 5-Fu. These nanoparticles were coated with polydopamine 
(PDA) and subsequently modified with folic acid (FA). The drug-loaded nanoparticles are directed toward the tumor site 
through FA targeting. In the acidic tumor microenvironment, PDA and CaCO3 nanoparticles gradually decompose, 
promoting the release of CaCO3 and exerting anti-tumor effects alongside the chemotherapy drugs DOX and 5-Fu. 
Overall, these mechanisms work synergistically to enhance the therapeutic efficacy of the FA-DCFP system.

Materials and Methods
Materials
Anhydrous calcium chloride (CaCl2), ammonium bicarbonate (NH4HCO3), doxorubicin acid, dopamine hydrochloride, 
5-fluorouracil, calcium-fluorescent probe, 1-ethyl-3-(dimethylamino)propylcarbodiimide (EDC) and N-hydroxysuccinimide 
(NHS) were purchased from Shanghai Maclean Co Ltd (Shanghai, China). Anhydrous ethanol and ammonia were purchased 
from Chengdu Kelong Chemical Co Ltd (Chengdu, China). MTT was purchased from Chengdu Kelong Chemical Co Ltd 
(Chengdu, China). Penicillin-streptomycin solution was purchased from Gibco (New York, USA).The AO fluorescent 
staining kit, alizarin red S staining solution (0.2%, pH 8.3), mitochondrial membrane potential kit (JC-1), and DAPI were 
purchased from Solbao Biotechnology Co Ltd (Beijing, China). The Fluo-4 calcium ion detection kit was purchased from 
Beyotime Biotechnology.

Cell Lines and Animals
The murine colorectal cancer cell line CT26, the human hepatocellular carcinoma cell line HepG2, and the human 
immortalized liver cell line THLE-2 were obtained from the Chinese Academy of Sciences Cell Bank and supplied by 
the Medical Laboratory Center of the Affiliated Hospital of Southwest Medical University. CT26 cells were cultured in 
1640 medium containing 10% fetal bovine serum, penicillin (100 U/mL) and streptomycin (100 µg/mL), at 37°C in a 5% 
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CO2 atmosphere. HepG2 and THLE-2 cells were cultured in DMEM containing 10% FBS, penicillin (100 U/mL) and 
streptomycin (100 µg/mL) at 37°C in a 5% CO2 atmosphere.

Balb/c male mice were provided by Beijing Huafukang Biotechnology Co Ltd and housed on standard laboratory diet 
at an ambient temperature and humidity in air-conditioned chambers. All mice exhibited a state of well-being, with no 
instances of infections documented throughout the duration of the experiment. The use and handling of mice adhered to 
ethical guidelines outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All 
experimental protocols involving animal subjects received approval from the Institutional Animal Care and Treatment 
Committee of Southwest Medical University (swmu20250011).

Synthesis of FA-DCFP
CaCO3 nanoparticles were synthesized by the gas diffusion method, whereby 550 mg of anhydrous calcium chloride was 
added to 500 mL of anhydrous ethanol, which was then ultrasonically dissolved and set aside. A 100 mL volume of the 
prepared calcium chloride ethanol solution was transferred to a 100 mL beaker and covered with aluminium punched 
with small holes. Another small beaker was prepared and 5 g of dried ammonium bicarbonate was added, also covered 
with aluminium punched with small holes. Subsequently, the components were placed together in a vacuum drying oven. 
The reaction system was permitted to react in a vacuum environment at 40 °C for 24 hours. Following the reaction, the 
system was subjected to centrifugation at 12,000 rpm for 15 minutes, after which it was washed with anhydrous ethanol 
on two or three occasions. The process was then concluded with vacuum drying, resulting in the formation of CaCO3 

nanoparticles. The synthesis of CaCO3 and DOX (DCA) was conducted via a one-pot method. The synthesis of CaCO3 

@DOX was performed in a similar manner to that of CaCO3, with the exception that 5 mg of DOX was added to 

Scheme 1 Schematic illustration showing the fabrication process and antitumor mechanism of the FA-DCFP. Some abbreviations indicate as follows: CaCO3, DCA (CaCO3+DOX), 
DCF (DOX+CaCO3+5-Fu), DCFP (CaCO3+DOX+5-Fu+PDA) and FA-DCFP (FA+CaCO3+DOX+5-Fu+PDA). Created in BioRender. tang, y. (2025) https://BioRender.com/i56v996.
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a prepared calcium chloride ethanol solution (100 mL) and sonicated until fully dissolved. This solution was then placed 
in a vacuum drying oven for the reaction to proceed. The resulting product was CaCO3@DOX nanoparticles. Following 
the reaction, the system was subjected to centrifugation at 12,000 rpm for 15 minutes, after which it was washed with 
anhydrous ethanol on two or three occasions.

A solution of 40 mg DCA in 80 mL anhydrous ethanol was prepared and dispersed evenly by ultrasonication. 
Subsequently, 5 mg 5-Fu in 20 mL anhydrous ethanol was added and ultrasonicated until completely dissolved. Finally, 
20 mL of the 5-Fu solution was rapidly added to the DCA anhydrous ethanol solution under magnetic stirring at 800 rpm. 
The solution was stirred at room temperature for a period of 24 hours. Subsequently, the solution was transferred to 
a centrifuge tube and subjected to centrifugation at 12,000 rpm for 15 minutes. Thereafter, it was washed two or three times 
with anhydrous ethanol. Subsequently, the DCF (CaCO3+DOX+5-Fu) nanoparticles were obtained through vacuum drying.

A solution of 5 mg DCF nanoparticles in 10 mL anhydrous ethanol should be prepared. Following ultrasonic 
dissolution, 150 μL of ammonia (1 M) and 1 mg of DA should be added to the round-bottomed flask, where they should 
react at 25 °C for 12 hours. The DCFP should be collected by centrifugation at 12,000 rpm for a period of 15 minutes. 
A quantity of 4 mg of DCFP should be added to 5 mL of anhydrous ethanol, and the solution should be mixed thoroughly by 
means of ultrasonication. The folic acid, EDC and NHS must be added to an appropriate quantity of anhydrous ethanol in 
a 1:1:1 ratio, and the mixture must be stirred for six hours under magnetic stirring at 600 rpm in order to activate the folic 
acid. The appropriate quantity of activated folic acid should then be added to the DCFP solution, and stirring should 
continue for a period of four hours. Subsequently, the precipitate should be collected by centrifugation at 12,000 rpm for 
15 minutes. The precipitate should then be washed two or three times with anhydrous ethanol, and finally, the excess 
organic solvent should be evaporated using a rotary evaporator to obtain FA-DCFP nanoparticles.

Characterization of FA-DCFP
Particle size and polydispersity index (PDI) were determined by means of dynamic light scattering (DLS), repeat the 
measurement 3 times. Drug loading (DL) and encapsulation efficiency (EE) were quantified by UV spectrophotometry. 
The following equations were employed to calculate DL and EE. The conjugation efficiency of FA was determined using 
UV-Vis spectrophotometry.

The successful synthesis of FA-DCFP nanoparticles was corroborated through the utilisation of transmission electron 
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and Fourier transform infrared 
spectroscopy (FTIR).

In vitro Drug Release of FA-DCFP
The release of 5-Fu and DOX from FA-DCFP was performed at pH 5.5, 6.5 and 7.4 using dialysis method. Briefly, the 
FA-DCFP solution (DOX and 5-Fu equivalent of 1 mg and 0.68 mg, respectively) was placed in a dialysis bag (MWCO 
8000 Da) and immersed into 50 mL of PBS solution with different pH value. 2.0 mL of the external buffer was collected 
and replaced by a fresh buffer at predetermined time point. The concentration of DOX and 5-Fu was determined using 
ultraviolet spectrophotometry. This experiment was repeated three times.

The release kinetics of DOX and 5-Fu from FA-DCFP using first-order, Higuchi, and Korsmeyer-Peppas models. The 
release curves were fitted using Python, and the coefficient of determination R2 was calculated to select the best-fitting model.

In vitro Cytotoxicity
The CT26 and HepG2 cells were inoculated into 96-well culture plates at a density of 5000 cells per well and maintained 
in culture for 24 hours. Subsequently, the original medium was removed and replaced with serum-free medium 
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containing different concentration gradients of DOX, 5-Fu, CaCO3, DCA, FCA, and FA-DCFP, and the culture was 
continued for 24 hours, the drug concentration gradient of FA-DCFP was 400 μg/mL, 200 μg/mL, 100 μg/mL, 50 μg/mL, 
25 μg/mL, and 12.5 μg/mL, with 100 μL of the corresponding drug added to each well. Subsequently, 20 μL of MTT 
solution, with a concentration of 5 mg/mL, was added to each well and the plates were incubated for a further 4 to 
6 hours. At the conclusion of the incubation period, 150 μL of dimethyl sulfoxide (DMSO) was added to each well, and 
the absorbance was measured at 490 nm using a FLUOstar Omega enzyme marker. Repeat the experiment three times.

The CT26 cell line was inoculated in 6-well culture plates at a density of 1.0 × 105 cells per well in conjunction with 
HepG2 cells. The plates were then incubated in a cell incubator for a period of 24 hours. Subsequently, the original 
medium was replaced with fresh medium containing DOX, 5-Fu, CaCO3, DCA, FCA and FA-DCFP, and the incubation 
was continued for 24 hours, the drug used was equivalent to 50 μg/mL DOX, with a total volume of 2 mL. Subsequently, 
the cells were subjected to a dual staining procedure utilising Calcein-AM (at a concentration of 1 μg/mL) and PI (also at 
a concentration of 1 μg/mL) for a period of 30 minutes. Subsequently, the stained cells were observed and analysed using 
an inverted fluorescence microscope.

In vitro Cell Migration Assays
The inhibitory effect of FA-DCFP on the migration of CT26 with HepG2 cells was evaluated through the utilisation of 
a scratch healing assay. Initially, the cells were evenly distributed in a 6-well plate, after which scratches were made on 
the cell layer using a sterile needle. Subsequently, the cells were gently washed three times with culture medium to 
remove cellular debris resulting from the scratches. Subsequently, the medium was supplemented with DOX, 5-Fu, 
CaCO3, DCA, FCA, and FA-DCFP at an equivalent DOX concentration of 5 μg/mL (2mL), and the plates were 
incubated. The cells were observed and imaged at three time points (0 h, 12 h and 24 h) after treatment using a light 
microscope to assess the migration and scratch healing of the cells under different drug treatments.

In vitro Cellular Uptake
The CT26 and HepG2 cells were inoculated in 6-well culture plates at a density of 1.0×105 cells per well. Once the cells had 
successfully attached to the wall, the DOX, DCA, FA-DCFP and FA+FA-DCFP solutions, which had been dispersed in the 
medium, were added to the culture system. The equivalent concentration of DOX was 5 μg/mL (2mL), and the cells were 
incubated with the solutions for a period of six hours. Subsequently, the culture system was treated with a DAPI solution for 
the purpose of nuclear staining of the cells, after which incubation was continued. Subsequently, the culture substrate was 
removed and observed under an inverted fluorescence microscope, with the results duly recorded. THLE-2 cells were used as 
normal controls and subjected to the same treatment to evaluate the selectivity of FA-DCFP toward tumor cells.

Intracellular Ca2+ Detection
The CT26 and HepG2 cell lines were seeded at a density of 1.0×105 cells per well in a 6-well plate. Once the cells had 
successfully adhered to the wall, the culture system was treated with CaCO3, FCA, DCA, FA-DCFP and FA + FA-DCFP 
(50 μg/mL, 1 mL) solution for a period of 4 hours. Subsequently, Fluo-4 AM was added and incubated for 1 hour to stain 
the cells, followed by three washes with PBS. Finally, the cells were observed under an inverted fluorescence microscope 
and the results were recorded.

In vitro Cell Calcification Test
CT26 and HepG2 cells were inoculated in 6-well culture plates at a cell density of 1.0×105 per well. Once the cells had 
successfully attached to the wall, the medium was removed and 2 mL of FA-DCFP (25 μg/mL, 2 mL) solution was added 
at 3 h, 6 h, 12 h and 24 h time points, respectively. Following the removal of the medium and fixation of the cells with 
95% ethanol, the cells were stained with 2 mL of alizarin red dispersed in Tris buffer (0.2%, pH 8.3) for 30 minutes, after 
which they were observed. Repeat the experiment three times.
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Mitochondrial Integrity Assays
A suspension of CT26 cells was inoculated in 6-well culture plates at a density of 1.0 × 105 cells per well. Following successful 
wall application of the cells, the plates were treated with FA-DCFP (100 μg/mL, 2 mL) nanomedicine for 24 hours. At the 
conclusion of the treatment period, any residual nanomedicine was removed. The JC1 solution was then added to the cells and 
allowed to incubate for 30 minutes, during which time the final results of the experiment were observed and recorded.

Blood Compatibility Analysis
The FA-DCFP was dissolved in NS to create a solution of 2 mg/mL, 1 mg/mL, 0.5 mg/mL and 0.25 mg/mL. One 
millilitre of the various concentrations of FA-DCFP was combined with one millilitre of an erythrocyte suspension 
(0.2%, V/V), and incubated at 37°C for four hours. The positive control was a double-steamer, while saline served as the 
negative control. The optical density (OD) value was determined by ultraviolet (UV) spectrophotometry, with 
a measurement range of 414 nanometres (nm).

In vivo Imaging Study
Use of ICG-labeled nanoparticles for in vivo fluorescence imaging analysis. To synthesize indocyanine green ICG- 
labeled nanoparticles, ICG (5 mg) was added to 5 mL of FA-DCFP solution (1 mg/mL) and stirred in the dark for 24 h at 
room temperature. FA-DCFP was then collected by centrifugation. 100 μL of ICG or FA-DCFP/ICG (equivalent to 1 mg/ 
kg of ICG) was injected into the tail vein of the mice when the tumor reached about 200 mm3, and the mice were 
fluorescently imaged at 12, 24, and 48 hours after the injection of the drug.

In vivo Antitumor Efficacy
The CT26 tumour model was established by subcutaneously injecting 5×106 CT26 cells and 100 μL RPMI-1640 liquid 
medium into the right leg of male Balb/c mice until the tumour volume reached 75–100 mm³. The mice were randomly 
divided into six groups, with each group comprising 10 mice. The mice were treated differently according to the following 
conditions: Group I served as the positive group, while Groups II, III, IV, V, and VI were treated with Free 5-Fu, Free DOX, 
FCA, DCA, and FA-DCFP, respectively. Each group of mice was administered an intravenous injection of the respective 
preparation (0.1 mL, calculated as 5 mg/kg of free DOX) every other day. The injections were repeated on three occasions, 
and the mice’s tumour size and body weight were measured at two-day intervals. Tumour volume was calculated according 
to the following formula: Tumour volume (V) was calculated using the formula V = 1/2 × AB,2 where V is the tumour 
volume in mm³, A is the long diameter of the tumour in mm, and B is the short diameter of the tumour in mm.Mice were 
executed on day 14 after initiation of treatment, and tumor tissues were collected and subjected to hematoxylin and eosin 
(H&E), TUNEL staining, and Ki-67 examination to assess the therapeutic effect of the drugs on the tumors.

Toxicity Analysis by Organ
To evaluate the biosafety of the nanomedicine, euthanasia procedures were conducted on all mice on the 15th day 
following the conclusion of the treatment period. Subsequently, the five key organs of the mice, namely the heart, liver, 
spleen, lungs and kidneys, were harvested and subjected to H&E staining analysis. Furthermore, Masson staining of heart 
tissues was conducted to gain deeper insights into the fibrosis of myocardial tissues. The objective of these initiatives was 
to comprehensively assess the potential effects that nanomedicines may have on various organs.

Routine Blood and Biochemical Analysis
In order to gain a deeper understanding of the toxicity characteristics of FA-DCFP in vivo, we selected healthy Kunming 
white mice as the experimental subjects. The negative control group was given saline (NS), while the FA-DCFP 
experimental group was administered the drug at an equivalent dose of DOX 5 mg/kg by intravenous injection at 
a frequency of every other day for a total of three injections. On the fourteenth day of the experiment, blood samples 
were collected from the mice using the retro-orbital venous plexus method. Subsequently, biochemical analyses and 
routine blood tests were conducted on the aforementioned blood samples.
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Statistical Analysis
Statistical analysis All experiments were conducted at least in triplicate; data were expressed as mean ± standard deviation (SD). 
The quantitative data were presented as mean ± standard deviation (SD), and statistical significance between groups was 
analyzed using an unpaired Student’s t-test. A p-value of less than 0.05 was considered statistically significant.

Results
Characterization of FA-DCFP
Transmission electron microscopy (TEM) results showed that both CaCO₃ nanoparticles and FA-DCFP nanoparticles 
exhibited uniform spherical shape and good dispersion, indicating that the synthesized nanoparticles were uniformly 
sized and well dispersed (Figure 1A(a) and A(b)). The mean particle size of the CaCO3, DCA (CaCO3+DOX), DCF 
(CaCO3+DOX+5-Fu), DCFP (CaCO3+DOX+5-Fu+PDA), and FA-DCFP (CaCO3+DOX+5-Fu+PDA+FA) nanoparticles 

Figure 1 In vitro characterization of CaCO3 and FA-DCFP. (A) TEM images of (a) CaCO3 nanoparticles, (b) FA-DCFP nanoparticles. (B) Average particle size (n = 3) of 
CaCO3, DCA (CaCO3+DOX), DCF (DOX+CaCO3+5-Fu), DCFP (CaCO3+DOX+5-Fu+PDA) and FA-DCFP (FA+CaCO3+DOX+5-Fu+PDA). (C) High–angle annular 
dark–field scanning transmission electron microscope (HAADF-STEM) image and elemental mapping of the FA-DCFP nanoparticles.
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was found to be 62.50±0.58nm, 137.11±2.03nm, 151.40±2.07nm, 176.22±3.91nm, and 188.79±1.61nm, respectively 
(Figure 1B). The PDI of CaCO3 was 0.18±0.01, DCA was 0.14±0.03, DCF was 0.16±0.03, DCFP was 0.25±0.01, and 
FA-DCFP was 0.25±0.01 (Figure S1). The results showed that the zeta potential of nano CaCO3 was 7.64±0.57 mV, 
DCA was 9.82±0.40 mV, and DCF was 11.27±0.31 mV. After coating with polydopamine, the overall zeta potential of 
the nanoparticles became negative, with DCFP measuring −15.77±1.14 mV. Upon further modification with folic acid, 
the zeta potential decreased even more, with FA-DCFP showing a value of −21.93±0.35 mV (Figure S2). Elemental 
mapping confirmed the presence of Ca and F in the FA-DCFP NPs (Figure 1C). The drug loading rate of DOX in FA- 
DCFP was determined to be 11.06±0.49%, with an encapsulation rate of 91.37±0.16%. The drug loading rate of 5-Fu in 
FA-DCFP was determined to be 7.89±0.15%, with an encapsulation rate of 64.68±1.41%. The elemental energy spectrum 
demonstrated the presence of calcium and fluorine in the FA-DCFP nanoparticles.

The X-ray diffraction (XRD) pattern (Figure 2A) of FA-DCFP exhibits characteristic peaks at 24.8°, 27.0°, and 32.7°, which 
show significant overlap with the simulated standard CaCO3 peaks. To further verify the composition of the nanomaterials and 
the distribution of each element, we employed X-ray photoelectron spectroscopy (XPS) to analyze the constituent elements of 
FA-DCFP. The results indicate that FA-DCFP comprises five elements: Ca, C, N, F, and O, which are uniformly distributed 
within the nanoparticles (Figure 2B). Furthermore, Figure 2C illustrates two distinct Ca 2p characteristic peaks at 346.67 eV and 
350.08 eV. The emergence of these peaks unequivocally confirms that the Ca element exists in the material as Ca2+ ions. 
Additionally, the distinct F peak observed in Figure 2D appears at 687.25 eV, providing insights into the chemical state of the 
F element in FA-DCFP. The FTIR spectra of pure folic acid and FA-DCFP are presented in Figure 2E. The FTIR spectrum of FA- 
DCFP reveals an absorption peak at 2907.03 cm−1 compared to pure folic acid, which can be attributed to the -CH bond 
stretching vibrations of folic acid. Moreover, the FTIR spectrum of FA-DCFP exhibits absorption peaks at 1633.54 cm−1 and 
1408.75 cm−1, likely corresponding to the aromatic ring stretching of the pteridine skeleton and the p-amino benzoic acid 
moieties of folic acid, By comparing the absorbance before and after the reaction, the conjugation efficiency of FA was calculated. 
The results showed that the conjugation efficiency of FA to the nanoparticles was 57.23±2.17% (Figure S3). In summary, the 
experimental results not only validate the presence of the CaCO3 structure within the FA-DCFP material but also provide 
comprehensive support for the successful formation of FA-DCFP.

Figure 2 In vitro characterization of FA-DCFP. (A) XRD patterns of the FA-DCFP nanoparticles. (B) XPS spectrum of the FA-DCFP nanoparticles. (C) XPS spectrum of Ca 
2p in the FA-DCFP nanoparticles. (D) XPS spectrum of F 1S in the FA-DCFP nanoparticles. (E) Fourier transform infrared (FTIR) spectra of folic acid and FA-DCFP. (F) In 
vitro release profiles of FA-DCFP in PBS at pH 5.5, 6.5, and 7.4 (n = 3, mean ± SD).
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In vitro Drug Release of FA-DCFP
Figure 2F illustrates the typical drug release profiles of FA-DCFP at three distinct pH values. The release of both DOX 
and 5-Fu is pH-dependent, with a more rapid release observed at pH 5.5 compared to pH 6.5 and 7.4. Notably, the release 
of 5-Fu occurs significantly faster than that of DOX. By comparing the drug release behavior of FA-DCFP with that of 
free 5-Fu and free DOX (Figure S4), and fitting the release profiles to established mathematical models (Table 1), it was 
demonstrated that the drug release from FA-DCFP follows Fickian diffusion, exhibiting a sustained release pattern. 
Additionally, the study reveals that FA-DCFP exhibits remarkable responsive characteristics in acidic environments.

In vitro Cytotoxicity
CT26 cells demonstrated a significantly higher uptake of FA-DCFP nanoparticles (NPs) compared to free DOX. The 
addition of folic acid led to a notable reduction in cellular uptake, suggesting that the drug facilitates internalization by 
binding to folate receptors on tumor cells (Figure 3A). A similar uptake pattern was observed in HepG2 cells (Figure S5). 
THLE-2 cells were used as non-tumor control cells, and no significant differences in drug uptake were observed among 
the treatment groups in these normal cells (Figure S6). To evaluate the in vitro cytotoxicity of CaCO₃ on CT26 cells, the 
survival rate gradually declined with increasing calcium concentration, indicating that CaCO₃ exerts a certain degree of 
cytotoxicity against tumor cells (Figure 3B). Specifically, the survival rates in the DCA and free DOX groups decreased 
from 75.21±2.80% to 25.99±2.19% and from 95.35±0.29% to 30.36±1.10%, respectively. Similarly, the survival rates in 
the FCA and free 5-Fu groups reduced from 70.82±6.32% to 38.16±1.74% and from 73.81±2.07% to 54.76±3.53%. 
Notably, the survival rate of the FA-DCFP group dramatically decreased from 50.21±1.02% to 19.18±0.84% as the 
concentration increased, which was significantly greater than that of the other groups. This clearly indicates that the FA- 
DCFP nanocomposites possess superior efficacy in inhibiting tumor cell growth compared to any single drug. 
Additionally, a comparable trend in cytotoxicity was observed in the HepG2 cell system (Figure S7). Scratch assays 
demonstrated that all NPs inhibited the migration of CT26 cells compared to the controls (Figure 3C and D), with 
a similar effect noted in HepG2 cells (Figures S8 and S9). The toxic effects of different drug formulations on CT26 
(Figure 3E) and HepG2 (Figure S10) cells were assessed using calcein-AM/propidium iodide (PI) live/dead cell staining. 
The control group showed no cell death (indicated by red staining). CaCO₃ caused a modest level of cell death, while the 
FCA and DCA groups demonstrated a higher proportion of cell death compared to the free drug group. The FA-DCFP 
group exhibited the highest degree of cytotoxicity. In conclusion, FA-DCFP can be selectively internalized by tumor 
cells, inhibit tumor cell migration, and induce tumor cell death.

Table 1 Correlation Coefficient (R2) Values According to First-Order, Higuchi, and 
Korsmeyer–Peppas and Related Kinetic Constants

Sample Mathematical Model Kinetic Constants R2

FA-DCFP (5-Fu, PH=5.5) First-order: Mt
M0 ¼ e� k1t k1=0.24±0.02 0.66 

±0.01
Higuchi model: Mt

M0 ¼ KH
ffiffi
t
p

KH=2.64±0.12 0.76 

±0.01

Korsmeyer-Peppas model: Mt
M0 ¼ ktn k=1.96±0.01 

n=0.13±0.01
0.92 

±0.01

FA-DCFP (DOX, PH=5.5) First-order: Mt
M0 ¼ e� k1t k1=0.17±0.02 0.61 

±0.06

Higuchi model: Mt
M0 ¼ KH

ffiffi
t
p

KH=2.28±0.05 0.88 

±0.01
Korsmeyer-Peppas model: Mt

M0 ¼ ktn k=0.46±0.02 

n=0.15±0.01

0.98 

±0.01
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Figure 3 In vitro cell experiments. (A) Fluorescence images of different drugs taken up by CT26 cells. (B) Cell viability of the CaCO3, 5-Fu, DOX, FCA, DCA and FA-DCFP 
nanoparticles on CT26 cells. (C) Healing rate of each group. (D) Photographs of wound healing taken at 0, 12, and 24 h. (E) Live/dead staining of CT26 cells treated with 
various drugs for 24 h: calcein-AM (green, live cells), PI (red, dead cells). Some abbreviations indicate as follows: FCA (CaCO3+5-Fu); DCA (CaCO3+DOX); FA-DCFP 
(FA+CaCO3+DOX+5-Fu+PDA). Results are presented as means±SD. ns: no statistical significance, *P<0.05, ****P<0.0001.
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FA-DCFP Induces Tumour Cell Death by Promoting Mitochondrial Dysfunction and 
Calcium Overloading
To evaluate intracellular Ca²⁺ uptake by tumor cells using different nanoparticles (NPs), we employed Fura-4 AM 
calcium fluorescence, which emits green fluorescence upon binding to Ca²⁺. Figure 4A demonstrates that the control 
group exhibited minimal green fluorescence, the CaCO₃ group had a slight increase, while the FA-DCFP group displayed 
a significant enhancement in green fluorescence, which decreased with the addition of folic acid; similar uptake was 
observed in HepG2 cells (Figure S11). Furthermore, Alizarin Red S formed an orange-red complex with calcium ions, 
revealing that the areas of staining in FA-DCFP-treated cells increased over time, with calcification nearly complete after 
24 hours (Figure 4B); similar uptake was observed in HepG2 cells (Figure S12). To investigate the mechanism of FA- 
DCFP-induced tumor cell death, we measured mitochondrial membrane potential (MMP) integrity using the JC-1 probe, 
which emits red fluorescence at intact MMP and transitions to green fluorescence upon depolarization. As shown in 
Figure 4C, tumor cells treated with FA-DCFP exhibited a pronounced green fluorescence signal, indicating a reduction in 
MMP; similar uptake was observed in HepG2 cells (Figure S13). This suggests that FA-DCFP significantly enhances 
intracellular Ca2+ uptake in tumor cells, leading to increased calcification and decreased mitochondrial membrane 
potential, which may contribute to its cytotoxic effects.

In vivo Imaging Study
Indo-cyanine green(ICG)-labeled FA-DCFP was administered intravenously to visualize the biodistribution in vivo. 
While free ICG was observed to be gradually cleared over time, FA-DCFP/ICG was found to accumulate in tumour 
tissue 48 hours after injection, thereby confirming the active targeting ability of FA-DCFP (Figure 5A). Additionally, ex 
vivo imaging of the tumour tissue after 48 hours demonstrated a notable fluorescent signal (Figure 5B).

In vivo Antitumor Efficacy
As shown in Figure 6A, the FA-DCFP group exhibited the smallest tumors along with the slowest tumor growth rate 
compared to the other groups (Figure 6B–D). By day 14, tumor growth in the FA-DCFP group was significantly inhibited 
(Figure 6E). In contrast, most mice in the free 5-Fu and free DOX groups displayed symptoms such as emaciation and 
poor mental status, which were attributed to the toxic side effects of the free chemotherapeutic agents. Notably, no 
significant weight loss was observed in mice from the other treatment groups (Figure 6F). The FA-DCFP treatment also 
resulted in a higher percentage of TUNEL-positive apoptotic cells within the tumor tissues (Figure 6G), indicating an 
enhanced anti-tumor effect. TUNEL staining revealed a significantly greater percentage of positive cells in the FA-DCFP 

Figure 4 In vitro biochemical characterizations. (A) Fluorescence image of CaCO3, FCA (CaCO3+5-Fu), DCA (CaCO3+DOX), FA-DCFP (FA+CaCO3+DOX+5-Fu+PDA) 
and FA+FA-DCFP treated tumour cells for 24 hours and then stained with Flou-4 (n = 3). (B) Tumor cells were incubated with FA-DCFP for varying periods and then 
stained with alizarin red to identify in vitro cellular products that exhibited red areas of calcification (n = 3). (C) Tumour cells were incubated with FA-DCFP for 24 hours, 
and then stained with JC-1 (n = 3).
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group compared to the other groups (Figure 6H). Furthermore, the FA-DCFP treatment demonstrated a marked inhibitory 
effect on tumor cell proliferation, as evidenced by immunohistochemical analysis using HE and Ki-67 staining, with the 
lowest percentage of Ki-67-positive cells observed in the FA-DCFP group (Figure 6I). In summary, the findings suggest 
that FA-DCFP treatment is effective in inhibiting tumor growth and promoting apoptosis.

Biocompatibility Assessment
H&E staining showed that no obvious signs of tissue damage were observed in the heart, liver, spleen, lungs and kidneys 
in any of the groups (Figure 7A), and no signs of myocardial fibrosis were observed in the Masson staining images in any 
of the groups (Figure 7B). Haemolysis test proves FA-DCFP is safe for red blood cells (Figure S14). Finally, 
hematological parameters were also normal in all groups, indicating no significant toxic effects of FA-DCFP compared 
to the control group (Figure 7C).

Discussion
The acidic microenvironment of tumors plays a significant role in promoting tumor growth, metastasis, angiogenesis, and 
inhibiting immune cell functions.31,32 The unique characteristics of this microenvironment can be utilized to develop 
targeted therapies for tumors.33–35 In the present study, calcium carbonate nanoparticles serve as acid-responsive drug 
delivery vehicles that intrinsically exploit the EPR effect to accumulate within solid tumor sites.

While it is feasible to target tumors by leveraging their acidic microenvironment, there is often a lack of specificity in tumor 
recognition. Many tumor cells exhibit high expression levels of specific receptors on their surfaces, making the receptor-ligand 
interaction a viable approach for selectively targeting drugs to tumor tissues.36,37 Xu successfully developed dual phototherapy 
techniques by constructing integrin αvβ3 receptor-targeted nanomicelles (NanoDTPA-S/RGD).38 Similarly, Kang utilized 
hyaluronic acid (HA) to target the tumor-specific receptor CD44, delivering chemotherapy agents and photothermal agents 
directly to the tumor site.39 Liu created a non-G-quadruplex DNA aptamer for nucleolin (NCL), which is used for both 
diagnosis and treatment of bladder cancer.40 These studies illustrate how leveraging specific receptors on tumor cell surfaces 
can enhance targeted anti-tumor therapy and diagnostic accuracy. The targeted anti-tumor nanoplatforms that employ the 
ligand-receptor mechanism for delivering chemotherapy drugs not only effectively reduce the systemic toxic side effects of 
these medications but also preserve their anti-tumor efficacy against tumor tissues.

Given the overexpression of folate receptors in certain tumors, considerable efforts have focused on utilizing these 
receptors as targets for cancer diagnosis, treatment, and the development of nanodrugs.26,41 Yuan developed 
a nanoregulator that uses a core of hemoglobin (Hb) and iron ions (Fe3+) conjugated with PDA, surrounded by glucose 
oxidase, with folate-targeting capabilities to synergistically regulate the tumor microenvironment.42 Wei designed 
a glutathione (GSH) depleting, virus-like silica nanoprobe with a Gd coating and FA modification to enhance the 
radiosensitivity of breast cancer patients.43 Folate molecules utilized in this study have previously demonstrated effective 
targeting in colon cancer.28,44 In our in vitro experiments, folate receptor FR-targeted nanoparticles FA−DCFP demon
strated significantly enhanced cellular uptake in colorectal carcinoma cells CT26 compared to free drug controls, 
attributable to FR overexpression on the cell surface. This targeted uptake was competitively inhibited by free folate 

Figure 5 In vivo evaluation of drug distribution. (A) Fluorescence images of CT26 tumor-bearing mice after intravenous injection of free ICG, FA-DCFP/ICG. (B) In vitro 
fluorescence images of isolated organs and tumors at 48 h of postinjection (H: heart, Li: liver; (S) spleen; Lu: lung, (K) kidney, (T) tumor).
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Figure 6 In vivo evaluation of antitumor efficacy. (A) A schematic diagram of the treatment procedure. (B) Representative photographs of CT26 tumor bearing mice were taken 
on day 14 after treatments (n = 3), (I: Control, II: 5-Fu, III: DOX, IV: FCA (CaCO3+5-Fu), (V) DCA (CaCO3+DOX), VI: FA-DCFP (FA+CaCO3+DOX+5-Fu+PDA)). (C) Representative 
photographs of isolated tumors (n = 3). (D) Weight of tumors. (E) Change in tumor volume (n = 6). (F) Body weight fluctuations during treatment (n = 6). (G) The quantitative 
fluorescence intensity of tumor tissue was analyzed by TUNEL in each group. (H) Apoptosis of tumor tissue stained with DAPI (blue) and TdT–mediated dUTP nick–end 
labeling(TUNEL) (green) on day 15 of treatment. (I) Immunohistochemical staining of H&E and Ki-67. Results are presented as means±SD. ***P<0.001, ****P<0.0001.
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Figure 7 Biocompatibility Assessment. (A) Hematoxylin and eosin staining of major organs (including heart, liver, spleen, lung and kidney) after treatment as indicated. Scale 
bar, 100μm. (B) Masson staining of heart after treatment as indicated. Scale bar, 50μm. (C) The systemic toxicity of various treatments was analyzed in vivo by examining 
biochemical markers and routine blood indicators. (a) Blood cell analysis. (b) Liver Function. (c) Renal Function (n = 3).
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supplementation, confirming receptor-mediated endocytosis. Conversely, FA-DCFP exhibited no significant uptake 
difference versus free drug in FR-low-expressing normal cells. In vivo fluorescence imaging further revealed efficient 
and sustained tumor-selective accumulation of FA-conjugated formulations. These findings collectively validate the 
synergistic targeting efficacy conferred by folate modification.

However, some studies indicate that utilizing a single chemotherapy drug results in limited improvements in anti- 
tumor outcomes. 5-Fu, a first-line chemotherapy agent for colon cancer, is often combined with other drugs for enhanced 
efficacy. Recently, the application of combination therapies has led to an increasing number of investigations into the 
anti-tumor effects of multi-therapy nanoplatforms that target folate receptors. Consequently, we aimed to co-load 5-Fu 
and DOX into hollow calcium carbonate nanospheres, encapsulated with PDA, and linked to folate as anchoring points. 
This study investigates the anti-tumor effects of a dual-drug system that targets folate receptors in colon cancer.

In our research model, the dual-drug system (FA-DCFP) targets and aggregates at solid tumor sites through systemic 
circulation. Under the influence of the acidic tumor microenvironment, the CaCO3 shell disintegrates, releasing the 
chemotherapy drugs 5-Fu and DOX. On one hand, CaCO3 neutralizes the acidic environment, releasing excess Ca2+ and 
DOX, which work synergistically to reshape the tumor microenvironment and augment anti-tumor activity.45 On the 
other hand, the calcium overload induces metabolic disturbances in tumor cells, thereby enhancing oxidative stress and 
increasing the inhibitory effects of 5-Fu and DOX. In treatment experiments with tumor-bearing mice, the FA-DCFP 
group exhibited not only enhanced targeting of solid tumors compared to the free 5-Fu and DOX groups but also 
significantly improved inhibition of tumor proliferation. Throughout the therapeutic regimen, the FA-DCFP formulation 
demonstrated excellent tolerability without eliciting observable systemic toxicity in murine subjects. This aligns with the 
trends observed in our in vitro cell experiments.

Overall, we have successfully designed a pH-responsive dual-drug-loaded nanosystem that targets folate, combining 
biological safety with anti-tumor efficacy, and propose a straightforward and feasible new strategy for precision 
chemotherapy in colon cancer.

Conclusion
We have developed a new nano-drug delivery system that encapsulates DOX and 5-Fu in CaCO3 nanoparticles and coats 
the nanoparticles with a FA-modified PDA for colorectal cancer. By taking advantage of the high expression of FR on 
CT26 and HepG2 cells, FA-modified nanoparticles are actively taken up by tumour cells. At the same time, the acidic 
characteristics of the tumour microenvironment further enhance the specific release efficiency of the drug in the tumour 
area. The synergistic chemotherapeutic effect of DOX and 5-Fu, combined with the decomposition of CaCO3 in the 
tumour area to produce a large amount of Ca2+, which causes calcium overload in the tumour, together promote the 
apoptosis and death of tumour cells. The FA-targeted drug delivery to the tumour greatly reduces the systemic toxic side 
effects of chemotherapeutic drugs.
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