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A B S T R A C T   

Pancreatic cancer is a malignant disease with high mortality, and its systemic treatment strategy mainly focuses 
on chemotherapy. Yet, the overall prognosis of pancreatic cancer patients is still extremely poor with a low 
survival rate. Gemcitabine (GEM) is a widely used chemotherapeutic agent for the treatment of pancreatic 
cancer. However, GEM chemoresistance remains the major challenge. In this study, we prepared calcium car
bonate nanoparticles (CaCO3 NPs) loaded with a nucleotide reductase inhibitor (Triapine) and GEM to suppress 
the GEM resistance of pancreatic cancer cells (PANC-1/GEM) and solve the problem of poor solubility of Tri
apine. CaCO3-GEM-Triapine NPs nano-formulations enhanced the therapeutic effect of GEM-based chemo
therapy by inhibiting cancer cell proliferation, migration, and resistance to GEM using both 2D PANC-1/GEM 
cells and 3D tumor spheroids. The study indicated that CaCO3 NPs loaded with GEM and Triapine could provide 
an effective treatment option to overcome drug resistance in pancreatic cancer.   

1. Introduction 

Pancreatic cancer is the leading cause of cancer-related deaths 
worldwide because of its poor prognosis after diagnosis, and the five- 
year survival rate is about 5% (Rahib et al., 2014; Lambert et al., 
2019). Chemotherapy is the commonly used approach for pancreatic 
cancer treatment. Gemcitabine (GEM), in particular, is a standard-of- 
care first-line systemic therapy widely used for patients with advanced 
or metastatic pancreatic cancer (Chin et al., 2018). However, GEM 
chemoresistance remains the major challenge after initial drug treat
ment, resulting in reduced survival (Amrutkar and Gladhaug, 2017). 
Many studies have been conducted to investigate combination therapies 
with GEM, but no significant therapeutic outcomes have been achieved 
in clinics so far (Khan et al., 2019). Therefore, finding new approaches 
or efficient delivery systems that can overcome GEM resistance and 
improve survival rates is highly needed. 

Many factors contribute to GEM resistance via regulation of drug 
transport, DNA damage and repair, and renewability of cancer stem cells 
(Chen et al., 2012; Zinzi et al., 2014; Quint et al., 2012; Jia and Xie, 
2015; Zeng et al., 2019; Dauer et al., 2017). Among them, ribonucleotide 
reductase (RR), which functions as a catalyzer to convert 

ribonucleotides to deoxyribonucleotides during the DNA replication and 
repair processes, has been shown to play an important role in the 
development of GEM chemoresistance (Fisher et al., 2013). RR contains 
two subunits, M1 (RRM1) and M2 (RRM2), which have been proven to 
affect the adjuvant therapy of pancreatic cancer. (Fisher et al., 2013) 
Specifically, RRM2 expression level has a positive relationship with DNA 
damage repair and replication (Itoi et al., 2007; Fujita et al., 2010). High 
level of RRM2 expression is associated with a poor response to GEM- 
based chemotherapy, leading to a poor prognosis (Zhan et al., 2021). 
Our previous study has demonstrated that deferasirox-induced inhibi
tion of RRM2 expression significantly enhanced the GEM chemo
sensitivity (Zhao et al., 2021). Therefore, inhibition of RRM2 may be one 
effective method to improve the anticancer activity of chemotherapy. 
Triapine, as an iron-binding compound and anticancer thio
semicarbazone, acts as a human ribonucleotide reductase (RNR) inhib
itor by consuming large amounts of deoxy-ribonucleoside triphosphate 
(dNTP) and selectively blocking the synthesis of nucleotides needed for 
DNA synthesis and replication in cancer cells (Aye et al., 2012; Plam
thottam et al., 2019). Moreover, Triapine can directly quench the 
tyrosine diiron group on the M2 subunit by reducing the iron complex 
and giving an electron, thus inhibiting the expression of RRM2 (Enyedy 
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et al., 2011; Mortazavi et al., 2013). A phase 1 trial study found that 
combining Triapine with GEM improved anticancer efficacy in patients 
who had previously failed gemcitabine treatment. (Fischer et al., 2016) 
However, the poor solubility and short plasma half-life of Triapine limit 
its application against GEM-resistant cancer. (Zhao et al., 2022) Thus, it 
is urgent to develop an ideal platform for effectively delivering it to 
tumor sites. 

Calcium carbonate nanoparticles (CaCO3 NPs) have been widely 
used in in many biomedical applications including drug delivery and 
diagnosis due to their advantages including biocompatibility, low 
toxicity, low immune response, pH sensitivity, and environment 
friendly. (Wei et al., 2008) CaCO3 NPs can increase the solubility, sta
bility, and circulation half-life of the drug cargos, particularly for water- 
insoluble drugs. (Zhou et al., 2019) CaCO3 NPs are stable at neutral pH 
and decompose into Ca2+ and CO2 at acidic pH. Thus, this pH-responsive 
drug delivery is suitable for the delivery of chemotherapeutic drugs to 
the tumor regions because of the acidic tumor microenvironment. 

In this study, CaCO3 NPs were used as a drug nanocarrier to load 
Triapine and GEM. The drug-encapsulated CaCO3 NPs (CaCO3-GEM- 
Triapine NPs) improved the chemosensitivity of GEM in GEM-resistant 
pancreatic cancer cells, while increasing drug accumulation in the 
acidic tumor microenvironment. Our results showed that the CaCO3- 
GEM-Triapine NPs synergistically improved the therapeutic efficiency 
against GEM-resistant pancreatic cancer cells by inhibiting pancreatic 
cancer cell proliferation, limiting cancer cell migration, and reducing 3D 
tumor spheroid growth. 

2. Materials and methods 

2.1. Cell culture 

Human pancreatic cancer cells (PANC-1) were purchased from the 
National Collection of Authenticated Cell Cultures, China. Cells were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher 
Scientific), supplemented with 10% fetal bovine serum (FBS, Thermo 
Fisher Scientific) and 1% penicillin–streptomycin (Sigma-Aldrich). Drug 
resistance of pancreatic cancer cells (PANC-1/GEM) were cultured in 
low calcium carbonate DMEM supplemented with10% FBS and 1% 
penicillin–streptomycin and induced by 18 μg / mL GEM (Sigma- 
Aldrich) for ten months. Both PANC-1 and PANC-1/GEM were cultured 
in a 37 ℃ humidified incubator containing 5% CO2. 

2.2. Drug loading and quantification 

A certain amount of GEM (15 mg), Tripaine (60 ug), and CaCl2 (25 
mg) were dissolved in methanol. The mixed solution and NH3HCO3 were 
put into a vacuum drying box for 24 h and then centrifuged for 7000 g/ 
min for 10 min to precipitate, wash with methanol, and repeat the above 
steps three times (Liu et al., 2014). The drug entrapment efficiency was 
calculated by the standard curve. The UV absorption peaks of GEM and 
Triapine are at 275 nm and 360 nm, respectively. 

Drug entrapment :
Total amount of drugs - Amount of drugs in the supernatant

Total amount of drugs
× 100% 

The morphology of CaCO3-GEM-Triapine NPs was characterized by a 
transmission electron microscope (TEM, Talos F200X, Thermo Fisher 
Scientific). The particle size and zeta potential of CaCO3-GEM-Triapine 
NPs were measured by dynamic light scattering (DLS, Nano-zs30, Mal
vern Panalytical). 

2.3. Release profile of GEM or Tripaine from CaCO3-GEM-Triapine NPs 

To measure the drug release profiles, the dialysis bag (MWCO 3000 
Da) containing CaCO3-GEM-Triapine NPs was placed in a 500 mL beaker 

containing pH 5.7 and pH 7.4 buffers respectively, and the dialysis de
vice was placed at 37 ℃ at 100 rpm. Samples were collected at different 
time points (0.5, 2, 4, 6, 8, 10, 12, and 24 h), and the release amount was 
calculated according to the standard curve. Due to the poor water sol
ubility of Triapine, the drug release measurement was carried out using 
a Xilin bottle on a constant temperature shaker at 37 ℃ for 24 h. The 
percent drug release was calculated and presented as a Triapine drug 
release profile. All release experiments are in triplicate. 

2.4. Cell viability and drug combination studies 

The cytotoxicity of CaCO3-GEM-Triapine NPs was determined by 
MTT assay. PANC-1 cells and PANC-1/GEM cells were seeded into a 96- 
well plate at a concentration of 1 × 104 cells/well and incubated at 37 ◦C 
with 5% CO2 for 24 h. The cells were treated with CaCO3 NPs, GEM, 
Triapine, GEM&Triapine, and CaCO3-GEM-Triapine NPs at corre
sponding concentrations of GEM (18 µg/mL) and Triapine (0.21 µg/mL) 
for 48 h, followed by 20 uL of MTT in each well and incubated at 37 ◦C 
for another 4 h. They were washed with PBS and dissolved in 100 μL 
dimethyl sulfoxide per well. The absorbance was then measured at 490 
nm using a microplate reader (Thermo Fisher Scientific). 

PANC-1 cells were seeded into 96-well culture plates with a density 
of 1 × 104 cells per well. After 24 h incubation, GEM and Triapine with 
different molar ratios (R) were added to the cells, and the synergistic 
effect was evaluated using Chou and Talalay’s combination Index (CI). 
The CI values for synergism, synergism, and antagonism were<1, equal 
to 1, and greater than 1, respectively. 

2.5. Multidrug resistance (MDR) study 

MDR was studied by measuring drug efflux activity using the 
Vybrant Multidrug Resistance Assay (Thermo Fisher Scientific). The 
fluorescent dye Calcein acetoxymethyl ester (Calcein AM) was used as 
the substrate of p-glycoprotein efflux activity. MDR cells expressing high 
levels of p-glycoprotein can rapidly secrete non-fluorescent Calcein AM 
from the plasma membrane, thereby reducing the accumulation of 
fluorescent Calcein in the cytoplasm. The cells were added to the 96-well 
plate at a density of 5 × 105 cells per well and treated with verapamil 
(Thermo Fisher Science), Calcein (Thermo Fisher Science), and CaCO3 
NPs, GEM, Triapine, GEM&Triapine, and CaCO3-GEM-Triapine NPs. The 
retention rate of Calcein was measured by a microplate reader. The 
specific fluorescence absorption peak of Calcein was 494 nm and the 
emission peak was 517 nm. 

2.6. Cell migration assay 

PANC-1 and PANC-1/GEM cells were seeded in a 6-well plate, 
respectively. After cell density reached 80%, the wounds on the cell 
monolayers were made using sterile pipette tips. The cells were treated 
with CaCO3 NPs, GEM, Triapine, GEM&Triapine, and CaCO3-GEM-Tri
apine NPs, and cell migration and wound closure was recorded at 0 h 
and 24 h. The results were analyzed with the Image J software. 

2.7. Western blotting 

The expression of the target protein RRM2 was assessed by western 
blotting. The treated PANC-1 cells were harvested, and the total proteins 
were extracted and quantitatively detected by the bicinchoninic acid 
protein assay (BCA) kit (Beyotime). Protein samples were prepared at a 
concentration of 50 μg protein/20 μL. After electrophoresis of the pre
pared samples in loading buffer on SDS-PAGE gels, the samples were 
transferred to a PVDF membrane and incubated with a blocking solution 
at room temperature. The membrane was first treated with an anti- 
RRM2 antibody (1:1000, Abcam) or an anti-β-actin monoclonal anti
body (1:1000, Abcam) overnight at 4 ℃. After proper washing, the 
membrane was incubated with the secondary antibodies at room 
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temperature in the dark for 1 h. The protein bands were scanned with 
the Odyssey imaging system (LI-COR, LI-COR Biosciences) after washing 
and drying. The intensity was quantified and analyzed via image J. 

2.8. Inhibition of 3D PANC-1/GEM tumor spheroids 

PANC-1/GEM tumor spheroids were cultured in a microwell device 
using our established method. (Liu et al., 2014; Yao et al., 2014) The 
formation of the tumor spheroids was monitored by an optical micro
scope (CKX53, OLYMPUS). When the diameter of the tumor spheroids 
reached 200 μm, they were treated with CaCO3 NPs, GEM, Triapine, 
GEM&Triapine, and CaCO3-GEM-Triapine NPs for 7 days (Zhao et al., 
2021). The size of the spheroids was recorded, and the roundness was 
calculated using the following formula: roundness (%) = 100 − (R − r)/ 
R × 100 (R: represents the radius of the minimum circumscribed circle; 
r: represents the maximum inscribed concentric circle) and analyzed by 
Image J (Seo et al., 2021). In addition, the tumor spheroid volume was 
calculated with the following formula: V = (π × dmax × dmin)/6, and the 
change ratio of the tumor spheroid volume was compared with the 
initial volume of each group [29]. 

2.9. Statistical analysis 

All experiments are performed three times and carried out using t- 
tests via GraphPad Prism version 9. All data are shown as mean ±
standard deviations. *p < 0.05, ** p < 0.01, and *** p < 0.001 were 
considered statistically significant. 

3. Results and discussion 

3.1. Preparation and characterization of CaCO3-GEM-Triapine NPs 

CaCO3 NPs loaded with GEM and Triapine was prepared by a simple 
coprecipitation method. CaCO3 NPs and CaCO3-GEM-Triapine NPs were 
characterized by evaluating its morphology, hydrodynamic size, surface 
charge, and loading efficiency. The morphologies of CaCO3 NPs and 
CaCO3-GEM-Triapine NPs were measured by TEM, and the results 
revealed that they were both uniform spheres (Fig. 1). The hydrody
namic dimensions of CaCO3 NPs and CaCO3-GEM-Triapine NPs were 
studied by DLS analysis. The results showed that the size of CaCO3 NPs 
was 106.4 ± 5.5 nm, while the size of CaCO3-GEM-Triapine NPs was 
increased to 128.8 ± 7.1 nm (Table1). The loading efficiency was 
determined using a UV spectrophotometer, and the standard curve was 

Fig. 1. Characterization of CaCO3 NPs with or without drug loading: TEM images of (A) CaCO3 NPs and (B) CaCO3-GEM-Triapine NPs and the TEM particle size data 
of (C) CaCO3 NPs, and (D) CaCO3-GEM-Triapine NPs, which were converted directly to cumulative number-based distributions. 

Table 1 
Physical properties and drug loading efficiency of CaCO3 NPs and CaCO3-GEM- 
Triapine NPs.  

Sample Hydrodynamic 
Size (nm) 

Zeta- 
Potential 
(mV) 

Polydispersity 
Index 

Entrapment 
efficiency (%) 

CaCO3 

NPs 
106.4 ± 5.5 nm − 8.23 ±

1.03  
0.203 – 

CaCO3- 
GEM- 
Triapine 
NPs 

128.8 ± 7.1 nm − 5.46 ±
1.98  

0.216 82 ± 3.5 
(GEM) 
76 ± 2.4 
(Triapine)  
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obtained by measuring the absorbance values of GEM and Triapine at 
the peak at 275 nm and 360 nm, respectively. According to the calcu
lation, the encapsulation efficiency of GEM and Triapine was about 82% 
and 76% respectively, which was shown in Table 1. 

The release kinetics of the GEM and Triapine from CaCO3-GEM- 
Triapine NPs was investigated over time in PBS buffer at 37 ◦C, and the 

results are summarized in Fig. 2. CaCO3-GEM-Triapine NPs had a pH- 
dependent release pattern, according to the release study. As shown in 
Fig. 2A, when tested at pH 5.7, GEM was rapidly released within 2 h. 
However, <50% of GEM was release after 24 h at pH 7.4. Due to the poor 
water solubility of Triapine, the superposition method was adopted to 
calculate the release amount in order to accurately calculate the amount 

Fig. 2. (A)The dissolution curve of GEM in CaCO3-GEM-Triapine NPs in the buffer of pH 5.7 and pH 7.4, and (B) the dissolution curve of Triapine in the buffer of pH 
5.7 and pH 7.4, each point represents the mean value ± SD (n = 3). 

Fig. 3. (A) PANC-1 cells were treated with different molar ratios of GEM and Triapine. Drug concentrations are selected such that at least one individual drug dose 
inhibits cell growth by 40% to 60%. Combination index (CI) values were calculated for GEM and Triapine treatments. (B) PANC-1 cells and (C) PANC-1/GEM cells 
were treated with CaCO3 NPs, GEM, Triapine, GEM&Triapine, and CaCO3-GEM-Triapine NPs respectively for the MTT study. (** p < 0.01, *** p < 0.001). 
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of Triapine in the buffer. As shown in Fig. 2B, Triapine was released 
uniformly over time. According to the general trend of Triapine release, 
its release amount at pH 5.7 was significantly greater than that at pH 7.4. 
This phenomenon is similar to the GEM release pattern, demonstrating 
that the CaCO3 NPs nanocarrier has a certain pH responsiveness. 

3.2. Drug combination study and in vitro cell viability study 

The synergistic cytostatic effect of GEM and Triapine on PANC-1/ 
GEM cells was tested after 72 h of co-incubation (Fig. 3A). Synergistic 
effect was quantified by calculated the combination index (CI). CI val
ues<1 indicated synergy, while values greater than 1 indicated antag
onism. The synergistic effect was greatest when the drug molar ratio (R) 
(GEM:Triapine) was 111.5. The reason for the drug interaction may be 
that Triapine directly quenches the tyrosine diiron group on the M2 
subunit by reducing iron complex and directly quenches the diiron 
group of tyrosine, inhibiting the expression of RRM2, thus blocking the 
repair and replication of DNA damage, and enhancing the therapeutic 
effect of GEM. 

The cytotoxicity of CaCO3-GEM-Triapine NPs was tested in both 
PANC-1 and drug-resistant PANC-1/GEM cells. According to the results 
of MTT assay, CaCO3 NPs had no significant cytotoxic effect on PANC-1 
and PANC-1/GEM cells (Fig. 3). Free GEM had more cytotoxicity to 
PANC-1 cells than the control group, while it was not significantly toxic 
to PANC-1/GEM cells. Both cells were affected by free Triapine and 
reduced their survival rates to about 50%. The cell viability of the 
GEM&Triapine group to PANC-1 and PANC-1/GEM cells was around 
20–30%, indicating that combination of Triapine and GEM inhibited 
resistance of PANC cells to GEM to some extent. In addition, compared 
with the free GEM&Triapine group, the CaCO3-GEM-Triapine NPs group 
had a better curative effect, which could be attributed to the improved 
solubility of Triapine by the formulation. 

3.3. Anti-MDR effects 

MDR is commonly associated with the overexpression of trans
membrane transporter P-glycoprotein (P-gp). P-gp can overcome the 
influx driven by passive diffusion of cytotoxic drugs by pumping these 
drugs out of the cell. Therefore, inhibiting the expression of P-gp is an 
effective way to enhance the sensitivity of PANC-1/GEM to GEM. As 
shown in Fig. 4, the AM retention rate of Calcein in CaCO3 NPs and blank 
control was relatively low, whereas it was slightly increased in the GEM 
treatment group. The Calcein AM retention rate in the Triapine group 
reached 50.7%. Compared with verapamil, positive control of P-gp in
hibitors, the retention rate of Calcein AM was significantly increased to 
84.8% when treated with CaCO3-GEM-Triapine NPs. These findings 
suggest that the treatment of CaCO3-GEM-Triapine NPs can inhibit the 
P-gp expression in PANC-1/GEM cells and increase the accumulation of 
drugs in the cells. 

3.4. Cell migration 

We used the cell scratch test to study the ability of cell migration in 
vitro. As shown in Fig. 5, CaCO3 NPs have no significant effect on cell 
migration. When treated with free GEM, Triapine, GEM&Triapine, the 
migration rate of PANC/GEM cells showed slightly reduced compared to 
control group. In contrast, PANC/GEM cells which received CaCO3- 
GEM-Triapine NPs treatment had the best inhibitory effect on cell 
migration compared to other treated groups. These results suggest that 
CaCO3-GEM-Triapine NPs dramatically inhibited the invasiveness of 
GEM-resistant pancreatic cancer cells. 

3.5. Expression of drug resistance-related proteins 

To study the mechanism and effect in suppressing GEM resistance 
after CaCO3-GEM-Triapine NPs treatment, the protein expression of 
RRM2 and actin was detected by western blotting. In Fig. 6A and B, the 
CaCO3-GEM-Triapine NPs group had the lowest RRM2 band intensity of 
any treatment groups, indicating that the expression of RRM2 protein 
was significantly down-regulated in CaCO3-GEM-Triapine NPs treated 
cells. It is expected that Triapine directly quenched the tyrosine diiron 
group on the M2 subunit and inhibited RRM2 expression. In summary, 
these data showed that CaCO3-GEM-Triapine NPs significantly reduced 
RRM2 expression, which could overcome GEM resistance of cancer cells 
and improve the treatment outcomes of GEM-resistant pancreatic 
cancer. 

3.6. Tumor spheroid assay 

The anticancer effect was further evaluated using the 3D tumor 
spheroid model, which has been widely used for anticancer drug 
screening due to its better simulation of the physiological properties of 
tumor tissues. After the establishment of the PANC-1/GEM tumor 
spheroid model, different treatments were administered, and changes of 
spheroid morphologies were monitored (Fig. 7A). As shown in Fig. 7B, 
CaCO3 NPs had no obvious effect on the volume of PANC-1/GEM tumor 
spheroids. Meanwhile, the of GEM&Triapine and CaCO3-GEM-Triapine 
NPs had higher therapeutic effects on tumor spheroids than those of the 
other groups. 

On the 7th day, the change rates of tumor spheroid volume in con
trol, CaCO3 NPs, GEM, Triapine, GEM&Triapine and CaCO3-GEM-Tri
apine NPs groups were 466.4 ± 57.4%, 475.7 ± 17.8%, 407.8 ± 29.5%, 
301.8 ± 30.4%, 102.7 ± 18.0%, 16.9 ± 5.0%, respectively. CaCO3- 
GEM-Triapine NPs showed the most potent inhibitory effect on the 
growth of PANC-1/GEM tumor spheroids. In the roundness analysis, we 
found that when CaCO3-GEM-Triapine NPs were used, the periphery of 
the tumor spheroids was more likely to be broken into irregular shapes 
(Fig. 6C). These discoveries are consistent with the data based on 2D 
cells. Our results demonstrated that CaCO3-GEM-Triapine NPs were 

Fig. 4. The multidrug resistance of PANC-1/GEM cells to GEM was studied in 
the treatment groups of CaCO3 NPs, GEM, Triapine, GEM&Triapine, and 
CaCO3-GEM-Triapine NPs and compared with blank control and positive con
trol. (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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more effective in inhibiting the formation and growth of PANC-1/GEM 
tumor spheroids than free drugs, suggesting that CaCO3-GEM-Triapine 
NPs significantly improved the therapeutic efficacy of GEM chemo
therapy against PANC-1/GEM cells in vitro by inducing the death of 

PANC-1/GEM cells and reducing the drug tolerance of PANC-1/GEM 
cells. 

Fig. 5. (A) The images of PANC-1/GEM cells under the treatments of CaCO3 NPs, GEM, Triapine, GEM&Triapine, and CaCO3-GEM-Triapine NPs. Scale bar 100 um 
(B) The migration rates of PANC-1/GEM cells treated with different samples. (* p < 0.05, ** p < 0.01, *** p < 0.001). 

Fig. 6. (A) Western blot of RRM2 and actin expression in PANC-1/GEM cells at 24 h post-treatment. (B) Relative expression level of RRM2 in PANC-1/GEM cells after 
different treatments. (* p < 0.05). 
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4. Conclusions 

Our study showed that CaCO3-GEM-Triapine NPs enhanced the 
cytotoxicity of GEM to PANC-1/GEM cells. Its mechanism of action is 
related to the inhibition of DNA damage repair and replication by 
Triapine-induced downregulation of RRM2. We also investigated the 
anticancer effect of CaCO3-GEM-Triapine NPs using a three-dimensional 
tumor spheroid model. The experiments showed that CaCO3-GEM-Tri
apine NPs effectively inhibited the formation and growth of PANC-1/ 
GEM tumor spheroids compared with other treatment groups. In 
conclusion, this study suggests that CaCO3-GEM-Triapineis NPs an 
effective therapeutic strategy for GEM-resistant pancreatic tumors, of
fering a novel approach to overcome drug resistance for pancreatic 
cancer in the clinic. 
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