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Graphical Abstract 

 

Abstract 
Chemotherapy is often limited by its systemic toxicity and lack of specificity, necessitating the devel-

opment of targeted drug delivery systems that can enhance therapeutic efficacy while minimizing ad-
verse effects. Addressing this, our study aimed to synthesize and characterize 5-Fluorouracil loaded 
calcium carbonate nanoparticles derived from cockle shells. The research aimed at increasing site-spe-
cific drug release and reducing cytotoxicity. The nanoparticles were prepared using a simple co-precip-
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itation method, ensuring eco-friendliness and cost-effectiveness. The encapsulation of 5-FU was con-
firmed by transmission electron microscopy (TEM), which revealed an increase in nanoparticle size 
from 19.2 ± 2.284 nm for the unloaded ones to 34.8 ± 4.066 nm for the 5-FU-loaded CaCO3 NPs. In 
vitro release studies demonstrated a pH-sensitive release profile, with more rapid drug release at pH 4.8 
compared to pH 7.3. Biocompatibility assays on the HS-27 human skin fibroblast cell line indicated 
high cell viability, with over 90% maintained even at high nanoparticle concentrations (1000 µg/mL). 
In addition, cytotoxicity assays on the SW480 (primary colon cancer) and SW620 (metastatic colon 
cancer) cell lines showed a dose-dependent decrease in cell viability and demonstrated a more con-
trolled and sustained release compared to free 5-FU, resulting in higher cell viability at all time points 
and concentra-tions. The 5-FU-loaded CaCO3 NPs significantly reduced the immediate cytotoxic ef-
fects observed with free 5-FU while effectively targeting cancer cells. These findings suggest that the 
5-FU-CaCO3 NPs offer a promising alternative to conventional chemotherapy, providing targeted drug 
delivery with the potential for reduced systemic toxicity and enhanced therapeutic efficacy. 

Keywords: Biocompatibility; Calcium Carbonate Nanoparticles; Chemotherapy; pH-sensitive Re-
lease; Targeted Drug Delivery 

Rationale, Purpose, and Limitations 
This study was motivated by the critical need 

to develop more targeted cancer therapies that 
reduce the systemic toxicity associated with 
conventional chemotherapy. The purpose was 
to synthesize and characterize biogenic CaCO3 
nanoparticles loaded with 5-FU, aiming to im-
prove the therapeutic index of 5-FU through 
targeted delivery. This research seeks to ad-
vance nanotechnology applications by provid-
ing a potentially safer, more effective drug de-
livery method. However, the limitations include 
the lack of in vivo studies, which may affect the 
translatability of the findings. 

Introduction  
Nanotechnology has seen a significant surge in 

its application in the medical field, particularly 
in biomedical applications such as molecular im-
aging diagnosis, tissue engineering, and targeted 
drug delivery. This has led to a great increase in 
the use of nanoparticles for these purposes [1][2] 
[3]. In clinical practice, nanotechnology im-
proves pharmaceuticals’ therapeutic index and 
can potentially enable therapeutic modalities [4]. 
Specifically, inorganic nanocarriers, such as cal-
cium carbonate nanoparticles derived from bio-
genic cockle shells, have been synthesized to de-
liver anticancer drugs [5] [6]. These are gaining 
prominence due to their stability, robustness, and 
larger surface area for drug binding, enabling 
them to deliver more drugs than organic 
nanocarriers. Biosynthesized or biogenic nano-
particles, such as those from cockle shell-derived 
calcium carbonate (CaCO3), demonstrate prom-
ising potential as efficient drug delivery systems. 

They have shown prospects as nano-sized drug 
carriers specifically targeting cancer cells 
[8][10]. This is particularly evident in the use of 
CaCO3-doxorubicin nanoparticles, which have 
exhibited higher toxic effects on cancer cells 
compared to doxorubicin alone, highlighting the 
effectiveness of the doxorubicin/nanocrystals 
approach in cancer therapy [11][12]. The versa-
tility of nanomaterials extends to their applica-
tion in therapeutic agents, diagnostic imaging 
systems, and drug delivery systems. Nano-
materials also serve as imaging agents/contrasts 
for monitoring the disease status in vivo using 
various imaging modalities [13]. In cancer ther-
apy, nanoparticles offer specific advantages such 
as biocompatibility, reduced toxicity, greater sta-
bility, enhanced permeability and retention ef-
fect, and precise targeting. They have been mod-
ified for a wide range of cancer therapies to tar-
get cancer cells, the tumor microenvironment, 
and the immune system, thus overcoming tox-
icity and lack of specificity enhancing drug ca-
pacity and bioavailability [14]. 

Using inorganic biobased material like arago-
nite polymorph in drug delivery offers signifi-
cant advantages over assembled organic poly-
mers due to its biocompatibility, biodegradabil-
ity, and stimuli responsiveness, which enhances 
selectivity against specific cells [15] [16]. The 
structural surface porosity of the cockle shell-
CaCO3 nanomaterial facilitates the incorporation 
of both water-soluble and insoluble anticancer 
drugs, thus improving the loading capacity of the 
nanocarrier Additionally, upon decomposition, 
calcium ions are utilized for various biochemical 
activities, including cell proliferation, tissue con-
tractile, hemopoietic regulation, and inducing 
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apoptotic cell death through increased cytoplas-
mic calcium influx, with carbon dioxide being 
liberated through gaseous exchange [19] [20]. 
This has led to the continuous development of 
new nanocarriers to improve the therapeutic in-
dex of conventional anticancer agents using bio-
genic inorganic nanomaterial [21]. Previous 
studies have extensively studied the naturally in-
corporated alginate enclosed, calcium carbon, 
and chitosan phosphate nanoparticles for micro-
bial infections (AEC-CCO-CP-NP) [22] [23]. 

Fluorouracil (5-FU) is a widely used chemo-
therapeutic agent for various neoplasms and as a 
palliative treatment for advanced gastrointestinal 
cancers. It is a prodrug converted to active me-
tabolites responsible for its therapeutic effects. 
The synthesis of homogeneous CaCO3 nanopar-
ticles (CaCO3 - NPs) with high loading content 
and encapsulation efficiency is desirable for the 
controlled and sustained release of its conjugated 
therapeutic agents at specific sites for pharmaco-
logical action). The CaCO3 nanoparticle synthe-
sis using the mechanical stirring technique in the 
presence of dodecyl dimethyl betaine (BS-12) 
demonstrated high homogeneity of sample prod-
uct with good nanoparticle dispersion, and it 
showed pH-sensitive nanocarrier for effective 
delivery of doxorubicin on MCF-7 breast cancer 
cell line [24]. Considering these advancements, 
this experiment aimed to synthesize and charac-
terize homogeneous aragonite CaCO3 NP conju-
gated with 5-FU, determine the loading content, 
improve the therapeutic index of 5-FU, and de-
termine the cytotoxicity of this drug. This focus 
on CaCO3 and 5-FU nanocomposites is a testa-
ment to the emerging nanotechnology applica-
tions in the medical field. 

Materials and Methods  
Materials  
The human skin fibroblast cell line (HS-27) 

and colon cancer cell lines (SW480 and 
SW620) were obtained from the American 
Type Culture Collection (ATCC, USA). Do-
decyl dimethyl betaine (BS-12) was purchased 
from Jindun Chemical (China), while 5-fluor-
ouracil (5-FU), fetal bovine serum (FBS), and 
the antibiotic solution (penicillin-streptomycin) 
were supplied by Sigma-Aldrich (USA). Dul-
becco’s Modified Eagle Medium/Nutrient Mix-
ture F-12 (DMEM-F12), Roswell Park Memo-

rial Institute (RPMI) medium, phosphate-buff-
ered saline (PBS), and trypsin-EDTA solution 
were acquired from Gibco (USA). 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) reagent was obtained from Nacalai 
Tesque (Japan). 

Methods 
Preparation of Cockle Shells-derived Calcium 

Carbonate Nanoparticles (CaCO3 NPs) 
Nanoparticles of calcium carbonate were pre-

pared from cockle shells according to the previ-
ously described by [25] [26] with some modifi-
cations. The cockle shells were cleaned, boiled, 
and dried in the oven at 50°C for 14 days. The 
shells were ground using a blender (RPM 
25,000 ~ 30,000 RPM) and then sieved using a 
90 μm stainless steel laboratory sieve followed 
by a 75 μm to obtain a micro-sized powder. 50 
ml of deionized water was mixed with 5g of mi-
cronized powder and then placed on a magnetic 
stirrer for 30 minutes at 1000 rpm. While plac-
ing the conical flask in a sonicator for 5 
minutes, the CaCO3 was then synthesized by 
adding 0.5 mL of Dodecyl dimethyl betaine 
(BS-12) (Jindun Chemical, China) into the mix-
ture and stirred vigorously at 1,000 rpm for 2 
hours at 25°C. Subsequently, the BS-12 was re-
moved by a high-speed centrifuge (10000 
rpm/15000 xg, 10 min, 24-25°C) and dried in 
an oven for two days. The dried nanoparticles 
were then placed in a 250 mL medium-sized jar 
containing ceramic balls (9 medium marbles 
and seven small marbles) and rolled on the ball 
miller at 200 rpm for 850 hours while placed on 
a Systematic Multi-Hotplate stirring machine 
(Systematic Multi-Hotplate Stirrers 6 Positions, 
WiseStir® Korea). The fine CaCO3 nanoparti-
cle was then packaged and stored in the oven at 
50°C until it was used. 

Morphology and Elemental Analysis  
The size and shape of the samples were eval-

uated using TEM (HitachiH-7100, Japan) oper-
ated at a voltage of 150 kV. The sample was 
first mixed with absolute alcohol and sonicated 
using a Sonicator (Power Sonic 505, South Ko-
rea) for 30 min. A drop of the colloidal solution 
was then placed onto a carbon-covered copper 
grid on a piece of filter paper and dried at room 
temperature for an hour. The elemental com-
passion of the sample was examined using a 
Field Emission Scanning Electron Microscopy 
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equipped with an energy-dispersive X-ray spec-
troscopy (EDX) unit (FESEM, JOEL 7600F, 
Japan) operated at a voltage of 5kV. All sam-
ples were dispersed onto carbon conductive ad-
hesive, placed on the sample holder, and then 
coated with platinum before being examined 
under the electron microscope. 

Zeta Potential and Polydispersity Index (PDI) 
The surface charge and PDI of the nanoparti-

cles were measured using a Zeta Sizer Nano ZS 
(Malvern Instruments Ltd. Version 7.02, UK). 
Samples of both plain CaCO3-NP and 5-FU-
loaded CaCO3NP were prepared by dissolving 
in a 1:1 mixture of deionized water and ethanol, 
followed by 30 minutes of sonication. The so-
lutions were then transferred to cuvettes for 
analysis. All the measurements were made in 
triplicates at a temperature of 25°C. The poly-
dispersity index (PDI) values will be averaged 
and expressed as mean ± standard deviation of 
three replicate measurements.  

Fourier Transform Infrared Spectroscopy 
(FTIR) 

FTIR spectroscopy (Model 100 series, Bruker 
Invenio R, Germany) was used to analyze the 
chemical properties of the samples, and the ab-
sorption spectra were 400 – 4000 cm−1 at a mo-
tion of 4 cm–1 and a speed of 32 scans per sec-
ond [27]. 

X-ray Powder Diffraction (XRD) 
The purity and crystalline properties of sam-

ples were examined using a Shimadzu XRD 
(Model; 6000, Japan). Traverse sections of the 
specimen were placed on a quartz plate for ex-
posure to Cu Kα radiation wavelength of 

λ=1.5406 Ã. The samples were scanned at dif-
fraction angles from 2° to 80° to obtain unique 
patterns of reflection peaks at different angles 
and intensities at room temperature, over 2Ө 
ranges of 20–60°, and at sampling intervals 
2θ=0.02° at a scanning rate of 0.6°/min [27]. 

Evaluation of 5-FU Drug-Loading Capacity 
(DLC) and Encapsulation Efficiency (EE) of 
CaCO3 NPs  

The quantification of the concentration of 5-
FU entrapped by the CaCO3 NPs is essential in 
the drug delivery system. Thus, it is fundamen-
tal to determine the amount of drug entrapped 
per the ratio of the carrier used with some noti-
fications [18]. A standard calibration curve was 
generated using the absorbance at 265 nm to 
quantify 5-FU concentrations. For this, known 
concentrations of 5-FU were prepared in a sol-
vent mixture of deionized water and isopropa-
nol. The calibration curve was then used to cal-
culate the amount of 5-FU encapsulated in the 
CaCO3 NPs by determining the 5-FU concen-
tration in the supernatant, representing the un-
encapsulated drug. 

Based on preliminary optimization, six exper-
imental formulations were prepared, combining 
CaCO3 NPs with five different concentrations 
of 5-FU (6, 9, 15, 18, and 21 mg). Each formu-
lation consisted of 30 mg of CaCO3 NPs loaded 
with 5-FU, dissolved in 5 mL of ddH2O, and 
stirred overnight at 200 rpm in a dark room. 
Separation of the un-entrapped 5-FU from 
CaCO3 NPs was achieved by ultracentrifuga-
tion at 15,000 xg for 10 min at 27°C (Hitachi 
Koki Co., Ltd., Japan). 

Drug − loading	Content	(DLC	%) =
Mass	of	drug	loaded	to	the	NP	(mg)

Mass	Total	(mg)
× 100% 

Encapsulation	Efficiency	(EE	%) =
mass	of	drug	loaded	to	the	NP	(mg)

Initial	mass	of	drug	used	to	the	NP	(mg)
× 100% 

 
The sediment of loaded conjugates was 

washed with deionized water twice and freeze-
dried. The drug-loading content and encapsula-
tion efficiency of the CaCO3 NPs were analyzed 
by calculating the difference between the total 
amount of the 5-FU feed and the un-trapped 5-
FU concentration in the supernatant of the sus-
pension per weight of CaCO3 NPs. The concen-
trations of the free 5-FU in the supernatant ali-

quot were determined by measuring the absorb-
ance 265 nM for 5-FU with a UV spectropho-
tometer (UV-1650PC-Shimadzu, Japan).  

Data for DLC %) and encapsulation effi-
ciency (EE %) of CaCO3NP were obtained 
from three independent measurements, calcu-
lated using Equations 1 and 2 [28] 
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In vitro Drug Release Study 
The in vitro release of 5-FU in free form and 

from selected prepared CaCO3 NPs was evalu-
ated employing the dialysis bag technique (mo-
lecular weight cut-off 12.000–14.000 Da) [29]. 
An amount equivalent to 3 mg of 5-FU was in-
stilled in the dialysis bag, sealed at both ends to 
prevent leakage, and placed in screw-capped 
glass containers filled with 100 mL PBS (pH 
4.8 and 7.3) and PBS containing 0.02% Tween 
80. The mechanism for drug release in aqueous 
media is drug diffusion. 5-FU, a hydrophilic 
drug, and tween 80 were added in PBS to in-
crease its solubility and thus aid in releasing 5-
FU. The system was kept at 37oC at 100 rpm 
using a heating magnetic stirrer (Systematic 
Multi-Hotplate Stirrers 6 Positions, WiseStir® 
Korea). At predetermined time intervals (0, 2, 
4, 6, 8, 10, 12, 24, 48, and 72 h), 3 mL of the 

release medium was withdrawn and replaced 
with 3 mL of fresh buffer solution. The samples 
were adequately diluted and analyzed for 5-FU 
content spectrophotometrically at 265 nm. The 
cumulative percentage of drug released was de-
termined as the ratio of the amount of released 
5-FU to the amount of 5-FU initially inserted 
into the dialysis bag. All measurements were 
performed in triplicates [30][31]. 

Drug Release Kinetics 
To understand the drug release behavior from 

the developed 5-FU-CaCO3 NPs hollow net-
works, various in vitro kinetic models were ap-
plied, such as zero order, 1st order, Higuchi, 
Korsmeyer-Peppas, Weibull, Logistic, Gom-
pertz, and Probit [32]. Regression analysis was 
employed to determine the best-fit model, using 
the R2 value as a fit measure. The following 
model equations were used [21]. 

  

 Mt = M0+ k0 t 
log Mt = log M0 +k1 t 

  Mt = kH√t M0 
  Mt 1/3 M t1/3= Kwt 

  Mt1/3 / M∞ 1/3 = Kmt n 
Where M0 is the initial amount of 5-FU in dissolution media, Mt is the amount of 5-FU in dissolution media at 

time t, k0, k1, kH, kw, km are dissolution rate constants, Mt / M∞ is the fraction of 5-FU released at time t. The n is 
used to characterize different release mechanisms.  

Finally, the coefficient of determination (R2) 
was considered to measure the best-fit model 
equation, representing the release pattern. The 
5-FU released percentage of all nanoparticles 
was determined as the ratio of the released 
amount of 5-FU to the total loaded amount of 
5-FU.  

Cell Culture / Biocompatibility Assay  
The	 SW40	 and	 SW620	 cell	 lines	were	
cultured	 in	 RPMI-1640 media,	 while	
DMEM	F-12	was	used	for	the	HS-27	cells,	
and	 all	 media	 contained	 10%	 FBS	 and	
1%	 penicillin-streptomycin	 solution.	 All 
cells	were	grown	in	a	humified	incubator	
at	37◦C	and	5%	CO2. Cell lines were cultured 
with different concentrations of 5-FU, blank 
CaCO3 NPs, or 5-FU-CaCO3 NPs for 24, 48, 
and 72 hours. Briefly, the cells were seeded 
(5×103 cells/well) in a 96-well plate followed 
by 24 hours incubation. Then, different concen-
trations of blank CaCO3 NPs (ranging from 0 to 

1000 µg/mL) or 5-FU-CaCO3 NPs (ranging 
from 0 to 100 µg/mL) were added. After appro-
priate treatment, 20 µL of MTT solution (5 
mg/mL) was added into each well and incu-
bated for 4 hours. The MTT solution was then 
removed by careful pipetting, and 150 µL 
DMSO was added per well to dissolve the form-
azan crystals. After 30 mins, the absorbance of 
each well was read at 570 nm using a micro-
plate reader (Tecan Infinite, Switzerland) [33]. 

SW480 and SW620 human colon cancer cell 
lines were obtained from the American Type 
Culture Collection (ATCC, USA) Cell Culture 
Facility. Three independent replicates of 
SW480 cells were seeded at 40,000 cells/cm2 in 
a T-175 culture flask, incubated at 37°C and 5% 
CO2 in RPMI RPMI high glucose (Sigma-Al-
drich) supplemented with 10% FBS and 2% ul-
traglutamine,1% non-essential amino acids 
(Sigma-Aldrich) and 1% Ultraglutamine 
(Lonza). Cellular viability was assessed by try-
pan blue (Sigma-Aldrich) exclusion, and cell 
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count was performed using a Burker chamber. 
Cells were incubated at 37°C in a humidified 
atmosphere of 5% CO2 until they reached about 
60–70% confluence. The culture media were 
then aspirated, and cells were washed three 
times with 1× Dulbecco’s PBS. w/o calcium 
and magnesium and once with serum-free cul-
ture media. Cells were then grown in 10 ml of 
complete culture medium without serum for 
24 h. Thereafter, for each independent experi-
ment, the conditioned media from 15 T-175 
flasks were collected for each cellular model 
system, supplemented with a Complete Mini 
protease inhibitor cocktail, and centrifuged at 
400g for 15 min at 4°C. Following the collec-
tion of the conditioned media [34] [35]. 

Statistical Analysis  
Data were expressed as mean ± SD and per-

centage. Analysis was conducted using ImageJ, 
SPSS version 22, Origin Pro 2024, and 
GraphPad Prism 9 software. In vitro kinetic 
model parameters were computed using the 
DDSolver add-in for Excel. Statistical compar-
isons between groups were performed using an 
independent Student’s t-test. The level of sig-
nificance was set at p < 0.05. 

Results and Discussion  
Fourier Transform Infrared Spectropho-

tometer (FTIR) Chemical Analysis 
The FTIR spectra of cockle shell-derived 

CaCO3 NPs, free 5-FU, and 5-FU-loaded 
CaCO3 NPsare presented to elucidate the struc-
tural integrity and interaction between 5-FU 
and CaCO3 in the formulation of the nanocom-
posite drug delivery system (Figure 1). The 
FTIR spectrum of free CaCO3 exhibited char-
acteristic absorption bands at approximately 
1420 cm-1 and 875 cm-1, which can be attributed 
to the carbonate ions’ asymmetric and out-of-
plane bending vibrations (CO3

2-). The literature 
corroborates these peaks as indicative of cal-
cium carbonate’s aragonite phase, typically 
seen at 1447, 1082, 854, and 708 cm-1 [25] [36] 
[18]. The slight shift in peaks for the drug-
loaded CaCO3 NPs to 1473, 1078, 859, and 761 
cm-1 suggests the incorporation of 5-FU without 
altering the structural integrity of the aragonite 

form. The spectrum of free 5-FU reveals multi-
ple absorption peaks, including those around 
1700 cm-1 characteristic of the carbonyl (C=O) 
stretch, and other peaks that correspond to the 
aromatic ring and fluorine atom vibrations, 
which are intrinsic to the 5-FU molecular struc-
ture. Moreover, 5-FU bears amino (–NH2) func-
tional groups and shows absorption peaks 
around 3000 cm-1  [37]. 

Upon loading 5-FU onto CaCO3 NPs, notable 
changes were observed in the FTIR spectrum. 
The distinctive peaks corresponding to 5-FU 
appear to diminish or are no longer discernible, 
suggesting encapsulation within the porous 
structure of CaCO3 NPs compared to the previ-
ous studies [38]. The apparent disappearance of 
these peaks could indicate the successful load-
ing of 5-FU into the CaCO3 NPs matrix, poten-
tially due to the internalization of the drug 
within the pores of the nanoparticles. This en-
capsulation is hypothesized to alter the vibra-
tional energy of the 5-FU functional groups, 
rendering their signature peaks less pro-
nounced. The interaction between 5-FU and 
CaCO3 NPs is a critical factor in determining 
the stability and release profile of the drug from 
the nanocomposite. The spectrum of the 5-FU-
loaded CaCO3 NPs did not show new peaks, 
which could have implied a chemical interac-
tion or bond formation between the drug and the 
carrier. Instead, the observed peak attenuation 
supports a physical encapsulation mechanism, 
where the drug is entrapped within the CaCO3 

NPs matrix without significant chemical modi-
fication. This could be advantageous for main-
taining the drug’s efficacy while enabling a 
controlled release. These results have signifi-
cant implications for developing targeted can-
cer drug delivery systems. The physical encap-
sulation of 5-FU within CaCO3 NPs has the po-
tential to protect the drug from premature deg-
radation in the physiological environment, 
thereby enhancing its bioavailability and thera-
peutic effect. Furthermore, the porous nature of 
CaCO3 NPs may allow for a sustained release 
of 5-FU, which is desirable in minimizing the 
side effects of high systemic drug concentra-
tions [39].  
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Figure 1. FT-IR spectra of calcium carbonate nanoparticles (CaCO3 NPs), 5-fluorouracil (5-FU), 

and 5-FU-loaded CaCO3 NPs. 
 
X-Ray Powder Diffraction (XRD)  
X-ray diffraction (XRD) analysis was con-

ducted to investigate the structural properties of 
pure CaCO3 NPs, free 5-FU and 5-FU loaded 
onto CaCO3 NPs. The resulting XRD patterns 
(Figure 2) provide insight into the synthesized 
nanocomposites’ crystallinity and potential 
drug-carrier interactions. Figure 2A displays 
the XRD pattern of pure CaCO3 NPs, with dis-
tinct peaks that confirm the aragonite structure, 
as corroborated by comparison with the refer-
ence diffraction peak from the Joint Committee 
on Powder Diffraction Standards (JCPDS) file, 
specifically number 00-041-1475. This match 
underscores the synthesized nanoparticles’ high 
crystallinity and validates their structural iden-
tity as aragonite, which is a crucial aspect of 
their suitability for drug delivery applications 
[37] [40]. 

In Figure 2B, the free 5-FU shows a highly 
crystalline XRD pattern, with sharp and intense 
peaks characteristic of the pure drug. The XRD 
pattern for the 5-FU loaded CaCO3 Nps (Figure 
2C) combines the characteristics of both the 
CaCO3 NPs and 5-FU. Notably, the similarity 
in the diffraction patterns of the blank CaCO3 
NPs and the drug-loaded CaCO3 NPs suggests 
that the crystallinity of the CaCO3 NPs is re-
tained post-drug-loading. This observation is 

critical as it suggests that the CaCO3 NPs re-
main stable through the drug-loading proce-
dure, retaining their structure. This is vital for 
their performance as a drug delivery system. 
The changes observed in the crystallinity of 5-
FU upon loading into the nanoparticles could be 
attributed to the intercalation of drug molecules 
within the CaCO3 lattice, creating a less ordered 
structure. This disruption can be advantageous, 
potentially allowing for a more controlled and 
sustained drug release profile due to the in-
creased interaction between the drug and the 
carrier [41]. 

Energy-Dispersive X-ray (EDX) 
The energy-dispersive X-ray (EDX) spectros-

copy analysis of 5-FU-CaCO3 NPs, as depicted 
in the spectral peak data, confirms the primary 
composition of the cockle shell-derived cal-
cium carbonate aragonite nanoparticles, show-
casing prominent peaks for oxygen (O), carbon 
(C), and calcium (Ca), consistent with the ex-
pected constituents of CaCO3. The detected el-
ements’ quantitative representation aligns with 
previous studies [26][42]. The calcium content 
range is 20.16–23.63%, alongside carbon con-
tent at 24.45–26.26%. Notably, the spectrum 
does not distinctly feature sulfur (S), suggesting 
its minimal presence or an overlap with other 
elemental signals.  
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Figure 2. XRD patterns of (A) pure calcium carbonate nanoparticles (CaCO3 NPs), (B) free 5-

Fluorouracil (5-FU), and (C) 5-FU-loaded CaCO3 NPs 
 
The trace presence of other elements, such as 

sodium (Na), aluminum (Al), silicon (Si), and 
platinum (Pt), could be attributed to the syn-
thetic process or sample handling. The results 
endorse the NPs’ compositional integrity and 
pave the way for discussing the implications of 
such a composition on the therapeutic efficacy 
and delivery mechanism of 5-FU [43]. 

Size Determination Using TEM  
Transmission electron microscopy was em-

ployed to ascertain the size and morphology of 
the nanoparticles before and after the loading of 
5-FU. Figure 4 illustrates the TEM images and 
the corresponding size distribution histograms. 

Before drug encapsulation, the cockle shell-de-
rived CaCO3 NPs exhibited a mean diameter of 
19.26 ± 2.28 nm. After the loading with 5-FU, 
a significant increase in size was observed, with 
the 5-FU-CaCO3 NPs displaying a mean diam-
eter of 34.88 ± 4.06 nm, as seen in (Table 1). 
The results indicate the successful encapsula-
tion of 5-FU within the CaCO3 NPs, as reflected 
by the increase in the mean diameter size post-
drug loading (Table 1). The size increase from 
19.26 nm to 34.88 nm is substantial. It is within 
the desirable range for nanoparticle-based drug 
delivery, ensuring a sufficient surface area-to-
volume ratio for effective drug release and cel-
lular uptake. 
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Figure 3. Spectral peak data of 5-FU-CaCO3 NPs for EDX spectroscopy. 
 
Moreover, the relatively narrow size distribu-

tion post encapsulation (SD = 4.06 nm) sug-
gests a homogeneous population of nanoparti-
cles, which is essential for consistent drug dos-
ing and predictable pharmacokinetics. Previous 
studies have reported similar patterns.[44] [52] 
[42] [53] Nanoparticles smaller than 50 nm are 
likely to be excreted by the kidneys before 
reaching their target. In comparison, larger 
sizes greater than 100 nm are more likely to be 
sequestered by the reticuloendothelial system 

(RES) [46]. However, a large percentage of free 
CaCO3 NPs and drug-loaded CaCO3 NPs fall 
between the two extremes. This intermediate 
size range is advantageous as it potentially 
avoids rapid elimination by the kidneys and 
evasion by the RES, making CaCO3 NPs an ex-
cellent choice for targeted drug delivery sys-
tems. Their size allows them to circulate longer 
in the bloodstream, enhancing the likelihood of 
reaching and accumulating at the target site 
[47][48]. 

 
Figure 4. TEM image of (A) calcium carbonate nanoparticles (CaCO3 NPs) and (B) 5-fluorouracil 

loaded calcium carbonate nanoparticles (5-FU-CaCO3 NPs) with corresponding size distribution 
histograms. 
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Table 1. CaCO3 NPs and 5-FU-CaCO3 NPs diameter size. 
Nanoparticle Diameter size in mean ± SD (nm) 
CaCO3 NPs  19.26 ± 2.28 

 

5-FU-CaCO3 NPs 34.88 ± 4.06 
Results are means ± standard deviation of three determinations. 
DLC and Encapsulation Efficiency (EE) 
Notably, CaCO3 NPs can load various drugs 

regardless of their hydrophobicity or surface 
charge characteristics. In our experiments, 5-
FU was loaded into CaCO3 NPs at different 
concentrations. As depicted in Table 2, the EE 
of 5-FU-CaCO3 NPs remained consistently 
high (>95%) across varying 5-FU concentra-
tions. Such high EE values indicate the compat-
ibility between the drug and the nanoparticle 
matrix and the effectiveness of loading the 
drug. Conversely, the DLC exhibited a positive 
correlation with the amount of drug used during 
the formulation process. As the weight of the 
drug increased, the DLC also increased, reach-
ing a maximum of 40%. However, it is note-
worthy that the DLC did not increase propor-
tionally with the amount of drug used, indicat-
ing a limit to how much drug the nanoparticles 
can accommodate before reaching a saturation 

point. The sample with 18 mg of 5-FU exhib-
ited the highest LC (36.29%) and a high EE 
(96.61%), making it optimal for further studies. 
These results align with the previous findings 
that reported similar trends in nanoparticle drug 
delivery systems [49][50]. 

These findings are promising for applying 
CaCO3 NPs in targeted drug delivery, providing 
a high degree of control over the drug load 
while ensuring efficient encapsulation. In 
broader contexts, CaCO3 NPs derived from 
cockle shells have successfully encapsulated 
various therapeutics. As reported in the litera-
ture, these include cytarabine,[46] doxorubicin, 
[52] parathyroid hormone, [53] thymoquinone, 
[18] and vancomycin. [41] This versatility un-
derscores the potential of CaCO3 NPs in deliv-
ering both hydrophilic and hydrophobic drugs, 
reinforcing the significance of our findings in 
the development of targeted cancer drug deliv-
ery systems, as shown in Table 2.  

 

Table 2. Drug-Loading Capacity (DLC) and Encapsulation Efficiency (EE) of the Calcium Car-
bonate Nanoparticles (CaCO3 NPs). 

Sample 
Weight of  
CaCO3 NPs (mg) 

Weight of Drug 
(mg) DLC (%) EE (%) 

5-FU-CaCO3 
NPs 

30 21 38.15 ± 0.11 92.64 ± 0.26 
30 18 36.29 ± 0.19 96.61 ± 0.45 
30 15 30.87 ± 0.12 92.60 ± 0.37 
30 9 21.74 ± 0.22 94.21 ± 0.96 
30 6 15.11 ± 0.14 90.63 ± 0.82 

Results are means ± standard deviation of three determinations. 
DLC = drug-loading capacity; EE = Encapsulation Efficiency; NP = nanoparticles. 
Zeta Potential 
Zeta potential values provide insight into the 

nanoparticles’ surface charge and potential sta-
bility in colloidal dispersions. The value of zeta 
potential for good stability is above ±30 mV. 
High zeta potential averts aggregation of the 
particles and improves stability due to electric 
repulsion.[65] [66] The higher the surface 
charge, the stronger the repellent forces be-
tween nanoparticles, and the less likely they 

will aggregate. The dispersion’s aggregation of 
nanoparticles is noticed with values between 
˗25 to 25 mV due to interparticle Van Der Waal 
forces [45]. The pure CaCO3 NPs exhibited a 
zeta potential of ˗18.08 mV as shown (Table 3), 
indicating moderate stability, likely due to neg-
atively charged surface groups [56]. Upon drug 
loading with 5-FU, the zeta potential decreased 
to ˗6.53 mV, suggesting a reduction in surface 
charge. This could be attributed to the drug’s 
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interaction with the nanoparticle surface, poten-
tially neutralizing some surface charges. The Z-
average of the particles also changed signifi-
cantly upon drug loading. The free CaCO3 NPs 
had a Z-average of 88.07 nm, while the 5-FU-
loaded CaCO3 NPs showed a substantial in-
crease in size to 375.70 nm, indicating that the 
drug loading may result in aggregation or parti-
cle growth. This is further supported by the in-
crease in the polydispersity index (PDI), from 

0.18 for the pure nanoparticles to 0.25 for the 5-
FU-loaded ones. However, a PDI value below 
0.3 is typically considered indicative of a rela-
tively homogeneous nanoparticle size distribu-
tion in colloidal systems, which suggests that 
while there is an increase in heterogeneity com-
pared to the unmodified nanoparticles, the 
drug-loaded nanoparticles still maintain a de-
gree of uniformity that could be acceptable for 
drug delivery applications [57]. 

Table 3. Zeta Potential, Average Particle Size Distribution by Intensity and Polydispersity Index 
of CaCO3 NPs, 5-FU-CaCO3 NPs, Performed at 24◦C 

Compound Zeta Potential (mV) ± SD Z-Average (d nm) PDI 
CaCO3 NPs -18.08 ± 3.60 88.07 0.18 
5-FU-CaCO3 NPs -6.53 ± 0.87 375.70 0.25 

Results are means ± standard deviation of three determinations. 
NP = nanoparticles; PDI = Polydispersity Index; SD = standard deviation. 
 
pH-sensitive Drug Release 
The in vitro drug release profiles of 5-FU 

loaded onto CaCO3 NPs were studied at two 
different pH levels: pH 7.3 (physiologically 
neutral pH) and pH 4.8 (acidic pH, similar to 
many tumor tissues), which simulate the physi-
ological and tumor microenvironment condi-
tions, respectively. As depicted in Figure 5, the 
release of 5-FU at pH 4.8 is markedly faster, 
with over 70% of the drug released over 72 

hours. In contrast, the release at pH 7.3 is sig-
nificantly slower, with only about 20% of the 
drug released during the same period. This re-
lease pattern is consistent with previous studies 
on pH-sensitive drug delivery systems [46][58]. 
The faster release at pH 4.8 indicates that the 
acidic environment promotes the dissolution of 
the CaCO3 nanoparticles, facilitating the release 
of the encapsulated drug.  

 

 
Figure 5. Release profiles of 5-Fluorouracil (5-FU) from 5-FU loaded calcium carbonate 

nanoparticles (5-FU- CaCO3 NPs) at pH=7.3 and pH=4.8. 
 
This release behavior ensures that the drug is 

rapidly available in acidic tumor environments, 
where it is needed most. On the other hand, the 
slower release at pH 7.3 ensures that the drug 
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remains encapsulated in neutral physiological 
conditions, minimizing premature release and 
reducing potential side effects on non-target tis-
sues  [65][59]. The addition of Tween 80 in the 
PBS plays a critical role in enhancing the solu-
bility of 5-FU, which is hydrophilic. This in-
crease in solubility is necessary to facilitate the 
diffusion of the drug out of the CaCO3 NP ma-
trix, as diffusion is the primary mechanism of 
drug release in aqueous media. The presence of 
Tween 80 aids in the solubilization process, en-
suring that the drug can be more readily re-
leased when the nanoparticles disintegrate in 
acidic conditions [60][61]].CaCO3 nanoparti-
cles are known to be pH-sensitive, dissolving 
more rapidly in acidic media (below pH 5) due 
to the faster degradation of the CaCO3 particles. 
However, they remain more stable and intact at 
neutral pH [67][68]. This pH-sensitive release 
profile underscores the potential of 5-FU-
loaded CaCO3 NPs as a targeted drug delivery 
system. By leveraging the pH differential be-
tween normal and tumor tissues, the nanoparti-
cles are engineered to delay drug release until 
they reach the acidic environment of cancer 
cells, thus enhancing drug concentration at the 
tumor site and improving therapeutic efficacy 
while minimizing effects on healthy tissues 
[63]. The release profile also demonstrates a 
sustained release pattern, which is beneficial for 
maintaining therapeutic drug levels over an ex-
tended period. This controlled release could be 
advantageous in clinical settings, potentially al-
lowing for reduced dosing frequency and im-
proving patient outcomes by delivering the 
drug more effectively at the target site [69] 

Drug Release Kinetics 
To understand the drug release behavior from 

the developed CaCO3 NPs hollow networks, 
various in vitro kinetic models were applied, 
such as zero order, 1st order, Higuchi, 
Korsmeyer-Peppas, Weibull, Logistic, Gom-
pertz, and Probit. Generally, the R2 value via re-
gression analysis is used to find the best-fit 
model. The Higuchi model showed the highest 
coefficients of determination (R²) across drugs 
at pH 7.3 conditions is 0.9317, while the 
Korsmeyer-Peppasmodel is 0.9165, indicating 
that these models are most suited for describing 
the release kinetics from CaCO3 NPs as shown 
in (Table 4). By R2 values, Korsmeyer-Peppas 
is the model that governs the release of 5-FU 
from the nanoparticles in a neutral solution (pH 

7.3). This model was developed in 1983 to de-
scribe the release of drug molecules from poly-
meric matrices [62]. The Higuchi model sug-
gests diffusion-controlled release, while the 
Korsmeyer-Peppas model indicates a combina-
tion of diffusion and erosion mechanisms [52]. 
This finding has significant implications for ap-
plying these nanoparticles in targeted drug de-
livery. For instance, the sustained release pro-
file indicated by these models is ideal for chem-
otherapy, where a consistent drug concentration 
can improve efficacy and minimize side effects 
[63].  

Previous studies have demonstrated var-
ied release kinetics depending on the drug 
and the nanoparticle composition. For in-
stance, Lee et al. observed that polymeric 
nanoparticles exhibited a first-order re-
lease for hydrophilic drugs [64] in contrast 
with our findings, where CaCO3 NPs did not 
fit well with the first-order model for either 
5-FU. Moreover, studies on similar CaCO3 
NPs loaded with different drugs showed a 
closer fit to the Hixson-Crowell model, em-
phasizing the role of surface area and par-
ticle size in drug release [58]. However, this 
model showed a lower R2, especially for 5-
FU. It is postulated that additional factors 
beyond the mere particle size reduction in-
fluence the release mechanism from 
CaCO3 NPs.  

Biocompatibility and Cytotoxicity  
Biocompatibility Assay of Blank CaCO3 NPs  
The biocompatibility of blank CaCO3 NPs 

was evaluated on both non-neoplastic human 
skin fibroblast cells (HS-27) and colon cancer 
cell lines (SW480 and SW620) using the MTT 
assay to ensure that the nanocarrier does not ex-
hibit any cytotoxic effects. Figure 6 illustrates 
that blank CaCO3 NPs had minimal impact on 
cell viability across all tested cell lines, indicat-
ing strong biocompatibility. For HS-27 cells, 
the viability remained high, decreasing only 
slightly from 100% at 15.6 µg/mL to 91.72 ± 
3.02%. % at 1000 µg/mL after 72 hours of treat-
ment. Similarly, for the SW480 colon cancer 
cell line, viability dropped from 99.7 ± 0.82% 
at 15.62 µg/mL to 94.51 ± 3.20% at 1000 
µg/mL after 72 hours. The SW620 cell line 
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showed comparable results, with viability de-
creasing from 98.87 ± 1.66% at 15.62 µg/mL to 
91.31 ± 1.41% at 1000 µg/mL[60]. These re-
sults demonstrate that blank CaCO3 NPs are 

non-toxic across a broad concentration range 
and do not adversely affect the viability of ei-
ther non-neoplastic or cancer cells 

Table 4. The Coefficient of Determination (R2) Obtained for 5-FU Release from Nanoparticles 
in pH 4.8 and 7.3 

Nanocomposite Dissolution 
medium (PBS) 

Kinetic model Coefficient of determination (R2) 

Zero 
order 

First 
order Higuchi Korsmeyer-

peppas 
Hixson-

Crowell 

5-FU-CaCO3 NPs 
4.8 0.7001 0.3371 0.8906 0.8742 0.8052 

7.3 0.7968 0.4712 0.9317 0.9165 0.8634 

PBS = phosphate-buffered saline. 
. 
These findings align with previous studies 

demonstrating the biocompatibility of CaCO3 
NPs in various cell types, including MCF10A 
and MCF cells, [26] [33] UMR-106 rat osteo-
genic sarcoma cells, MG-63 bone cancer cells, 
[65] and hFOB 1.19 human fetal osteoblastic 
cells. [66] Moreover, hybrid alginate/calcium 
carbonate nanoparticles have been shown to 
have minimal impact on HeLa cells, [67] fur-
ther reinforcing the non-cytotoxic nature of 
CaCO3. As calcium carbonate is a naturally oc-
curring substance in the human body, it contrib-
utes to the inherent biocompatibility seen with 
inorganic nanoparticles [61]. 

However, cell-type specificity should be con-
sidered, as some studies have shown toxicity in 
particular contexts. For example, one study ob-
served the toxicity of CaCO3 NPs in human en-
dothelial cells (EAhy926) within 24 hours.[68] 
Interestingly, another study demonstrated that 
nano-CaCO3 can selectively restrict the aggres-
siveness of tumor cells (MDA-MB-231) with-
out negatively impacting the surrounding stro-
mal cells, showcasing its potential for selective 
therapeutic applications [69]. Overall, the bio-
compatibility of blank CaCO3 NPs suggests 
they are a promising platform for the safe deliv-
ery of therapeutic agents, offering the potential 
for high-loading capacities without causing 
harm to healthy or cancerous cells. 

 
Figure 6. Biocompatibility of cockle shell-derived calcium carbonate nanoparticles (CaCO3 NPs) 

on HS-27, SW480, and SW620 after 72 hours incubation. 
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Cytotoxicity of Free 5-FU and 5-FU-
loaded CaCO3 Nanoparticles 

To evaluate the cytotoxic potential of 5-FU 
and 5-FU-loaded CaCO3 NPs, cell viability was 
assessed in non-neoplastic (H-27) and in two 
colon cancer cell lines, SW480 (primary colon 
cancer) and SW620 (metastatic colon cancer) 
over 72 hours. Both formulations, free 5-FU, 
and 5-FU-loaded CaCO3 NPs, exhibited dose-
dependent cytotoxicity but with distinct pro-
files. Free 5-FU caused rapid cytotoxic effects, 
whereas the nanoparticle formulation exhibited 
a more controlled drug release, reducing the im-
mediate cytotoxicity typically observed with 
free 5-FU. The final concentration of 5-FU used 
in the nanoparticles was 0.36 mg/mg. For the 
HS-27 fibroblast cells, treatment with free 5-FU 
resulted in a prominent decrease in cell viability 
as the concentration increased. At 3.125 µM, 
HS-27 cells retained 74.7 ± 0.96% viability, but 
at the highest concentration of 100 µM, viabil-
ity dropped to 32.65 ± 0.14%. This significant 
reduction reflects the inherent cytotoxicity of 5-
FU, even in non-cancerous cells. In contrast, 5-
FU-loaded CaCO3 NPs demonstrated minimal 
toxicity, maintaining high cell viability (rang-
ing from 89.26 ± 4.77% to 84.87 ± 6.96% over 
the same concentration range). These results in-
dicate that CaCO3 nanoparticles act as an effec-
tive drug delivery vehicle, providing a more 
controlled release of 5-FU and significantly re-
ducing its cytotoxic effects on healthy, non-ne-
oplastic cells. 

For SW480 cells (Figure 7 A–C), treatment 
with free 5-FU caused a sharp, dose-dependent 
decrease in cell viability. After 24 hours, cell 
viability dropped significantly, from 84.62 ± 
4.70% at 3.125 µg/mL to 18.63 ± 5.96% at 100 
µg/mL. Conversely, 5-FU-loaded CaCO3 NPs 
preserved higher cell viability, with 98.88 ± 
2.70% viability at 3.125 µg/mL, decreasing to 
51.55 ± 3.72% at 100 µg/mL. This pattern per-
sisted at 48 and 72 hours, with the 5-FU-loaded 
CaCO3 NPs maintaining markedly higher cell 
viability compared to free 5-FU at all tested 
concentrations. After 72 hours, free 5-FU re-
duced cell viability to 28.11 ± 3.20% at the 
highest dose, while the 5-FU-loaded CaCO3 
NPs maintained around 53.18 ± 3.90% viability 
at the same concentration. This indicates that 

the CaCO3 nanoparticle system allows for a 
sustained and controlled release of 5-FU, reduc-
ing cytotoxicity compared to free 5-FU while 
still effectively targeting cancer cells. The sus-
tained drug release from the NPs helps mitigate 
the sharp cytotoxic effects commonly seen with 
the free drug. 

A similar trend was observed for the SW620 
metastatic colon cancer cells (Figure 7 D–F). 
After 24 hours of exposure, free 5-FU reduced 
cell viability from 90.62 ± 9.70% to 18.64 ± 
5.96% across the concentration range (3.125–
100 µg/mL). In contrast, cells treated with 5-
FU-loaded CaCO3 NPs displayed a more mod-
erate decrease in viability, from 92.64 ± 2.10% 
at 3.125 µg/mL to 47.22 ± 2.11% at 100 µg/mL. 
At the 48-hour mark, free 5-FU showed a more 
pronounced reduction in cell viability, from 
91.85 ± 8.94% to 25.07 ± 0.79%, while 5-FU-
loaded CaCO3 NPs led to a more controlled re-
duction, from 90.59 ± 3.64% to 38.13 ± 5.68%. 
After 72 hours, 5-FU-loaded CaCO3 NPs 
demonstrated superior biocompatibility, main-
taining higher cell viability (around 45.18%) 
than free 5-FU (around 12.2%) at the highest 
concentration. These findings underscore the 
therapeutic potential of CaCO3 nanoparticles as 
an effective drug delivery system for 5-FU. The 
free 5-FU formulation showed a rapid and po-
tent cytotoxic effect, reducing cell viability sig-
nificantly across both cell lines within the first 
24 hours. However, this potent cytotoxicity 
could potentially result in off-target effects and 
toxicity to healthy cells. In contrast, the 5-FU-
loaded CaCO3 NPs exhibited a more gradual re-
lease, reducing the immediate cytotoxicity and 
maintaining consistent levels of viability reduc-
tion over the 72-hour period. The sustained re-
lease of 5-FU from the nanoparticles offers a 
therapeutic advantage, providing prolonged 
drug exposure with potentially fewer side ef-
fects. The improved biocompatibility of the 5-
FU-loaded CaCO3 NPs suggests that higher 
doses can be delivered over time without the 
sharp toxicity peaks observed with free 5-FU. 
This controlled drug release enhances the ther-
apeutic index of 5-FU, potentially allowing for 
higher cumulative doses with reduced side ef-
fects, ultimately improving the overall safety 
and efficacy of the treatment. 
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 Figure 7. Cell viability of SW480 (a–c) and SW620 (d–f) colon cancer cells treated with free 5-FU 
and 5-FU-loaded CaCO3 nanoparticles over 72 hours 

Supporting these findings, Figure 8 compares 
the biocompatibility and toxicity of CaCO3 NPs 
with and without 5-FU in HS-27 human skin fi-
broblast cells. Toxicity was measured by the 
number of viable HS-27 cells determined by the 
MTT assay. There was no significant difference 
in cell numbers when cells were treated with 
CaCO3 alone versus 5-FU loaded CaCO3 NPs 
(p > 0.05), indicating the NPs alone do not sig-
nificantly affect cell viability. In contrast, direct 
administration of 5-FU led to a drastic and sig-
nificant decrease in cell numbers compared to 

treatments involving CaCO3 NPs (p < 0.0001) 
and 5-FU-loaded CaCO3 NPs (p < 0.002), re-
spectively. This decrease highlights the poten-
tial of CaCO3 NPs to reduce the cytotoxic ef-
fects of 5-FU when used as a delivery system, 
thus underscoring their potential to enhance the 
therapeutic index for chemotherapy drugs. 
Wang et al. also explored the concept of im-
proving the therapeutic index of chemotherapy 
drugs using nanoparticle-based delivery sys-
tems [50]. 

 

 
 
 
Figure 8. Comparison of cell viability in HS-

27 human skin fibroblast cells treated with 
CaCO3 NPs, 5-FU-loaded CaCO3 NPs, and 
Free 5-FU. Statistical analysis represents the 
difference between the corresponding CaCO3 
NPs and free 5-FU with significance (p < 
0.0001) and represents the difference between 
the 5-FU-loaded CaCO3 NPs and free 5-FU 
with significance less (p < 0.002) (n = 3).
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The IC50 values of 5-FU and 5-FU-CaCO₃ 
were assessed on the two colorectal cancer cell 
lines, SW480 and SW620, over 24, 48, and 72 
hours. At the 24-hour mark, the IC50 of 5-FU-
CaCO₃ was significantly higher than that of free 
5-FU in both cell lines (p < 0.001), indicating a 
reduced cytotoxic effect upon nanoparticle 
loading. This trend persisted over time, with 5-

FU-CaCO₃ showing consistently higher IC50 
values than free 5-FU, particularly in SW620 
cells, where the IC50 at 72 hours was signifi-
cantly elevated (p < 0.0001). The consistent sta-
tistical significance across all time points (p < 
0.001 or p < 0.0001) underscores the nanopar-
ticle formulation’s reduced potency and con-
trolled-release characteristics. 

 
Figure 9. IC50 values of 5-FU and 5-FU-loaded calcium carbonate nanoparticles (5-FU-CaCO₃) for 

colorectal cancer cell lines SW480 and SW620 at 24, 48, and 72 hours (n=3). ***p < 0.001, ****p < 
0.0001 

These findings suggest that the CaCO₃-based 
delivery system moderates the immediate cyto-
toxicity of 5-FU, enhances its safety profile 
while maintains its therapeutic efficacy. This 

highlights the potential of CaCO₃ nanoparticles 
to improve the tolerability and effectiveness of 
chemotherapeutic agents in colorectal cancer 
treatment. 

Conclusion 
This investigation demonstrates the successful encapsulation of 5-FU within aragonite CaCO3 NPs 

derived from cockle shells. TEM revealed a notable increase in particle size following drug encapsula-
tion, indicative of effective 5-FU loading. The interaction between 5-FU and CaCO3 NPs was further 
confirmed by FTIR spectroscopy, supporting the hypothesis of a physically encapsulated drug-loading 
process. XRD analysis revealed changes in 5-FU crystallinity following encapsulation, while the crys-
talline structure of the CaCO3 NPs remained unaffected. Percentage loading content, encapsulation ef-
ficiency, and drug-loading capacity were also assessed. Additionally, zeta potential analysis showed a 
reduction in surface charge after drug loading, which may influence particle stability and aggregation 
dynamics. The encapsulation of 5-FU in CaCO3 NPs altered the drug release kinetics compared to free 
5-FU, providing a more controlled-release profile. The Higuchi and Korsmeyer-Peppas models were 
best suited to describe this release, highlighting the potential of these NPs in sustained and targeted 
drug delivery applications. Biocompatibility assessments demonstrated that 5-FU-loaded CaCO3 NPs 
exhibited negligible cytotoxicity toward non-neoplastic HS-27 fibroblast cells, underscoring the safety 
of the delivery system. In addition to non-neoplastic cells, cytotoxicity assays on SW480 (primary colon 
cancer) and SW620 (metastatic colon cancer) cell lines demonstrated that 5-FU-loaded CaCO3 NPs 
induced a dose-dependent reduction in cell viability. However, compared to free 5-FU, the nanoparticle 
formulation exhibited a more controlled and sustained release, significantly reducing cytotoxic effects 
on cancer cells at all concentrations and time points. This supports the therapeutic potential of 5-FU-
loaded CaCO3 NPs in delivering targeted and safer cancer treatments with fewer side effects. These 
findings highlight the promising potential of CaCO3 NPs as a drug delivery system for chemotherapy, 
offering a more controlled drug release and reducing systemic toxicity. The variation in results com-
pared to previous studies highlights the complexity of nanoparticle drug delivery systems. It emphasizes 
the need for further research to optimize nanoparticle designs for specific therapeutic applications, par-
ticularly in cancer treatment. 
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