
ANTICANCER EFFICACY AND MOLECULAR THERAPEUTIC 

MECHANISM OF THYMOQUINONE-LOADED CALCIUM CARBONATE 

NANOPARTICLES COMBINED WITH 5-FLUOROURACIL AGAINST 

COLON CANCER 

By 

DENG XI 

Thesis Submitted to the School of Graduate Studies, Universiti Putra Malaysia, 

in Fulfilment of the Requirements for the Degree of Doctor of Philosophy 

December 2024 

IB 2024 9

© C
OPYRIG

HT U
PM



ii

i
i

© C
OPYRIG

HT U
PM



 

 

 

All materials contained within the thesis, including without limitation text, logos, icons, 

photographs, and all other artwork, is copyright material of Universiti Putra Malaysia 

unless otherwise stated. Use may be made of any material contained within the thesis 

for non-commercial purposes from the copyright holder. Commercial use of material 

may only be made with the express, prior, written permission of Universiti Putra 

Malaysia. 

 

Copyright © Universiti Putra Malaysia 

© C
OPYRIG

HT U
PM



 

 

 

DEDICATION 

 

 

This thesis is dedicated to:  

Myself, who is about to turn thirty 

  

© C
OPYRIG

HT U
PM



 

i 

Abstract of thesis presented to the Senate of Universiti Putra Malaysia in  

fulfilment of the requirement for the degree of Doctor of Philosophy 

 

 

ANTICANCER EFFICACY AND MOLECULAR THERAPEUTIC 

MECHANISM OF THYMOQUINONE-LOADED CALCIUM CARBONATE 

NANOPARTICLES COMBINED WITH 5-FLUOROURACIL AGAINST 

COLON CANCER 

 

 

By 

 

 

DENG XI 

 

 

December 2024 

 

 

Chairman : Professor Md Zuki bin Abu Bakar @ Zakaria, PhD 

Institute : Bioscience 

 

Colon cancer ranks as the third most prevalent cancer worldwide, contributing to 

significant morbidity and mortality. The adverse side effects and chemoresistance 

associated with the primary chemotherapeutic agent, 5-fluorouracil (5-FU), have 

necessitated the exploration of improved therapeutic strategies. Thymoquinone (TQ) 

derived from Nigella sativa, a bioactive compound with established anti-colon cancer 

properties, presents a promising adjunct to 5-FU. The encapsulation of 

chemotherapeutic agents and phytochemicals into nano delivery systems represents a 

pivotal advancement, enhancing solubility and bioavailability and minimizing toxic 

side effects. This study aimed to develop cockle shell-derived calcium carbonate 

nanoparticles (CaCO3np) as a delivery system for 5-FU and TQ and to evaluate the 

therapeutic potential of these formulations in combination therapies for colon cancer. 

Using a mechanical ball milling method, porous CaCO3np was synthesized, and the 

formulations of 5-FU-loaded CaCO3np (5FU-CaCO3np) and TQ-loaded CaCO3np
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(TQ-CaCO3np) were optimized by using a high-speed homogenizer for efficient 

loading of 5-FU and TQ. The resulting nanoparticles were characterized by their high 

purity, stable aragonite phase, and particle size ranging from 80 to 140 nm. The 

encapsulation process preserved the chemical integrity of both 5-FU and TQ, and the 

nanoparticles demonstrated pronounced biocompatibility and pH-sensitive sustained 

release profiles. In vitro studies revealed that TQ-CaCO3np combined with 5-FU 

exhibited a superior synergistic effect compared to the reverse combination (5FU-

CaCO3np combined with TQ). This combination effectively inhibited CT26 colon 

cancer cell proliferation, induced apoptosis, caused G0/G1 cell cycle arrest, and 

suppressed the growth of CT26 spheroids. In vivo studies further validated the 

enhanced anticancer efficacy of the TQ-CaCO3np and 5-FU combination in CT26 

tumour-bearing mic, demonstrating significant tumour growth inhibition and reduced 

systemic toxicity of 5-FU. Proteomic and metabolomic analyses provided insights into 

the molecular mechanisms underlying the observed synergy, identifying the key 

pathways (biosynthesis of amino acids, 2-oxocarboxylic acid metabolism, and HIF-1 

signalling pathway) and a series of key targets (Aco2, Gapdh, Psph, Pdha1, Pdhb, Rps6, 

alanine, glutamate, proline, glutamine, threonine, adenosine 5'-triphosphate, lactate, 

leucine, and isoleucine) modulated by the combination therapy. Overall, this study 

demonstrated that TQ-CaCO3np, with its excellent biocompatibility, pH sensitivity, 

and sustained release properties, holds significant promise in enhancing the efficacy 

of 5-FU. These findings pave the way for further clinical applications, offering a novel 

and potentially effective approach to colon cancer treatment. 

 

Keywords: Anticancer efficacy; Colon cancer; 5-Fluorouracil; Molecular therapeutic 

mechanism; Thymoquinone-loaded calcium carbonate nanoparticles 
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Kanser kolon merupakan kanser ketiga paling lazim di dunia, menyumbang kepada 

morbiditi dan mortaliti yang signifikan. Kesan sampingan buruk dan kemoresistan 

yang berkaitan dengan agen kemoterapi utama, 5-fluorourasil (5-FU), telah 

mendorong eksplorasi strategi terapeutik yang lebih baik. Thymoquinone (TQ) yang 

berasal daripada Nigella sativa menunjukkan potensi sebagai tambahan kepada 5-FU. 

Pengkapsulan agen kemoterapi dan fitokimia ke dalam sistem penghantaran nano 

merupakan kemajuan penting, meningkatkan keterlarutan dan bioavailabiliti serta 

mengurangkan kesan sampingan toksik. Kajian ini bertujuan untuk membangunkan 

nanopartikel kalsium karbonat (CaCO3np) sebagai sistem penghantaran untuk 5-FU 

dan TQ, serta menilai potensi terapeutik formulasi ini dalam terapi kombinasi untuk 

kanser kolon. Dengan menggunakan kaedah pengilangan mekanikal bola, CaCO3np 

berliang telah disintesis, manakala formulasi CaCO3np yang dimuatkan dengan 5-FU 

(5FU-CaCO3np) dan TQ (TQ-CaCO3np) dioptimumkan menggunakan penghomogen 

kelajuan tinggi untuk pemuatan 5-FU dan TQ yang efisien. Nanopartikel yang
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dihasilkan dicirikan oleh tahap ketulenan yang tinggi, fasa aragonit yang stabil, dan 

saiz partikel dalam lingkungan 80 hingga 140 nm. Proses pengkapsulan ini 

mengekalkan integriti kimia 5-FU dan TQ, manakala nanopartikel menunjukkan 

biokeserasian yang baik dan profil pelepasan berterusan yang peka terhadap pH. 

Kajian in vitro mendedahkan bahawa TQ-CaCO3np yang digabungkan dengan 5-FU 

menunjukkan kesan sinergistik yang lebih baik berbanding kombinasi terbalik (5FU-

CaCO3np digabungkan dengan TQ). Kombinasi ini berkesan menghalang proliferasi 

sel kanser kolon CT26, mendorong apoptosis, menyebabkan perencatan kitaran sel 

pada fasa G0/G1, dan menekan pertumbuhan sferoid CT26. Kajian in vivo turut 

mengesahkan keberkesanan antikanser yang dipertingkatkan oleh kombinasi TQ-

CaCO3np dan 5-FU pada tikus yang membawa tumor CT26, dengan menunjukkan 

pengurangan ketara dalam pertumbuhan tumor dan ketoksikan sistemik 5-FU. Analisis 

proteomik dan metabolomik memberikan gambaran tentang mekanisme molekul, 

dengan mengenal pasti laluan utama (biosintesis asid amino, metabolisme asid 2-

oksokarboksilik, dan laluan isyarat HIF-1) serta beberapa sasaran utama (Aco2, Gapdh, 

Psph, Pdha1, Pdhb, Rps6, alanin, glutamat, prolin, glutamin, treonin, adenosina 5'-

trifosfat, laktat, leusin, dan isoleusin) yang dimodulasi oleh terapi kombinasi tersebut. 

Secara keseluruhannya, kajian ini menunjukkan bahawa TQ-CaCO3np, dengan 

biokeserasian yang cemerlang, sensitiviti terhadap pH, dan sifat pelepasan berterusan, 

mempunyai potensi besar untuk meningkatkan keberkesanan 5-FU. Penemuan ini 

membuka jalan untuk aplikasi klinikal selanjutnya, menawarkan pendekatan baharu 

dan berpotensi berkesan untuk rawatan kanser kolon. 

 

Kata kunci: Keberkesanan antikanser; Kanser kolon; 5-Fluorourasil; Mekanisme 

terapeutik molekul; Nanopartikel kalsium karbonat bermuatan thymoquinone 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and problem statement 

 

 

According to the latest global cancer statistics in the GLOBOCAN database, colon 

cancer remains one of the major causes of morbidity and mortality worldwide, which 

is largely attributed to a relatively higher intake of animal-source foods and an 

increasingly sedentary lifestyle (Bray et al. 2024). Given a constant incidence rate, the 

expanding and aging population will lead to a significant rise in cases of colon cancer, 

imposing a substantial burden on society. 5-Fluorouracil (5-FU) is one of the 

commonly used chemotherapy drugs in the treatment of colon cancer. As an anti-

metabolite drug, 5-FU can inhibit thymidylate synthase and incorporate its metabolites 

into RNA and DNA against colon cancer (Deng et al. 2024). However, insufficient 

accumulation of 5-FU in tumors due to non-specificity and a low plasma half-life, as 

well as limited response rates (10–15%), results in high-dosage uses of 5-FU, thereby 

leading to severe toxic side effects such as nausea, diarrhea, fever, myocardial ischemia, 

and neutropenia (Christensen et al. 2019; Vodenkova et al. 2020). Therefore, there is 

an urgent need to explore new approach to enhance the anti-colon cancer of 5-FU while 

reducing its toxic side effects, thereby improving the life quality of patients. 

 

Nanotechnology advancements have made nanoparticle-based drug delivery systems 

a promising candidate for cancer treatment. The ideal anti-cancer drug delivery system 

should have the ability of favorable sustained release and pronounced biocompatibility 

with simple and economical synthesis methods (Senapati et al. 2018; Shi et al. 2017).  
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Thus, it can deliver the drugs to target sites to enhance the anti-cancer efficacy of drugs 

and reduce their side effects, with no or low toxicity to normal tissues and cells. 

Calcium carbonate nanoparticles have been widely studied as nanocarriers of drugs 

against cancer due to their excellent biocompatibility, pH responsiveness, and 

biodegradability. Calcium carbonate has been approved for clinical use by the U.S. 

Food and Drug Administration (FDA). Additionally, calcium carbonate nanoparticles 

showed safety on the normal breast cell line MCF10A, fibroblasts NIH3T3, normal 

tissues in C57BL/6 mice as well as hematological and biochemical levels in Kunming 

mice, and satisfactory blood compatibility (Bastos et al. 2023; Yakubova et al. 2023; 

Yu et al. 2023; Zhou et al. 2023). Moreover, calcium carbonate nanoparticles exhibited 

remarkable pH-controlled drug release, with lower release at pH 7.4 in the blood and 

healthy tissue environment but more rapid release in the acidic tumor environment 

(Huang et al. 2020a; Ibiyeye, Idris & Zuki 2020; Xu et al. 2023a; Yang et al. 2016; 

Zhao et al. 2023). Meanwhile, calcium carbonate nanoparticles can decompose into 

Ca2+ and CO2 under acidic conditions, facilitating tumor-targeted delivery (Dong et al. 

2020). Cockle shells, abundant in coastal areas, are a natural source of calcium 

carbonate that is low-cost and easily available. Besides, cockle shells consist of good-

quality calcium carbonate in aragonite polymorph form, of which aragonite is a stable 

phase of calcium carbonate (Chemmalar et al. 2021; Isa et al. 2016). Furthermore, 

compared with down-top methods such as precipitation, emulsion, and polymerization, 

mechanical ball milling (top-down approach) can synthesize large-scale cockle shell-

derived calcium carbonate nanoparticles (CaCO3np) by a simple operation while 

maintaining their unique features (Islam et al. 2013). 

 

Natural compound thymoquinone (TQ), primary active ingredient of natural product 

Nigella sativa seeds, exhibited chemopreventive or chemotherapeutic effects on colon  
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cancer and other cancers through modulating reactive oxygen species production and 

cellular proliferation, autophagy, apoptosis, invasion, as well as metastasis 

(Homayoonfal, Asemi & Yousefi 2022; Jrah-Harzallah et al. 2013; Zhu et al. 2016b). 

Nevertheless, the high hydrophobic property of TQ contributes to its poor solubility 

and low bioavailability, leading to limited therapeutic effects (Alkharfy et al. 2015; 

Salmani et al. 2014). To improve the anticancer efficacy of 5-FU and TQ while 

reducing toxic side effects, various kinds of nanocarriers have been applied to deliver 

them to target cancerous cells. For example, 5-FU-loaded lactoferrin nanoparticles 

were synthesized for malignant melanoma, whereas 5-FU was loaded into the 

mesoporous silica-based hybrid nanoparticles to enhance efficacy against colon cancer 

(Kumari & Kondapi 2017; Pan et al. 2017). As for TQ, PEGylated-TQ nanoparticles 

and TQ-loaded poly lactic-co-glycolic acid nanoparticles were prepared for breast 

cancer and malignant melanoma, respectively (Bhattacharya et al. 2015; Ibrahim, Rosli 

& Doolaanea 2020). However, 5-FU or TQ-loaded calcium carbonate nanoparticles 

have been relatively less explored, although calcium carbonate nanocarrier-based 

nanomedicines and loading 5-FU or TQ into different nanocarriers have been 

extensively studied. 

 

Moreover, combining chemotherapeutic drugs and natural compounds has become a 

novel multi-targeted approach to cancer treatment, enhancing the effectiveness of 

chemotherapy drugs and mitigating their toxic side effects (Rejhová et al. 2018). TQ 

and 5-FU have shown promising anticancer properties in the treatment of triple-

negative breast cancer and gastric cancer (Lei et al. 2012; Zheng et al. 2021). 

Importantly, Kensara et al. (2016b) demonstrated that 5-FU combined with TQ was 

more effective than the individual agents in colorectal cancer rats, with a synergistic  
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effect twice that of the individual therapies. However, no literature has investigated the 

combinatorial use of 5-FU-loaded nanoparticles and TQ and the combinatorial use of 

TQ-loaded nanoparticles and 5-FU for colon cancer treatment. Furthermore, the 

underlying mechanisms of TQ in combination with 5-FU against colon cancer have 

not been comprehensively investigated.  

 

Hence, this study begins with synthesizing the optimal 5-FU-loaded CaCO3np (5FU-

CaCO3np) and TQ-loaded CaCO3np (TQ-CaCO3np) and evaluates the synergistic 

effects of 5FU-CaCO3np in combination with TQ and TQ-CaCO3np in combination 

with 5-FU, followed by analysing the anti-colon cancer efficacy of the combination 

with superior synergism and elucidating its molecular therapeutic mechanism. The in 

vitro anti-colon cancer effect was proven on the Murine colon cancer CT26 cell line, 

while the in vivo anti-colon cancer efficacy was evaluated in CT26 tumour-bearing 

BALB/c mice. Furthermore, label-free proteomics and NMR-based metabolomics 

were performed to elucidate the therapeutic mechanism of the combination therapy 

against colon cancer. 

 

 

1.2 Hypotheses 

 

 

 The combination of 5FU-CaCO3np and TQ and the combination of TQ-CaCO3np 

and 5-FU enhance the anticancer effects of the individual treatments against colon 

cancer in vitro and in vivo. 

 The targeted nano system demonstrates improved specificity for colon cancer 

cells, thereby reducing the cytotoxicity of 5-FU and TQ on normal cells. 

 

 

1.3 Objectives 
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1.3.1 Main objective 

 

 

The main objective of this study is to evaluate the synergistic effects of 5FU-CaCO3np 

in combination with TQ and TQ-CaCO3np in combination with 5-FU against colon 

cancer and elucidate the molecular therapeutic mechanism of the combination with 

superior synergism. 

 

 

1.3.2 Specific objectives 

 

 

 To prepare CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np and characterize their 

physicochemical properties and biocompatibility. 

 To compare the synergistic effect of 5FU-CaCO3np in combination with TQ and 

TQ-CaCO3np in combination with 5-FU and evaluate the efficacy of the 

combination with superior synergism against colon cancer CT26 cells. 

 To determine the anti-tumor efficacy of the combination with superior synergism 

in CT26 tumor-bearing BALB/c mice. 

 To elucidate the molecular therapeutic mechanism of combination therapy in 

colon cancer by integrating proteomic and metabolomic analyses.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Epidemiology of colon cancer 

 

 

Based on the GLOBOCAN database (World Health Organization 2024), there were 1.1 

million new colon cancer cases and 538,167 deaths in 2022, accounting for around 

one-sixth of the total cancer cases and deaths in the world. As a whole, colon cancer 

ranked fourth in incidence rate and fifth in terms of mortality among various cancers, 

as shown in Figure 2.1. 

 

 

 

Figure 2.1: Incidence rate and mortality for top 6 cancers in 2022 worldwide 

(World Health Organization 2024). 

 

 

In 2022, Asia and Europe were the regions with the highest number of new cases and 

deaths, relative to Africa, Oceania, Northern America, Latin America, and the 

Caribbean, probably due to the disparities in lifestyle and diet program (Figure 2.2) 

(Bray et al. 2024). A relatively high intake of animal-based foods, an increasingly 

sedentary lifestyle, alcohol consumption, smoking, the consumption of red or 

processed meats, and obesity increase the overall risk of developing colon cancer 

(Deng et al., 2024). In addition, the new cases and deaths of colon cancer among males 

are higher than among females (Figure 2.2). In 2022, 609,228 and 533,058 males and  
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females were diagnosed with colon cancer, respectively, while the deaths of colon 

cancer among males and females worldwide were 283,784 and 254,383, respectively 

(World Health Organization 2024). Moreover, colon cancer occurred predominantly in 

individuals between 45 and 84 years old, with 419,935 mortalities reported worldwide 

(Figure 2.2) (World Health Organization 2024). Furthermore, due to population growth 

and aging, the incidence rate and mortality of colon cancer are likely to increase over 

the next few decades (Bray et al. 2024). Overall, colon cancer poses a major challenge 

to public health. Preventive and therapeutic measures should be taken to control this 

dreadful disease. 

 

 

 

Figure 2.2: Number of new cases and deaths by regions, sex, and ages for colon 

cancer in 2022 (World Health Organization 2024). 

 

 

2.2 Pathophysiology of colon cancer 

 

 

Colon cancer is one of the common malignant tumors in the digestive tract. In our body, 

the digestive tract starts from the mouth and ends in the large intestine. The large 

intestine consists of cecum, colon, rectum, and anal canal (Bhaskaran & Kumar 2021). 

The colon is further divided into four parts, including ascending colon, descending 

colon, transverse colon and sigmoid colon (Tiwari et al. 2020). Moreover, each 

segment is composed of serosa, muscularis externa, submucosa, and mucosa (Hani et 

al. 2021), which is shown in Figure 2.3. Colon cancer generally refers to the malignant  
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lesions of the colon mucosal epithelium under the action of various carcinogenic 

factors such as environment or genetics (O’Keefe 2016). 

 

 

 

Figure 2.3: Anatomy of the colon (Hani et al. 2021). 

 

 

2.2.1 Histopathology of colon cancer 

 

 

Based on the histopathological features, colon cancer can be classified into four 

different stages, from Stage 0 to Stage IV (Figure 2.4). In the initial stage, polyps form 

and develop in the mucosal lining of the colon (Bhaskaran & Kumar 2021). Stage I 

implies that the polyps have converted into tumors and invaded the inner lining of the 

colon (Tiwari et al. 2020). In this stage, surgery is the main treatment, and the survival 

rate can reach 95%. The second stage is characterized by cancer that has spread beyond 

the colon but has not metastasized to the lymph nodes (Wahab et al. 2021). Resection 

surgery is the only choice for the treatment of colon cancer at this stage, and the 

survival rate is 85%. In the third stage, the cancer cells have spread to the entire colon 

wall and the surrounding lymph nodes (Gulbake et al. 2016). In addition to surgery, 

chemotherapy and other drugs are needed in this stage, and the survival rate is 30-60%. 

Stage IV means the cancer has spread to the other organs of the body, such as the 

intestine, lungs, and liver (Wahab et al. 2021). In this stage of colon cancer, the survival 

rate is only 3% (Mishra & Chaurasia 2017).  
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Figure 2.4: Different stages of colon cancer (Hani et al. 2021). 

 

 

2.2.2 Pathogenesis of colon cancer 

 

 

Colon cancer refers to the malignant lesions of the colon mucosal epithelium under the 

actions of various carcinogenic factors. Approximately 70% of colon cancer cases are 

sporadic, influenced by dietary and environmental factors, such as obesity, sedentary 

lifestyle, low fiber-high fat diet, alcohol abuse, and cigarette smoking (Afrin et al. 2020; 

O’Keefe 2016). Colon cancer cases attributed to family history are approximately 25%, 

while inherited cases account for the remaining 5% (Lynch syndrome or hereditary 

non-polyposis colon cancer, serrated polyposis syndrome, familial adenomatous 

polyposis, MUTYH-associated polyposis, and hamartomatous polyposis) (Bogaert & 

Prenen 2014; Mao et al. 2021). In addition, inflammatory bowel diseases, such as 

ulcerative colitis and Crohn’s disease are also risk factors for colon cancer (Piotrowska 

et al. 2021). In 1990, Fearon and Vogelstein proposed the hypothesis of the adenoma-

carcinoma sequence in colon cancer pathogenesis, which is still applicable to date for 

the majority of colon cancer cases. According to their model, colon cancer formation 

begins with the transformation from normal epithelium to benign adenoma, and due to  
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the continuous accumulation of genetic and epigenetic alterations, the adenoma 

transforms into adenocarcinoma, finally resulting in metastasis of malignant tumors 

(Fearon & Vogelstein 1990). 

 

The capabilities of colon cancer cells to survive, grow, and disseminate are 

underpinned by chronic inflammation and genomic instability. Genetic factors and 

chronic inflammation possibly induced by dietary and environmental factors play 

inseparable roles in the initial phase of colon cancer progression (Figure 2.5). During 

the process, nuclear factor-κB (NF-κB) is activated and results in regulation of a series 

of pro-inflammatory mediators and cytokines, including inducible nitric oxide 

synthase (iNOS), cyclooxygenase 2 (COX-2), prostaglandin E2 (PGE2), tumor 

necrosis factor-α (TNF-α), and interleukins (ILs) (Guo et al. 2024). In the 

transformation from normal epithelium to early adenoma or aberrant crypts foci (ACF), 

adenomatous polyposis coli (APC) mutation is the first step, which will promote the 

dysregulation of β-catenin, thereby activating the Wnt pathway (Testa et al. 2018). 

Subsequently, activation of the Wnt pathway stimulates the transcription of 

downstream genes, such as the cyclin D1 gene and cellular Myc (c-MYC) proto-

oncogen, leading to cancer cell proliferation (Jha et al. 2023; Zhan et al. 2017). The 

activation of the epidermal growth factor receptor (EGFR) pathway plays a vital role 

in colon cancer development from early adenoma or ACF to intermediate adenoma. It 

is not only results in the activation of Kirsten rat sarcoma virus/B-raf/mitogen-

activated protein kinase kinase/mitogen-activated protein kinase 

(Kras/Braf/MEK/MAPK) pathway but also leads to the activation of 

phosphatidylinositol-3-kinase/Akt (PI3K/Akt) pathway, thereby suppressing cell 

apoptosis and inducing cell survival and proliferation (Tang et al. 2024).  
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Figure 2.5: Signaling pathways in stages of colon cancer pathogenesis (Deng et al., 

2024). 

 

 

Inactivation of transforming growth factor β (TGF-β), a tumor suppressor, leads to the 

transformation of intermediate adenoma to late adenoma (Koveitypour et al. 2019). 

TGF-β bound to specific TGF-β receptors will trigger the suppressor of mothers 

against decapentaplegic (Smad) signaling pathway, resulting in transcriptions of active 

target genes, reduction of cell proliferation, and induction of cell apoptosis (Farooqi et 

al. 2019; Jung, Staudacher & Beauchamp 2017). p53 is a well-known tumor suppressor 

that repairs DNA damage and induces cell apoptosis (Abuetabh et al. 2022). The loss 

of p53 causes an uncontrolled cell cycle and cell proliferation, leading to the 

progression of late adenoma to adenocarcinoma/malignant tumor (Malki et al. 2020). 

The final stage of colon cancer is represented by the adenocarcinoma metastasis to 

other parts of the body, such as the liver and lung, via epithelial-mesenchymal 

transition (EMT) which is a dedifferentiation program, making polarized and 

stationary epithelial cells biochemically change to induce cell migration and invasion 

(Alam, Almoyad & Huq 2018). In addition, the expression of matrix metallopeptidases  
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(MMPs) and intercellular adhesion molecule 1 (ICAM-1) is also related to colon 

cancer metastasis (Maeda et al. 2002; Said, Raufman & Xie 2014). 

 

 

2.3 Chemotherapies for colon cancer treatment 

 

 

Based on the stages of colon cancer and the characteristics of patients, standard and 

conventional treatment of colon cancer mainly consists of surgery, radiation, and 

chemotherapy (Brouwer et al. 2018). However, there are some risks of surgery, such 

as serious blood loss, infection, and severe tissue damage caused by colectomy, 

resulting in anastomotic leakage (Chiu et al. 2019; Kirchhoff, Clavien & Hahnloser 

2010). Moreover, there is a high risk of fecal and urinary incontinence after radiation 

treatment (Miguel et al. 2020; Pan et al. 2018). Consequently, chemotherapy plays a 

vital role in the treatment of colon cancer. According to the National Cancer Institute 

(2020), 5 chemotherapeutic drugs have been approved by the FDA for the treatment of 

colon cancer, i.e., 3 intravenous drugs (irinotecan hydrochloride, oxaliplatin, and 5-

fluorouracil) and 2 oral drugs (capecitabine, and combination of trifluridine and 

tipiracil hydrochloride). 5-Fluorouracil has been the mainstay against colon cancer for 

many years (He et al. 2019). 

 

 

2.3.1 5-Fluorouracil 

 

 

5-FU was synthesized and patented in the 1950s. At that time, experiments showed 

that it was possible to specifically target the intracellular uracil metabolic pathway 

(Grivicich et al. 2001). Since 1957, it has been the key to the treatment of colorectal 

cancer, gastric cancer, and breast cancer (Vodenkova et al. 2020). 5-FU is a 

heterocyclic aromatic organic compound. It is an analog of uracil because its structure 

is similar to that of DNA and RNA, except that there is a fluorine atom at the C-5  
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position instead of hydrogen (Arthur-Baidoo et al. 2022). Because of this structure, 5-

FU can interfere with nucleoside metabolism and incorporate DNA and RNA, resulting 

in cytotoxicity and cell death (Arthur-Baidoo et al. 2022; Sethy & Kundu 2021). 5-FU 

can also act as an inhibitor of TS, leading to thymine-less cell death (Vodenkova et al. 

2020). These are the two main antitumor mechanisms of 5-FU. 

 

However, 5-FU also has many disadvantages, such as nonspecific targeting, poor 

solubility, reduced permeability, dose-dependent toxicity on normal tissues, and 

minimal tumor accumulation, which greatly limits its clinical application (Wahab et al. 

2021). The most common toxic effects of 5-FU are mucositis, diarrhea, 

myelosuppression, and peripheral venous thrombophlebitis (Vodenkova et al. 2020). 

Although the frequency of various cardiotoxicity of 5-FU is low, it is usually more 

serious (Yuan et al. 2019). As a single agent against colon cancer, 5-FU has an overall 

response rate of only 10%-15% (Wathoni et al. 2020). Therefore, researchers moved 

forward and found a better therapy for the treatment of colon cancer, which is 

combination of the chemotherapeutic drugs. 

 

 

2.3.2 Combination of chemotherapeutic drugs 

 

 

The combination of chemotherapeutic drugs is the administration of two or more drugs, 

which is used to increase antitumor efficacy (Wathoni et al. 2020). The early standard 

combination chemotherapy regimen is the combination of 5-FU and leucovorin (5-

FU/LV), which is mainly used in Stage II and Stage III of colon cancer, since 

leucovorin can stabilize FDUMP and thymidylate synthase complex, thereby 

enhancing the cytotoxicity of 5-FU (Kotelevets et al. 2016). Afterward, studies have 

proved that the survival of Stage III patients can be improved after the addition of  
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oxaliplatin to 5-FU/LV (FOLFOX) compared with 5-FU/LV (Meyers et al. 2017). 

Capecitabine, an oral prodrug of 5-FU, is also used to combine with oxaliplatin 

(XELOX). It has been reported that XELOX has similar efficacy and safety to 

FOLFOX and can be used as an alternative to FOLFOX (Brandi et al. 2016). In 

addition, irinotecan combined with 5-FU/LV (FOLFIRI) or FOLFOX (FOLFOXIRI) 

is more used for metastatic colon cancer due to a better response rate and progression-

free survival compared with monotherapy (Duarte & Vale 2022b; Kotelevets et al. 

2016). 

 

 

2.3.3 Limitations of chemotherapies against colon cancer 

 

 

Chemotherapeutic drugs mainly act on active cells which grow and divide faster than 

other cells. However, due to this, while chemotherapeutic drugs act on cancer cells, 

some active healthy cells such as the gastrointestinal tract and hair follicle cells are 

also affected (Aiello et al. 2019). Therefore, chemotherapeutic drugs will produce 

some side effects, including fatigue, stomach pain, nervous system injury, and so on. 

Although many studies have supported the efficacy of combination agents by showing 

the improvement of overall survival of patients after the treatment, combination 

chemotherapy regimens still have some toxic side effects and the emergence of drug-

resistant tumor cells reduces the efficacy of chemotherapy (Lee et al. 2018). 

 

 

2.4 Phytochemicals for colon cancer treatment 

 

 

Due to the drug resistance and toxic side effects of common chemotherapeutic drugs, 

researchers have begun to study phytochemicals for the treatment of colon cancer, 

which have the advantages of safety and more affordable (Weng & Goel 2022). In 

reality, phytochemicals have been studied and used as medicines to treat a variety of  

© C
OPYRIG

HT U
PM



 

15 

diseases for many years, especially for the treatment of cancer. Some anticancer 

compounds extracted from plants have been well studied and applied owing to their 

strong anti-inflammatory and antioxidant activities since phytochemicals with a high 

content of antioxidants can activate different survival pathways and protect normal 

cells from the negative effects of anticancer therapy (Henamayee et al. 2020). Hence, 

phytochemicals play a significant role in the treatment of colon cancer. One of the 

popular phytochemicals or potential agents for the treatment of colon cancer is 

thymoquinone. 

 

 

2.4.1 Thymoquinone 

 

 

TQ (2-methyl-5-isopropyl-1, 4-benzoquinone, Figure 2.6) is a phytochemical 

compound isolated from black cumin (Nigella sativa), widely used as a condiment in 

many countries (Abbas et al. 2024). In traditional medicine, TQ was used as an 

antitumor, antioxidant, analgesic, and anti-inflammatory agent (Almajali et al. 2021). 

 

 

 

Figure 2.6: Structural formula of thymoquinone (TQ). 

 

 

Since the study report in 2003 noted that TQ induced apoptosis of cancer cells, TQ has 

attracted more attention in cancer treatment (Zhang, Bai & Yang 2016a). Reports point 

that TQ can be used to treat various cancers, such as breast, liver, colon, and brain  
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cancers (Abbas et al. 2024; Chen et al. 2017). TQ plays an antitumor role through 

various mechanisms, particularly by showing the selective regulation of active species 

and free radical agents, interfering with DNA, immunomodulation, and regulating a 

variety of potential targets and their signaling pathways (Khan et al. 2017; Taha et al. 

2016). The potential targets include NF-κB, peroxisome proliferator-activated 

receptor-γ (PPAR-γ), p53, p73, and reactive oxygen species (ROS) (Phua et al. 2021). 

 

In the treatment of colon cancer, TQ can block signal transducer and activator of 

transcription 3 (STAT3) signal by inhibiting Janus kinase 2 (JAK2)- and Src-mediated 

epidermal growth factor receptor (EGFR) tyrosine kinase phosphorylation, thereby 

inducing apoptosis in HCT116 colon cancer cells (Abbas et al. 2024). In addition, 

Zhang et al. (2016a) found that 20, 40, and 60 μM of TQ could reduce the 

phosphorylation level of p65 in the nucleus and reduce the expression levels of c-MYC, 

B-cell lymphoma 2 (Bcl-2), and vascular endothelial growth factor (VEGF) in 

COLO205 and HCT116 cells, which indicated TQ could inhibit NF-κB activation. 

Moreover, 20 μM of TQ can suppress the proliferation and migration of LoVo human 

colon cancer cells by inhibiting p-PI3K, p-Akt, p-GSK3β, β-catenin, and COX-2 

expression, which can reduce the level of PGE2 and the activation of prostaglandin 

E2 receptor (EP)2 and EP4 (Hsu et al. 2017). In general, TQ is a promising natural 

product-based drug against colon cancer. 

 

 

2.4.2 Combination of phytochemicals with chemotherapeutic drugs 

 

 

The combination of chemotherapeutic drugs and phytochemicals has become one of 

the new approaches to treat cancer. It has been reported that sulforaphane can improve 

the anticancer activity of 5-FU which is the most effective agent in the HT-29 colon  
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cancer cell line, and the combination of sulforaphane and 5-FU can induce HT-29 

colon cell death through receptor-mediated apoptosis (Milczarek et al. 2018). Kensara 

et al. (2016a) note that 5-FU combined with TQ is more effective than treatment with 

individual agents, and its synergistic effect is twice that of alone treatments. 

Furthermore, another phytochemical, resveratrol, can make HT-29 and SW620 colon 

cell lines sensitive to cytotoxic oxidative stress induced by 5-FU by suppressing their 

endogenous antioxidant capacity (Santandreu et al. 2011). Another study suggested 

that the combination of 15 μM of resveratrol and 0.5 μM of 5-FU significantly could 

inhibit cell proliferation, migration, and S-phase cell cycle arrest, resulting in HCT-

116 cell apoptosis (Redondo-Blanco et al. 2017). 

 

 

2.4.3 Limitations of phytochemicals against colon cancer  

 

 

Compared with conventional chemotherapeutic drugs, phytochemicals are more easily 

available and cost-effective with fewer side effects. However, several obstacles to the 

clinical use of phytochemicals as therapeutic agents for colon cancer need to be 

considered, including poor water solubility and poor ability to absorb or convert into 

conjugates (Rejhová et al. 2018). Thus, to improve bioavailability of phytochemicals, 

nanocarriers have been used (Butt, Nisar & Mughal 2018; Rathore et al. 2020).  

 

 

2.5 Nanotechnology-based novel drug delivery systems 

 

 

Nanotechnology is a rapidly emerging technology, which plays a vital role in medicine, 

particularly in drug delivery targeting pathological sites (Pavitra et al. 2021). 

Nanoparticles are a class of material in nanotechnology, which contain substances with 

a particle size of approximately 10-200 nm (Sahu et al. 2021). Nanoparticles consist  
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of the surface layer, shell layer, and the core. The surface layer can be functionalized 

by various small molecules, metal ions, surfactants, and polymers (Heinz et al. 2017; 

Naeem et al. 2020). Unlike the core, the shell layer is a chemically diverse material, 

and the core is the central part of nanoparticles, which is normally called nanoparticles 

themselves (Heinz et al. 2017). 

 

The use of nanoparticles to treat cancer is part of novel drug delivery systems (Wahab 

et al. 2021). Novel drug delivery systems can deliver anticancer drugs to tumor sites 

through passive or active targeting strategies, thereby improving drug efficacy and 

reducing adverse reactions due to the unique physicochemical and pharmacokinetic 

properties of nanoparticles (Banerjee et al. 2017). In passive targeting, nanocarriers 

exploit the physiopathologic characteristics of tumors, such as the tumor vascular 

system, to passively localize their loaded anticancer drugs in tumor tissues (Khan et al. 

2018). The tumor vasculature becomes highly defective with poor lymphatic drainage, 

resulting in the enhanced permeation and retention effect (Bahrami et al. 2017). By 

enabling nanocarriers to circulate for extended periods and repeatedly pass through the 

tumor microenvironment, the anticancer activity of drug-loaded nanocarriers is 

increased (Jin et al. 2020). Active targeting aims to overcome the non-selectivity 

limitation of passive targeting by modifying the surface of the nanocarrier with 

targeting moieties that recognize specific receptors or antigens associated with tumors 

(Bahrami et al. 2017). Consequently, active targeting allows drugs to be selectively 

delivered to the site of action, reducing drug uptake by normal cells and tissues 

(Rosenblum et al. 2018). 

 

In addition, based on the chemical properties, nanoparticles can be classified into 

organic, inorganic and carbon-based nanoparticles (Sahu et al. 2021). Amongst them,  
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organic-based nanoparticles are the most common, including polymersomes, 

dendrimers, and liposomes, which are made up of organic material (Khalid et al. 2020). 

Polymeric nanoparticles are derived from polymers, including natural, semi-synthetic, 

and synthetic polymeric nanoparticles (Guo et al. 2016). Polymersomes are a class of 

polymeric nanoparticles, that are formed by self-assembled amphiphilic block 

copolymers and normally appear as hollow spheres (Araste et al. 2021). Due to the 

limitation of doxorubicin (DOX) in the treatment of colon cancer, researchers prepared 

PEG-PLGA polymersome of DOX, and the research showed the advantages of 

polymeric nanoparticles in improving targeting and bioavailability, avoiding off-site 

targeting, and having sustained effects (Alibolandi et al. 2017). Moreover, liposomes 

are lipidic vesicles composed of a lipophilic bilayer and a hydrophilic core and are 

ideal for direct administration into the systemic circulation owing to their 

biodegradability and non-immunogenicity properties (Bhaskaran & Kumar 2021; 

Senapati et al. 2018). In the treatment of colon cancer, the combination of folic acid as 

a targeting agent and liposomes encapsulated with 5-FU has been proven to help 

reduce the dose of 5-FU and obtain the best antitumor activity (Handali et al. 2018). 

Furthermore, dendrimers are another class of polymeric nanoparticles, composed of 

repeatedly highly branched star-like polymeric molecules with 3D geometry (Criado 

et al. 2022). In some aspects, dendrimers are better than liposomes because of 

dendrimers’ higher solubility, smaller size, and greater drug encapsulation capacity 

(Chis et al. 2020; Wang et al. 2022). Xie et al. (2015) make the point that dendrimers 

can be applied in HT29 colon cancer cells and conjugated polyamidoamine dendrimers 

can be used to capture colorectal CTCs. 

 

Inorganic nanoparticles are mainly composed of metal-based nanoparticles, metal  
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oxide-based nanoparticles, quantum dots, and ceramic nanoparticles, such as gold and 

Mesoporous silica nanoparticles (Babaei et al. 2020; Bhaskaran & Kumar 2021; 

Wahab et al. 2021). Gold nanoparticles (Au nanoparticles), a class of metal-based 

nanoparticles, are characterized by their unique chemical behavior and surface 

properties, strong optical absorption, and high electron density, and Au nanoparticles 

can be easily surface modified to make them suitable for drug delivery and accurate 

targeting (Farooq et al. 2018; Jazayeri et al. 2016). In a recent study, Au nanoparticles 

were prepared and chemically modified with PEG, combined with adriamycin and 

kaempferol in the treatment of colon cancer, which was efficient to induce cytotoxic 

effect and apoptosis in cancer cells without severe side effects (Meena, Vimala & 

Kannan 2022). The synthesis of metal oxide-based nanoparticles is essentially owing 

to nanoparticles’ improvement of reactivity and efficiency (Nikolova & Chavali 2020). 

Moreover, mesoporous silica nanoparticles (Ms nanoparticles) have a variety of 

attractive properties, such as large surface area, stability at different pH values, 

adjustable pore size and shape, and ease of manufacture on a large scale, which make 

them suitable for drug delivery (Janjua et al. 2023; Niroumand et al. 2023). In another 

study on the treatment of colon cancer, researchers wrapped Ms nanoparticles with 

bilirubin and loaded DOX into these bovine serum albumin functionalized Ms 

nanoparticles, and the results revealed that the formula could improve the tumoricidal 

performance of mouse MC-38 and human HCT-116 cells and reduce the side effects 

of DOX (Srivastava et al. 2017). 

 

Carbon-based nanoparticles are mainly composed of carbon particles, such as carbon 

nanotubes and graphene (Sahu et al. 2021). Carbon nanotubes are hollow cylindrical 

tubes made of carbon graphite nanomaterials with a diameter in the nanometer range 

(Maheswaran & Shanmugavel 2022). They have excellent thermal, electrical, and  
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mechanical properties, required size distribution, ideal surface charge, and surface 

chemical functions (Eatemadi et al. 2014). It has been reported that folic acid-

conjugated multi-walled carbon nanotubes were developed to reduce DOX-related side 

effects and improve the efficacy of DOX (Yan et al. 2018). Furthermore, graphene is 

composed of carbon atoms closely arranged in a honeycomb structure, which has good 

colloidal stability, surface functionalization, and high encapsulation (Bhaskaran & 

Kumar 2021). Al-Ani et al. (2020) note that the graphene composite made of curcumin 

combined with graphene and gold nanoparticles can improve the bioavailability of 

curcumin, and help target cells better internalize and absorb curcumin in the treatment 

of colon cancer. 

 

At present, novel drug delivery systems have been proven to be an effective approach 

for the treatment and management of colon cancer (Hani et al. 2021). Although the 

field of nanomedicine is booming, nanotechnology for cancer treatment is still in the 

primary stage of development (Bhaskaran & Kumar 2021). The number of nano 

formulations approved for clinical use in the treatment of colon cancer is still small. 

Therefore, the development of appropriate nano therapies for the treatment of colon 

cancer remains a challenge. 

 

 

2.6 Calcium carbonate nanoparticles 

 

 

2.6.1 Polymorphs of calcium carbonate 

 

 

Calcium carbonate (CaCO3) is a polymorphic material abundant in nature, found in 

lakes, oceans, shells, animal bones, and stalactites (Vergaro et al. 2019). CaCO3 has 

six crystal forms, including monohydrocalcite, ikaite, amorphous CaCO3, calcite,  
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aragonite, and vaterite (Lauth, Maas & Rezwan 2017). Anhydrous CaCO3 has three 

polymorphs: calcite, aragonite, and vaterite (Lauth, Maas & Rezwan 2017). Under 

standard conditions of pressure and temperature, calcite is the stable phase, whereas 

vaterite and aragonite are metastable forms that easily transform into stable phases 

(Popova et al. 2021). Among these, calcite is the most thermodynamically stable and 

the least soluble in water, followed by aragonite (Kezuka et al. 2017). Vaterite is the 

most unstable and soluble in water (Boulos et al. 2014). 

 

 

2.6.2 Synthesis methods of calcium carbonate nanoparticles 

 

 

CaCO3 is a low-cost material with a high specific surface area, excellent safety, pH 

sensitivity, biodegradability, and biocompatibility, making CaCO3 nanoparticles a 

highly active research field in cancer treatment (Borrego-Sánchez et al. 2019; Shi et 

al. 2015). Unlike other popular drug delivery agents, such as metal nanoparticles, 

synthetic copolymers, and cationic lipids, calcium carbonate does not have potential 

safety issues and is already marketed as an FDA-approved antacid, digestive, 

antidiarrheal, and weight control drug, facilitating the approval and implementation of 

novel CaCO3 nanoparticles-based drug formulations (Trushina et al. 2022). 

Furthermore, the intrinsic pH sensitivity of CaCO3 nanoparticles allows for a targeted 

release mechanism, where the nanoparticles remain stable at physiological pH but 

rapidly dissolve in the acidic environment typically found in tumor tissues (Hamidu et 

al. 2019; Ibiyeye, Idris & Zuki 2020; Zhao et al. 2022). This characteristic enhances 

the precision of drug delivery, minimizing the impact on healthy tissues and reducing 

side effects. 

 

Currently, common methods for synthesizing CaCO3 nanoparticles include the  

© C
OPYRIG

HT U
PM



 

23 

solution precipitation method, microemulsion method, gas diffusion method, flame 

synthesis method, biomineralization method, and mechanical ball milling method 

(Table 2.1). 
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Table 2.1: Common synthesis methods of CaCO3 nanoparticles. 

 

Method Content Advantage Disadvantage Reference 

Solution 

precipitation 

Mixing calcium and carbonate 

supersaturated solutions to utilize the 

reaction of Ca2+ and CO3
2- in the solution 

Simple and affordable 

to operate 

Various reaction 

conditions need to be 

controlled 

(Persano et al. 

2022; Yang et al. 

2021) 

Microemulsion Mixing "calcium microemulsion" and 

"carbonate microemulsion" formed by 

Ca2+ and CO3
2− aqueous phases and 

organic phases respectively 

Adjustable size and 

morphology 

Difficult to separate phases 

and lack of homogeneity 

(Pai & Pillai 2008; 

Wu, Ding & Xue 

2008) 

Gas diffusion Diffusion of CO2 and NH3 produced by the 

decomposition of (NH4)2CO3 or NH4HCO3 

into the ethanol solution containing 

calcium salts 

Controllable reaction 

speed and high purity of 

nanoparticles 

Complex setup (Chuzeville et al. 

2022; Ju et al. 

2022; Xu et al. 

2023a) 

Flame synthesis Flame burning of calcium-rich precursor 

materials 

High production rates 

and suitable for 

industrial-scale 

production 

Safety concerns with high-

temperature flames and 

combustible materials 

(Huber et al. 2005) 

Biomineralization Leveraging biological molecules and 

processes to mimic the natural formation 

of minerals in living organisms 

High environmental 

compatibility and 

biocompatibility 

Slow reaction rate (Caicedo-Pineda et 

al. 2018; Zheng et 

al. 2023) 

Mechanical ball 

milling 

Solid-state technique involving repeated 

fracturing and welding of powder particles 

using grinding balls in a rotating 

cylindrical container 

Excellent scalability 

and cost-effectiveness 

Impurity of nanoparticles (Chemmalar et al. 

2021; Sargheini et 

al. 2012) 
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The solution precipitation method involves mixing calcium and carbonate 

supersaturated solutions, leveraging the reaction between Ca2+ and CO3
2- in the 

solution to obtain CaCO3 nanoparticles. This method does not require surfactants, 

reducing the production cost of CaCO3 nanoparticles. Synthesis parameters such as pH, 

temperature, ion concentration, stirring speed, solvent type, and additives are used to 

control the size, shape, and phase of CaCO3 nanoparticles. For example, Yang et al. 

(2021) used CaCl2 and Na2CO3 as raw materials and Ca(OH)2 as an additive, finding 

that higher pH values of the reaction system resulted in the smaller size of CaCO3 

nanoparticles. Persano et al. (2022) studied the effects of different synthesis parameters, 

such as salt concentration and stirring speed, on the size of CaCO3 nanoparticles. They 

found that increased stirring speed and high salt concentration led to smaller 

nanoparticles die to higher supersaturation (Persano et al. 2022). 

 

The microemulsion method, first proposed by TP Hoar and JH Shulman in 1943, 

involves a mixture of oil, water, surfactant (Tween 20 or Tween 80), and co-surfactant 

(hexadecane or cetyl alcohol), including reverse microemulsion (water-in-oil, W/O) 

and double emulsion methods (Hoar & Schulman 1943). The reverse microemulsion 

method uses W/O microemulsion droplets as nanoreactors, encapsulating Ca2+ or 

CO3
2− ions in micelles. When "calcium microemulsions" and "carbonate 

microemulsions" two microemulsions are mixed, micelles collide, allowing reactants 

to mix and form CaCO3 nanoparticles (Pai & Pillai 2008). The double emulsion 

method is similar but involves mixing a W/O "calcium microemulsion" with a water 

phase (containing CO3
2−), forming a W/OW double emulsion, where Ca2+ reacts with 

CO3
2− to generate CaCO3 nanoparticles (Wu, Ding & Xue 2008).  
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The gas diffusion method involves the thermal decomposition of (NH4)2CO3 or 

NH4HCO3 to produce CO2 and NH3, which diffuse into an ethanol solution containing 

calcium salt to form a precipitate, or passing CO2 gas into the calcium salt ethanol 

solution under normal pressure to synthesize CaCO3 nanoparticles. Chuzeville et al. 

(2022) used this method to synthesize stable, uniform spherical nanoparticles below 

150 nm, with ethanol inhibiting spontaneous aggregation and crystallization. This 

method can control the size, morphology, and polymorphism of the prepared CaCO3 

nanoparticles by changing additives, temperature, and Ca2+ concentrations. Ju et al. 

(2022) synthesized stable amorphous CaCO3 nanoparticles in an ethanol-water binary 

system, finding that continuous addition of ammonia water decreased the sizes of 

CaCO3 nanoparticles. In another study, Xu et al. (2023a) synthesized CaCO3 

nanoparticles by adding Ca(OH)2 and CO2 to the methanol-water system, observing 

that increased water content led to the transformation of amorphous calcium carbonate 

to metastable vaterite crystals. 

 

The flame synthesis method uses high-temperature flames to form CaCO3 

nanoparticles from calcium-rich precursor materials. Huber et al. (2005) fed calcium 

2-ethylhexanoate into a methane-oxygen flame, producing CaCO3 nanoparticles with 

varying surface structures and crystallinity. This method facilitates industrial-scale 

production due to its high production rates, but it is seldom used in laboratories for 

biomedicine due to safety concerns with the high-temperature flames and combustible 

materials. 

 

The biomineralization method uses biomolecules such as proteins, peptides, enzymes, 

and microbes to synthesize CaCO3 nanoparticles. Zheng et al. (2023) used Bacillus 

mucilaginosus and Bacillus alcalophilus to prepare uniformly dispersed rhombohedral  
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calcite and spherical vaterite CaCO3 nanoparticles, respectively, with Bacillus 

mucilaginosus promoting CaCO3 generation through microbial enzymatic action and 

Bacillus alcalophilus controlling CaCO3 precipitation through microbial metabolic 

decomposition. Caicedo-Pineda et al. (2018) demonstrated the use of Bacillus cereus 

to synthesize CaCO3 nanoparticles by subculturing the bacteria in a medium containing 

1.0% tryptone and 0.5% calcium acetate, resulting in CaCO3 nanoparticles during 

bacterial metabolism. Moreover, it was also found that as the tryptone concentration 

increased and decreased, CaCO3 nanoparticles with high vaterite phase and calcite 

phase were synthesized, respectively (Caicedo-Pineda et al. 2018). Overall, different 

microbial species induced the production of different CaCO3 nanoparticles, revealing 

the diversity of biomineralization. 

 

The mechanical ball milling method involves repeated fracturing and welding of 

powder particles using grinding balls in a rotating cylindrical container to produce 

CaCO3 nanoparticles. Sargheini et al. (2012) obtained CaCO3 nanoparticles by 

grinding a mixture of CaCl2 and Na2CO3 powders with NaCl or KCl as the diluent in 

a planetary ball mill. Chemmalar et al. (2021) used environmentally friendly and 

resource-rich cockle shells to prepare CaCO3 micron-sized powder, which was then 

ground in a programmable ball mill for 120 hours to obtain CaCO3 nanoparticles. The 

synthesized spherical, porous CaCO3 nanoparticles were aragonite phase and pH-

sensitive, making them suitable for drug delivery (Chemmalar et al. 2021). 

 

 

2.6.3 Cockle shell-derived calcium carbonate nanoparticle 

 

 

The ideal choice for biomedical applications is to use natural reserves of CaCO3 to 

synthesize CaCO3 nanoparticles, such as cockle shells since they are non-toxic and  
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easy to obtain (Idris et al. 2019; Render et al. 2016). In Malaysia, cockle shells are 

commonly treated as waste due to large production and rapid annual growth, and the 

effective use of cockle shells can also manage the waste well (Fu et al. 2017). Moreover, 

aragonite has attracted more and more attention, which has been used to develop 

anticancer drug carriers, and bone repair and tissue engineering scaffolds (Hoque 2013; 

Maleki Dizaj et al. 2015). Cockle shell (Anadara granosa) is a rich source of biogenic 

aragonite (Bharatham et al. 2014). Cockle shell-derived aragonite CaCO3 

nanoparticles not only have the excellent properties of CaCO3 nanoparticles but also 

is highly porous, thereby having high loading capacity (Ibiyeye, Idris & Zuki 2020). 

 

Although there is no FDA-approved anticancer drug carrier based on CaCO3np for 

clinical use, this material is undoubtedly promising. The potential utility of CaCO3np 

as a drug delivery system for osteosarcoma treatment in an orthotopic rat model has 

been demonstrated by Fu et al. (2019). Due to the enhanced permeability and retention 

effect and pH sensitivity of CaCO3np, CaCO3np loaded with DOX increased the 

passive targeting of tumors, thus reducing systemic toxicity and increasing 

chemotherapeutic effect on tumors (Fu et al. 2019). Furthermore, the study on the 

effect of CaCO3np (20-50nm) as carriers of cytarabine on human leukemia HL-60 cells 

and as antitumor treatment of SCID mice with leukemia showed that CaCO3np-

cytarabine was more effective than free cytarabine in inducing apoptosis (Ghaji et al. 

2018). In another study, the efficacy of docetaxel (DTX)-loaded CaCO3np on 4T1 cell 

lines was evaluated in vitro, in which CaCO3np were used as drug-releasing 

compounds in cancer chemotherapy. The results suggested that the anticancer activities 

of DTX-CaCO3np on 4T1 cells were equivalent to that of free DTX, but DTX-

CaCO3np could be better used as a substitute for free DTX owing to a slow releasing 

rate of CaCO3np (Hammadi et al. 2017). 
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CHAPTER 3 

SYNTHESIS, CHARACTERIZATION, AND BIOCOMPATIBILITY 

EVALUATION OF COCKLE SHELL-DERIVED CALCIUM CARBONATE 

NANOPARTICLES LOADED WITH 5-FLUOROURACIL (5FU-CACO3NP) 

AND THYMOQUINONE (TQ-CACO3NP) 

3.1 Introduction 

 

 

Nanotechnology-based drug delivery systems have gained increasing attention due to 

their potential to improve the efficacy and specificity of chemotherapeutic agents and 

phytochemicals (Pavitra et al. 2021; Wahab et al. 2021). CaCO3np are particularly 

promising due to their biocompatibility, pH sensitivity, and ability to be functionalized 

with various compounds. These nanoparticles can provide a controlled release 

mechanism, ensuring that the drug is released in a more targeted and efficient manner, 

particularly in the acidic microenvironment of tumor cells (Chemmalar et al. 2021; 

Hamidu et al. 2019; Ibiyeye, Idris & Zuki 2020; Isa et al. 2016). In this research, we 

sought to utilize CaCO3np as a delivery system for the hydrophilic compound 5-FU 

and the hydrophobic compound TQ, respectively. By loading these compounds onto 

CaCO3np, we aimed to explore a compound delivery approach that could potentially 

overcome some of the limitations of conventional chemotherapies and phytochemicals, 

such as drug resistance, systemic toxicity, and low availability, thereby enhancing the 

anticancer efficacy of these compounds while reducing toxic side effects. 

 

This chapter was to develop pH-sensitive and biocompatible CaCO3np, 5FU-CaCO3np,  

© C
OPYRIG

HT U
PM



 

30 

and TQ-CaCO3np, with a general concept illustrated in Figure 3.1. Purely aragonite 

CaCO3np was synthesized by the mechanical ball milling approach. The better 

synthesis method of 5FU-CaCO3np and TQ-CaCO3np was determined by comparing 

loading content and encapsulation efficiency results from loading compounds using a 

shaking incubator and a high-speed homogenizer. The optimized 5FU-CaCO3np and 

TQ-CaCO3np were prepared following the best formulation (the weight ratio between 

the compound and CaCO3np with the best loading results). In addition, CaCO3np, 

5FU-CaCO3np, and TQ-CaCO3np were characterized by high-resolution transmission 

electron microscopy (HRTEM), field emission scanning electron microscopy 

(FESEM), Zetasizer, energy dispersion X-ray (EDX), X-ray diffraction (XRD), and 

Fourier transform infrared spectroscopy (FTIR) for evaluating their physicochemical 

properties. In vitro compound release profiles of 5FU-CaCO3np and TQ-CaCO3np at 

pH 7.4, 6.5, and 5.0 were studied. Moreover, the biocompatibility of CaCO3np, 5FU-

CaCO3np, and TQ-CaCO3np were investigated by assessing their hemocompatibility, 

cytotoxicity on normal fibroblast NIH3T3 cell line, and toxicity on brine shrimp. 

 

 

 

Figure 3.1: Schematic illustration of synthesis of CaCO3np, 5FU-CaCO3np, and 

TQ-CaCO3np.  
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3.2 Materials and methods 

 

 

3.2.1 Preparation of CaCO3np from cockle shells 

 

 

The initial step was the preparation of micro-sized calcium carbonate from cockle 

shells. Briefly, cockle shells were boiled for 30 min in a steel container and thoroughly 

washed to remove stains on the shells. Upon drying in an oven at 50°C, the shells were 

finely ground and then sieved using a stainless-steel laboratory test sieve with an 

aperture size of 75 μm to obtain micro-sized calcium carbonate powder. 

 

For the preparation of CaCO3np, 5 g of micro-sized calcium carbonate powder was 

mixed with 50 mL of deionized water in a flat bottom flask. The suspension was stirred 

with a magnetic stirrer bar at 1000 rpm for 30 min using a magnetic stirring machine, 

followed by adding 1.5 mL of BS-12 and stirring again at 1000 rpm for 2 h at room 

temperature. The obtained samples were then centrifuged three times to remove BS-

12 and dried in an oven at 50°C. The dried samples were placed in a glass cylindrical 

jar containing ceramic balls and rolled on a programmable ball miller (BML-6″, Korea) 

at 200 rpm for 500 h to obtain the final CaCO3np. 

 

 

3.2.2 Synthesis and optimization of 5FU-CaCO3np and TQ-CaCO3np 

 

 

Compound-loaded nanoparticles were synthesized by two methods, including using a 

shaking incubator and a high-speed homogenizer. Briefly, different weight ratios of 

compounds to CaCO3np (1:2, 1:4, 1:6, 1:8, 1:10, 1:15, and 1:20 w/w) were prepared. 

The hydrophilic compound 5-FU in deionized water and the hydrophobic compound 

TQ dissolved in ethanol were mixed with CaCO3np suspension, respectively. For the 

synthesis method using a shaking incubator, the mixtures were continuously  
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shaken at 200 rpm overnight in the dark at room temperature in the shaking incubator 

(LSI 3016R, Daihan Labtech, Korea). For the synthesis method using a high-speed 

homogenizer (IKA-T25 digital Ultra-Turrax, Germany), the mixtures were 

homogenized at the time and speed determined by single-factor experiments. Single-

factor experimental design is shown in Table 3.1. Finally, 5FU-CaCO3np and TQ-

CaCO3np were collected by centrifuging, washing, and drying, and kept at room 

temperature for further use. 

 

 

Table 3.1: Single-factor experimental design. rpm, revolutions per minute; min, 

minute. 

 

Factor 5FU-CaCO3np TQ-CaCO3np 

Speed (rpm) Time (min) Speed (rpm) Time (min) 

Speed 6000 3 6000 3 

12000 3 12000 3 

18000 3 18000 3 

24000 3 24000 3 

Time 6000 1 24000 1 

6000 3 24000 3 

6000 5 24000 5 

6000 7 24000 7 

 

 

 

The supernatant of each formulated mixture was collected for compound loading 

content (LC) and encapsulation efficiency (EE) analyses. The better synthesis method 

and the best formulation were chosen by comparing the results of LC and EE. The 

amount of free compound in the supernatant was evaluated using an Ultraviolet-visible 

(UV-Vis) spectrophotometer. The results of LC and EE were determined by calculating 

the difference between the total weight of the compound fed and the free compound  
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weight in the supernatant as the following equations: 

LC (%) = (weight of compound fed – weight of free compound) / weight of 

nanoparticles × 100%, 

EE (%) = (weight of compound fed – weight of free compound) / weight of 

compound fed × 100%. 

 

 

3.2.3 Physicochemical characterization of nanoparticles 

 

 

3.2.3.1 Electron microscopy and Zetasizer 

 

 

Surface morphology and particle size of CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np 

were analyzed by FESEM (NovaTMNanoSEM 230, USA) and HRTEM (Hitachi H-

7100, Japan). The nanoparticles were suspended in 100% acetone followed by 

sonication for 30 min. Subsequently, a drop of the dispersion was placed on a carbon-

coated copper grid, and the samples were dried at room temperature before microscopy 

viewing. The particle size in the HRTEM figure was measured using ImageJ software. 

Zeta potential and size of nanoparticles were determined using dynamic light scattering 

(Zetasizer Nano ZS, Malvern Instruments, UK). The dried nanoparticles were 

dispersed in 100% acetone for hydrodynamic size analysis and in deionized water for 

zeta potential analysis. 

 

 

3.2.3.2 Energy dispersion X-ray spectroscopy and X-ray diffraction 

 

 

Elemental compositions of CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np were 

determined using EDX spectroscopy, which is conjugated with FESEM. The 

crystalline nature and purity of CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np were 

determined using a Shimadzu XRD-6000 powder diffractometer on a continuous  
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scanning process with Cu Kα (λ = 1.5406 Å) as the X-ray source. The obtained XRD 

data was analyzed using Jade software, and the crystallographic model was created 

using Vesta software. Crystallite sizes of CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np 

were obtained using Scherrer’s equation: 

D = 0.9λ / B × cosθ, 

where D is crystallite size in angstroms, λ is X-ray wavelength (1.5406 Å), B is full-

width at half maximum of peak in radian unit, and θ is peak position in radian unit. 

 

 

3.2.3.3 Fourier transform infrared spectroscopy 

 

 

The chemical properties of CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np were 

determined using FTIR (Perkin Elmer, USA) over the range of 4000 to 400 cm−1 at a 

2 cm−1 resolution and averaging 64 scans. 

 

 

3.2.3.4 In vitro compound release study 

 

 

The compound release study of 5-FU and TQ was monitored in phosphate buffered 

saline (PBS) buffer with 1% (v/v) Tween 80 at pH 7.4, 6.5, and 5.0 using the pre-

treated dialysis tubing cellulose membrane. The dialysis was conducted in an incubator 

shaker at 37 ± 0.5 °C and 100 rpm. At predetermined time intervals, the release 

medium was withdrawn and replaced with the same volume of fresh medium. The 

quantity of 5-FU and TQ released from compound-loaded CaCO3np was detected by 

UV-vis spectrophotometry. The compound release data were fitted in different kinetic 

models, including zero-order, first-order, Higuchi, Hixson-Crowell, and Krosmeyer-

Peppas models. The R2 value was used to evaluate the best fit of the data to the kinetic 

models. The compound release mechanism was analyzed by the n value from the 

Krosmeyer-Peppas model.  
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3.2.4 Biocompatibility evaluation of nanoparticles 

 

 

3.2.4.1 Cytotoxicity analysis 

 

 

Cytotoxicity of nanoparticles was evaluated in the NIH3T3 mouse embryonic 

fibroblast cell line. NIH3T3 cell line was cultured with different concentrations of 

CaCO3np (0-1000 μg/mL), 5-FU and 5FU-CaCO3np (0-480 μM), and TQ and TQ-

CaCO3np (0-60 μM) for 96 h. After 96 h of incubation, the media was aspirated, and 

20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) 

solution was added to each well and incubated at 37°C (5% CO2 and 95% air) for 4 h. 

The solution was then removed and the purple formazan crystals were solubilized in 

dimethylsulfoxide (DMSO). The absorbance was measured at 570 nm with reference 

wavelength 630 nm using the multimode microplate reader (Synergy H1, BioTek, USA) 

and cell viability was determined. 

 

 

3.2.4.2 Hemocompatibility analysis 

 

 

The rat red blood cells (erythrocytes) were collected from plasma (1 mL) by 

centrifugation at 3000 rpm for hemocompatibility analysis. The erythrocytes were 

redispersed in the PBS to prepare a 4% solution. Dispersed blood was added to each 

test sample aliquot at different concentrations (62.5-4000 μg/mL) followed by 

incubation at 37°C. Thereafter, the test samples were recentrifuged and the supernatant 

was analyzed at 540 nm by microplate reader. The PBS solution and deionized water 

were used as negative (0% hemolysis) and positive control (100% hemolysis), 

respectively. The hemolysis percentage was calculated using the following equation: 

hemolysis (%) = [(Asample ₋ Anegative) / (Apositive ₋ Anegative)] × 100%, 
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where Asample, Anegative, and Apositive represent the absorbance of test sample, negative 

control, and positive control, respectively. 

 

 

3.2.4.3 Toxicity analysis in brine shrimp 

 

 

The toxicity was determined by measuring the survival rate of brine shrimp treated 

with different concentrations of nanoparticles. Briefly, sea salt (without iodine) was 

dissolved in deionized water as the simulated seawater, and 1 g of brine shrimp eggs 

(sourced from local pet shop in Kuala Lumpur, Malaysia) were put into the salt water. 

The eggs were then incubated with constant air and a light source (12 h light-dark cycle) 

at room temperature for 24 h. Once hatching, 10 active nauplii in 1 mL of salt water 

were transferred to each well of the 24-well plate. Different concentrations (0-1000 

μg/mL) of CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np were added into the wells 

containing the nauplii, whereas KMnO4 dissolved in simulated seawater with the same 

concentrations served as the positive control. The surviving nauplii were observed 

using light microscopy and recorded at 12, 24, 36, and 48 h. The brine shrimp survival 

rate was calculated using the following formula: 

survival rate (%) = alive brine shrimp / total brine shrimp × 100%. 

 

 

3.2.5 Statistical Analysis 

 

 

Data analysis was performed with at least triplicates using the GraphPad Prism 8 and 

Origin 2022 software. Statistical analysis involved one-way ANOVA followed by 

Turkey’s post-test for multiple comparisons or Student’s t-test for a single comparison 

and two-way ANOVA followed by Dunnett’s post-test. P value < 0.05 (p<0.05) was 

considered as statistical significance. Unless otherwise stated, the results were 

expressed as mean ± standard deviation.  
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3.3 Results and discussion 

 

 

3.3.1 Compound loading content and encapsulation efficiency 

 

 

3.3.1.1 Synthesis of compound-loaded nanoparticles using a shaking incubator 

 

 

The most critical parameters for compound loading into nanoparticles are the weight 

percentage of the compound in the delivery system (LC) and the percentage of the 

encapsulated drug to its initial amount for loading (EE). Additionally, optimizing EE 

can reduce compound loss by minimizing the amount of left compound in the loading 

process, and optimal LC ensures the dose of the encapsulated compound before 

administration and minimizes the amount of nanocarrier, thereby reducing the 

potential side effects of nanocarrier (Trushina et al. 2022). Compound loading with 

various weight ratios (weight of compounds to weight of nanocarriers) was performed 

using the shaking incubator to obtain the best formulation. Figure 3.2(a) shows the 

highest EE (5.72%) of 5FU-CaCO3np at the weight ratio 1:15, with 0.38% of LC. From 

Figure 3.2(b), it is observed that the highest EE in the 1:4 group (19.31%) had no 

significant difference from the result in the 1:6 group (17.88%) when using the shaking 

incubator to load TQ into CaCO3np. However, the LC in the 1:4 group was 

significantly higher than that in the 1:6 group (p<0.05). Therefore, the 1:4 weight ratio 

of TQ to CaCO3np was considered the best formulation for TQ loading.  
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Figure 3.2: LC and EE of (a) 5-FU in 5FU-CaCO3np and (b) TQ in TQ-CaCO3np 

with different weight ratios between compounds and nanocarriers when using a 

shaking incubator for compound loading. The results with the different superscripts 

(a-e and A-D nomenclature) indicate significant differences (p<0.05). LC, loading 

content; EE, encapsulation efficiency. 

 

 

It is noted that the LC and EE of 5-FU in 5FU-CaCO3np and TQ in TQ-CaCO3np did 

not increase along with the increase of weight ratios between compounds and 

CaCO3np, indicating there should be an optimal weight ratio of compounds to 

CaCO3np for loading compounds into CaCO3np. The loading process reaches 

equilibrium when the optimal weight ratio is achieved, making it difficult to 

accommodate the additional compound molecules into CaCO3np. Although the LC 

may continue to increase, the EE will reduce. Moreover, it is obtained that CaCO3np 

loading TQ showed better loading results than CaCO3np loading 5-FU (p<0.05). For 

one thing, it may be related to the solubility of compounds (Trushina et al. 2022). TQ 

in ethanol has better solubility than 5-FU in deionized water, which may contribute to 

a more homogenous distribution of TQ molecules in ethanol to promote better loading 

into CaCO3np (Haq & Michniak-Kohn 2018; Zorrilla-Veloz, Stelzer & López-Mejías 

2018). This also helps to explain why the best loading results of 5-FU were at a lower 

weight ratio (1:15 w/w), whereas TQ obtained the best loading results at a higher 

weight ratio (1:4 w/w). For another thing, the dispersity of CaCO3np in the loading 

medium may be an important factor in compound loading  
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(Dey, Kumar & Samantaray 2017). CaCO3np may disperse better in organic solvent 

ethanol than in water due to the stronger viscosity of ethanol, which may increase the 

surface area of CaCO3np for compound loading, resulting in more effective 

interactions between TQ and CaCO3np (Fang et al. 2019; Tadano et al. 2014). To 

increase the interactions between compounds and nanoparticles and better loading 

results, a high-speed homogenizer with strong thrust forces is considered a potentially 

effective method for compound loading.  

 

 

3.3.1.2 Determination of optimized speed and time for high-speed homogenizer 

 

 

Besides the weight ratios between the compound and nanocarrier, two factors will 

influence the loading results when the high-speed homogenizer is used for compound 

loading: speed and time (Sharma, Madan & Lin 2016). Based on the results in the 

single-factor experiments, the 6000-rpm group showed the highest LC and EE for 5-

FU loading at the constant time and weight ratio in Figure 3.3(a). Even though the LC 

and EE of 5FU-CaCO3np in the 3-min group had no significant difference with the 

values in the 5-min group (Figure 3.3(b)), the more effective 3-min was chosen as the 

time of 5-FU loading. For TQ loading, it can be seen from Figures 3.3(c) and 3.3(d) 

that 24000 rpm and 3 min achieved the highest LC and EE of TQ-CaCO3np in the 

single-factor experiments, respectively, thus used as the target speed and time for TQ 

loading. Therefore, 6000 rpm and 3 min were used for 5-FU loading into CaCO3np, 

whereas 24000 rpm and 3 min for TQ loading.  © C
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Figure 3.3: LC and EE of (a) 5-FU in 5FU-CaCO3np with different speeds at the 

constant time and weight ratio, (b) 5-FU in 5FU-CaCO3np with different time at 

the constant speed and weight ratio, (c) TQ in TQ-CaCO3np with different speeds 

at the constant time and weight ratio, and (d) TQ in TQ-CaCO3np with different 

time at the constant speed and weight ratio when using a high-speed homogenizer 

for compound loading. The results with the different superscripts (a-c and A-C 

nomenclature) indicate significant differences (p<0.05). LC, loading content; EE, 

encapsulation efficiency; rpm, revolutions per minute; min, minute. 

 

 

3.3.1.3 Synthesis of compound-loaded nanoparticles using a high-speed 

homogenizer 

 

 

After the optimized speed and time of the high-speed homogenizer were determined 

for compound loading, various weight ratios of the compound to CaCO3np were tested 

at the chosen speed and time for the best formulation of compound loading. According 

to Figure 3.4(a), the EE of 5FU-CaCO3np obtained the highest value (9.61%) at the 

weight ratio of 1:20 with the corresponding LC 0.48%, better than the values when 

using the shaking incubator (p<0.05), so the high-speed homogenizer operated at 6000 

rpm for 3 min with the 1:20 weight ratio of 5-FU to CaCO3np was chosen for loading   
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5-FU into CaCO3np. Although it is displayed in Figure 3.4(b) that the 1:4 group 

achieved the highest EE of TQ-CaCO3np with 8.82% of LC, the LC of the 1:2 group 

(13.68%) was much higher than other groups (p<0.05), and meanwhile, the 1:2 group 

still obtained high EE (27.36%). Therefore, the 1:2 weight ratio of TQ to CaCO3np 

was considered the best formulation. Moreover, the best result produced using the 

high-speed homogenizer for TQ loading was better than that produced using the 

shaking incubator (p<0.05). Overall, the high-speed homogenizer was chosen as the 

final synthesis method for 5FU-CaCO3np and TQ-CaCO3np, 1:20 weight ratio of 5-

FU to CaCO3np at 6000 rpm for 3 min for 5-FU loading while 1:2 weight ratio of TQ 

to CaCO3np with 24000 rpm for 3 min for TQ loading. 
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Figure 3.4: LC and EE of (a) 5-FU in 5FU-CaCO3np and (b) TQ in TQ-CaCO3np with different weight ratios between compounds and 

nanocarriers when using a high-speed homogenizer for compound loading; (c) comparison of optimized loading results between using a 

shaking incubator and a high-speed homogenizer. The results with the different superscripts (a-f and A-E nomenclature) indicate significant 

differences (p<0.05). LC, loading content; EE, encapsulation efficiency. *p<0.05, **p<0.01, ****p<0.0001.
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This is the first study on 5-FU and TQ loading by using a high-speed homogenizer, 

with 0.48% LC and 9.61% EE of 5FU-CaCO3np as well as 13.68% LC and 27.36% 

EE of TQ-CaCO3np, better than the optimized results produced by using a shaking 

incubator (p<0.05) displayed in Figure 3.4(c). Both the hydrophobic compound TQ 

and the hydrophilic compound 5-FU were demonstrated to be successfully loaded into 

CaCO3np. As with the results when using the shaking incubator for compound loading, 

the higher weight ratios of the compound to CaCO3np did not lead to better compound 

loading results when using the high-speed homogenizer. For 5-FU loading into 

CaCO3np, the lower weight ratio of 5-FU to CaCO3np was, the higher EE of 5FU-

CaCO3np was. For TQ loading, from 1:20 to 1:4 w/w, the EE of TQ-CaCO3np 

increased and reached the highest value at 1:4 weight ratio of TQ to CaCO3np, but the 

EE decreased when the weight ratio increased from 1:4 to 1:2 w/w. However, the LC 

of TQ-CaCO3np increased along with the increase in weight ratio. Additionally, TQ-

CaCO3np exhibited better loading results than 5FU-CaCO3np when using the high-

speed homogenizer for compound loading (p<0.05), which may be also due to the 

solubility of compounds and dispersity of CaCO3np in different solvents (Dey, Kumar 

& Samantaray 2017; Trushina et al. 2022). 

 

The synthesis method using a shaking incubator, or a high-speed homogenizer is based 

on the physical adsorption of compounds onto the surface or encapsulation within the 

nanoparticles. Compound loading using a high-speed homogenizer showed better LC 

and EE values than loading using a shaking incubator since compound loading using 

a shaking incubator is a simple shaking method, whereas using a high-speed 

homogenizer with strong physical forces is more efficient (Safavi et al. 2017). A high-

speed homogenizer can rapidly promote the interactions between compounds and   
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nanoparticles by intense mechanical forces, leading to faster compound loading and 

improved loading results compared with gentler agitation provided by a shaking 

incubator. On the other hand, high-speed homogenization facilitates a more uniform 

dispersion of compounds and prevents nanoparticle agglomeration, contributing to a 

more consistent and reproducible compound-loading process (Dey, Kumar & 

Samantaray 2017). 

 

 

3.3.2 Surface morphology and particle size 

 

 

As seen in Figures 3.5(a-f), both FESEM and HRTEM images of CaCO3np and 

HRTEM images of compound-loaded CaCO3np displayed homogeneous spherical-

shaped or nearly spherical-shaped porous nanoparticles. Meanwhile, HRTEM images 

revealed an average nanoparticle size of 77 nm before compound loading and 125 and 

98 nm after loading 5-FU and TQ, respectively (Figure 3.5(g)). Moreover, the 

hydrodynamic size and zeta potential distribution of CaCO3np and compound-loaded 

CaCO3np are shown in Figures 3.5(h) and (i). Dynamic light scattering revealed 

consistent results in the hydrodynamic diameter of CaCO3np and compound-loaded 

CaCO3np with the results by HRTEM, where the average hydrodynamic diameters of 

CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np were 86, 133 and 139 nm, respectively. 

The zeta potential of CaCO3np was -11.4 mV, while 5FU-CaCO3np and TQ-CaCO3np 

had a higher value of -13.2 and -17.3 mV, respectively, indicating an increase of 

negativity in zeta potential due to 5-FU and TQ loading.  © C
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Figure 3.5: Surface morphology of (a) CaCO3np in FESEM, (b) 5FU-CaCO3np 

in FESEM, (c) TQ-CaCO3n in FESEM, (d) CaCO3np in HRTEM, (e) 5FU-

CaCO3np in HRTEM, and (f) TQ-CaCO3np in HRTEM; (g) HRTEM sizes of 

nanoparticles; (h) hydrodynamic sizes of nanoparticles; (i) zeta potential of 

nanoparticles. FESEM, field emission scanning electron microscopy; HRTEM, high-

resolution transmission electron microscopy. 

 

 

Due to the porosity of CaCO3np, the compound molecules were incorporated within 

the pores of CaCO3np during the high-speed mixing of compounds and CaCO3np when 

using the high-speed homogenizer for compound loading. After loading compounds, 

the mean diameters of compound-loaded CaCO3np were slightly increased compared 

to the mean diameter of empty CaCO3np, which may be attributed to the successful 

loading of compounds. Besides, the sizes of CaCO3np and compound-loaded CaCO3np 

are suitable for compound delivery since nanoparticles with sizes between 20 and 150 

nm can reduce liver clearance and kidney filtration and prolong the circulation time in 

vivo (Di et al. 2021).  
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3.3.3 Elemental composition and crystalline nature 

 

 

The elemental compositions of synthesized CaCO3np, 5FU-CaCO3np, and TQ-

CaCO3np were determined using EDX analysis. As shown in Table 3.2, CaCO3np 

contained 16.06% of carbon, 62.42% of oxygen, 21.27% of calcium, and 0.25% of 

sodium. This analysis indicates that calcium carbonate derived from the cockle shell 

is almost 100% pure. Based on the conventional stoichiometrically derived ratio of 

CaCO3, the Ca/C/O was in a molar ratio of almost 1:1:3. Moreover, according to the 

EDX data of 5FU-CaCO3np and TQ-CaCO3np, the elemental percentages of Ca/C/O 

change may be due to the successful loading of compounds. 

 

 

Table 3.2: Elemental compositions of CaCO3np, 5FU-CaCO3np, and TQ-

CaCO3np. 

 

Nanoparticles C (%) O (%) Ca (%) Na (%) N (%) F (%) 

CaCO3np 16.06 62.42 21.27 0.25 0 0 

5FU-CaCO3np 15.46 61.77 22.77 0 0 0 

TQ-CaCO3np 17.42 62.00 20.58 0 0 0 

 

 

 

XRD was used to analyze the crystalline phase of CaCO3np before and after compound 

loading. The CaCO3np diffraction peaks (crystal planes) observed, including 26.22° 

(111), 27.23° (021), 33.15° (012), 36.12° (102), 37.90° (112), 38.42° (130), 42.92° 

(122), 45.87° (221), 48.33° (041), 50.25° (132), 52.48° (113), and 53.05° (023), 

confirmed the aragonite structure of CaCO3np by comparing with the reference 

diffraction peaks of aragonite calcium carbonate nanoparticles, where the reference 

diffraction peaks PDF#75-2230 were from the Inorganic Crystal Structure Database 

(Figure 3.6(a)). The similarity in the diffraction peaks of CaCO3np and compound-

loaded CaCO3np indicated that the crystallinity of CaCO3np remained unchanged even  
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after loading with compounds 5-FU and TQ. In addition, it can be observed in Figures 

3.6(b) and (c) that there were similar diffraction peaks between compounds and 

compound-loaded CaCO3np, suggesting that the compounds have been successfully 

loaded. Moreover, the lattice parameters of CaCO3np and compound-loaded CaCO3np 

are displayed in Table 3.3. The crystallite size of CaCO3np, 5FU-CaCO3np, and TQ-

CaCO3np is 827, 965, and 848 Å, respectively, consistent with the size by HRTEM and 

Zetasizer, and the crystallinity of all nanoparticles is more than 95%. The changes in 

lattice parameters (a, b, c, crystallite size, and crystallinity) between CaCO3np and 

compound-loaded CaCO3np further demonstrated that the compounds have been 

successfully loaded. Based on the obtained lattice parameters (a, b, and c), the 

orthorhombic (Pmcn space group) crystalline morphology of aragonite CaCO3np was 

created and exhibited in Figure 3.6(d).  
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Figure 3.6: (a) XRD patterns of CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np and 

the reference diffraction peak (PDF#75-2230) of aragonite CaCO3np from 

Inorganic Crystal Structure Database. Labeled are the Miller indices planes 

(characteristic peaks of aragonite phase); (b) XRD pattern comparison between 

5-FU and 5FU-CaCO3np; (c) XRD pattern comparison between TQ and TQ-

CaCO3np; (d) Orthorhombic crystalline morphology of aragonite CaCO3np. 

XRD, X-ray diffraction. 

 

 

Table 3.3: Lattice parameters of CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np. 

 

Nanoparticles a (Å) b (Å) c (Å) Crystallit

e size (Å) 

Crystallinit

y (%) 

CaCO3np 4.96662 7.96480 5.74860 827 96.35 

5FU-CaCO3np 4.96379 7.96368 5.74450 965 97.74 

TQ-CaCO3np 4.96283 7.96530 5.74325 848 98.18 
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As reported, other elements except for Ca, C, and O are found inside calcium carbonate 

nanoparticles synthesized by other methods, such as Si, Cu, P, and Mg (Kiranda et al. 

2018; Minkowicz et al. 2021). By contrast, the synthesis method of nanocarrier and 

compound-loading method in this study produce purer CaCO3np and compound-

loaded CaCO3np. Additionally, other calcium carbonate phases have own 

characteristic peaks (crystal planes), such as calcite phase at 29.32° (104), 35.90° (110), 

39.36° (113), 47.47° (018), 48.43° (116), and 57.37° (122) as well as vaterite phase at 

20.89° (002), 24.82° (100), 26.99° (101), 32.72° (102), 43.71° (110), 49.07° (112), 

50.06° (104), and 55.74° (202), but these peaks do not appear in Figure 3.6(a), 

indicating the synthesized CaCO3np is pure aragonite (Febrida et al. 2021). From the 

perspective of crystal structure, calcite and vaterite have a trigonal and hexagonal 

crystal system, respectively, whereas aragonite is stable with orthorhombic 

polymorphic crystal, illustrated in Figure 3.6(d). 

 

 

3.3.4 Chemical properties 

 

 

FTIR is applied to detect the functional groups of compounds and nanoparticles and 

analyze their chemical properties. The FTIR spectra of 5-FU, 5FU-CaCO3np, TQ, TQ-

CaCO3np, and CaCO3np are shown in Figure 3.7, and the peak vibration assignments 

of nanoparticles are presented in Table 3.4. CaCO3np exhibited characteristic peaks at 

707.41 (peak a), 854.8 (peak b), and 1082.21 (peak c) cm−1 corresponding to in-plane 

C-O bending vibration, out-of-plane C-O bending vibration, and symmetric C-O 

stretching of CO3
2- in aragonite polymorph, respectively. It suggests that CaCO3np is 

the crystal form of aragonite, in agreement with the result in XRD patterns. The 

prominent peak for the asymmetric C-O stretching of CO3
2- appeared at 1450.53 cm−1 

(peak d), and the weak peak at 1783.63 cm−1 (peak e) was attributed to symmetric  
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C-O stretching and in-plane C-O bending vibration of CO3
2-. Moreover, it is interesting 

to know that 5-FU showed characteristic peaks at 544.13, 806.76, 1242.35, 1424.91, 

1649.11, and 3119.2 cm−1 due to the vibration of imide stretch (amide II and amide III) 

and aromatic ring and TQ exhibited its major characteristic peaks for CH (sp3), CH 

(sp2), C꞊C, and trans C꞊C groups at 2962.28, 3256.94, 1639.50, and 931.67 cm−1, 

respectively. The FTIR absorption peaks of 5FU-CaCO3np and TQ-CaCO3np 

remained the same with the peaks of aragonite CaCO3np after compound loading, 

without new peaks generated and the same characteristic peaks of 5-FU or TQ. This 

implied that the aragonite polymorphism did not change and there was no chemical 

reaction between compounds and CaCO3np. 

 

 

 

Figure 3.7: FTIR spectra of 5-FU, 5FU-CaCO3np, CaCO3np, TQ-CaCO3np, and 

TQ. FTIR, Fourier transform infrared spectroscopy. The labeled peaks that 

represent certain peak assignments are stated in Table 3.4. 
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Table 3.4: FTIR peak assignments of CaCO3np, 5FU-CaCO3np, and TQ-

CaCO3np. FTIR, Fourier transform infrared spectroscopy. 

 

Peak Peak assignment Wavenumber (cm−1) 

CaCO3np 5FU-

CaCO3np 

TQ-

CaCO3np 

a In-plane C-O bending 707.47 710.68 707.47 

b Out of plane C-O 

bending 

854.80 851.60 851.60 

c Symmetric C-O 

stretching 

1082.21 1082.21 1082.21 

d Asymmetric C-O 

stretching 

1450.53 1440.93 1447.33 

e Symmetric C-O 

stretching; in-plane C-O 

bending 

1783.63 1783.63 1783.63 

 

 

 

Besides XRD, FTIR is another tool for comparing different calcium carbonate phases, 

where the calcite, vaterite, and aragonite phases exhibit their characteristic absorption 

bands. The vibrational spectra of CO3
2− include lattice mode (0-400 cm−1) and four 

normal internal modes: in-plane C-O bending (650-720 cm−1), out-of-plane C-O 

bending (840-910 cm−1), symmetric C-O stretching (1000-1100 cm−1), and asymmetric 

C-O stretching (1350-1600 cm−1) (Stephanos & Addison 2017; Wang et al. 2019; 

Wehrmeister et al. 2010). The in-plane C-O bending vibration of CO3
2− in aragonite 

phase is observed around 700 and 713 cm−1, while calcite around 713 cm−1 and vaterite 

around 745 cm−1 (Ševčík et al. 2015). In addition, in comparison to the strong out-of-

plane bending around 857 cm−1 and weak symmetric C-O stretching around 1082 cm−1 

of aragonite, vaterite shows around 874 cm−1and 1088 cm−1, respectively, while calcite 

only presents out-of-plane bending around 872 cm−1 (Ferreira et al. 2023; Islam et al. 

2011). Moreover, asymmetric C-O stretching vibration is strong and broad in calcite 

around 1396 cm−1 and aragonite around 1450 cm−1, whereas vaterite exhibits a split  
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asymmetric C-O stretching band around 1397-1459 cm−1 (Ferreira et al. 2023; Kim et 

al. 2021; Zhuravlev & Atuchin 2020). Furthermore, shifting of peaks in 5FU-CaCO3np 

and TQ-CaCO3np may be attributed to the addition of compounds to CaCO3np, such 

as peak from 707.47 cm−1 in CaCO3np to 710.68 cm−1 in 5FU-CaCO3np and peak from 

1450.53 cm−1 in CaCO3np to 1440.93 cm−1 in 5FU-CaCO3np and 1447.33 cm−1 in TQ-

CaCO3np, respectively. Overall, the pure phase of nanoparticles and successful loading 

of compounds are further demonstrated by FTIR analysis. 

 

 

3.3.5 Compound release kinetics 

 

 

The compound release study was investigated at pH 7.4, 6.5, and 5.0, which modeled 

the blood and healthy tissue environment, the weakly acidic extracellular environment 

in malignant tumors, and the more acidic intracellular environment in malignant 

tumors, respectively (Mo & Gu 2016). As evident in Figure 3.8, the release of 5-FU 

and TQ from compound-loaded CaCO3np was pH-dependent. The accumulative 5-FU 

release amounts of 5FU-CaCO3np and accumulative TQ release amounts of TQ-

CaCO3np at pH 7.4 were 13.51% and 5.27% within 24 h as well as 23.57% and 13.30% 

within 120 h, respectively. The compound release rates of 5FU-CaCO3np and TQ-

CaCO3np at pH 6.5 were higher than those at pH 7.4, with the accumulative release 

amounts 20.19% and 12.50% within 24 h as well as 34.58% and 27.01% within 120 h, 

respectively. At pH 5.0, the compound release rates were accelerated more obviously. 

The accumulative release amounts of 5FU-CaCO3np at pH 5.0 were 32.58% within 24 

h and 52.12% within 120 h, while TQ-CaCO3np released 17.94% of TQ within 24 h 

and 33.77% within 120 h at pH 5.0. These results proved the pH-sensitive property of 

CaCO3np and its benefit in increasing the intracellular accumulation of compounds in 

tumors, which may strengthen the anticancer effects of 5-FU and TQ.  
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The release profile of compounds from nanoparticles is divided into a sudden release 

and a sustained release. Sudden release of compounds can quickly reach effective 

therapeutic concentrations in the body, whereas sustained release can keep compounds 

within the effective therapeutic concentration range (Sun et al. 2017). As shown in 

Figure 3.8(a), there was a sudden release in 5FU-CaCO3np at pH 5.0 (15.64% within 

2 h), which could be attributed to the physical adsorption of a small amount of 5-FU 

on the surface of CaCO3np, followed by a sustained release due to the slow diffusion 

of 5-FU from CaCO3np. In contrast, pure 5-FU showed a rapid release with more than 

95% within 4 h at the three pH values. Additionally, it is observed in Figure 3.8(b) that 

TQ-CaCO3np suddenly released less than 6% within 2 h, while pure TQ rapidly 

released more than 95% within 8 h. Compared to the rapid release of pure compounds, 

the sustained release of 5FU-CaCO3np and TQ-CaCO3np can maintain the effective 

concentrations of 5-FU and TQ, thus reducing the dose, frequency of dosage, and 

adverse effects of compounds (Adepu & Ramakrishna 2021). It is noted that 5-FU was 

released faster from 5FU-CaCO3np compared with TQ from TQ-CaCO3np. This could 

be related to the hydrophobic nature of TQ, encapsulated deeper inside the CaCO3np, 

which had to follow a lengthier diffusion path to reach the surface in comparison to 

water-soluble 5-FU encapsulated near the surface (Farzan et al. 2023). Interestingly, 

pure 5-FU exhibited a similar rapid release profile at pH 7.4, 6.5, and 5.0, while pure 

TQ released faster at the lower pH value, which may be due to the hydrophilic nature 

of 5-FU and the increased solubility of TQ at the decreased pH value (Salmani et al. 

2014).  © C
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Figure 3.8: In vitro compound release profiles of (a) 5FU-CaCO3np compared 

with 5-FU and (b) TQ-CaCO3np compared with TQ in PBS with 1% (v/v) Tween 

80 at 37°C and pH 7.4, 6.5, and 5.0. PBS, phosphate buffered saline. 

 

 

The compound release patterns of 5FU-CaCO3np and TQ-CaCO3np were analyzed 

using zero-order, first-order, Higuchi, Hixon-Crowell, and Korsmeyer-Peppas models. 

From Table 3.5, it can be found that the Korsmeyer-Peppas model shows the best 

goodness of fit for 5FU-CaCO3np (R2 = 0.98258 at pH 7.4, R2 = 0.98988 at pH 6.5, 

and R2 = 0.99084 at pH 5.0), corresponding to the diffusion-controlled principal. TQ-

CaCO3np release curves at pH 7.4 and 5.0 exhibit the best fit with the Korsmeyer-

Peppas model (R2 = 0.98578 at pH 7.4 and R2 = 0.98765 at pH 5.0). Higuchi is the 

best-fit model for TQ-CaCO3np release at pH 6.5 (R2 = 0.98363), indicating the   
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concentration of TQ released from TQ-CaCO3np increases with the square root of time 

(Farzan et al. 2023). However, the high R2 (0.98266) suggests the compound release 

pattern of TQ-CaCO3np at pH 6.5 similarly follows the Korsmeyer-Peppas model. 

Moreover, the release exponents of 5FU-CaCO3np reveal the Fickian diffusion 

mechanism of 5-FU released from 5FU-CaCO3np, whereas TQ-CaCO3np releases TQ 

following the non-Fickian transport mechanism (both diffusion and erosion-controlled 

principal) (Adepu & Ramakrishna 2021). Therefore, the solubility of compounds is 

crucial in the compound release kinetics and mechanism of compounds released from 

compound-loaded CaCO3np, where the hydrophilic compound 5-FU releases faster 

with diffusion-controlled principal and the hydrophobic compound TQ releases slower 

with both diffusion and erosion-controlled principal. 

 

 

Table 3.5: Kinetic analysis of compound release from 5FU-CaCO3np and TQ-

CaCO3np at pH 7.4, 6.5, and 5.0 using various kinetic models. R2, regression 

coefficient; n, release exponent. 

 

Formulation pH Zero-

order 

model 

R2 

First-

order 

model 

R2 

Higuchi 

model 

R2 

Hixon-

Crowell 

model 

R2 

Korsmeyer-

Peppas model 

R2 n 

5FU-

CaCO3np 

7.4 0.84579 0.92832 0.96651 0.86380 0.98258 0.38839 

6.5 0.83112 0.90811 0.96204 0.86074 0.98988 0.34495 

5.0 0.76977 0.86509 0.92401 0.83058 0.99084 0.27514 

TQ-

CaCO3np 

7.4 0.95013 0.94527 0.98353 0.95486 0.98578 0.57060 

6.5 0.92144 0.95302 0.98363 0.93512 0.98266 0.53670 

5.0 0.90526 0.92793 0.98557 0.92571 0.98765 0.45530 

 

 

 

3.3.6 Cytotoxicity of nanoparticles 

 

 

Although calcium carbonate nanoparticles are well-known for excellent  
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biocompatibility and calcium carbonate has been approved by the FDA for clinical 

application, it is still necessary to evaluate the biocompatibility (such as toxicity and 

blood compatibility) of nanoparticles due to the potential problems in the process of 

nanoparticle preparation.  

 

To investigate the cytotoxicity of nanoparticles, normal mouse embryonic fibroblast 

cell line NIH3T3 was employed as the cell model, and an extended incubation time of 

96 h was chosen. According to the standard ISO 10993-5, non-toxicity is considered 

the reduction of cell viability by no more than 30% (ISO 2009). As demonstrated in 

Figure 3.9(a), blank CaCO3np exhibited cell viability of more than 75% within the 

concentration range 0-1000 μg/mL after 96 h incubation, suggesting non-toxic to the 

NIH3T3 cell line. Figure 3.9(b) reveals that the presence of 5-FU in CaCO3np led to a 

gradual increase in the cytotoxicity in a concentration-dependent manner, with obvious 

cytotoxic effects at the high concentrations of 120 and 480 μM. Additionally, the half-

maximal inhibitory concentration (IC50) value of 5FU-CaCO3np was 65.33 ± 11.89 

μM. In contrast, 5-FU showed much stronger cytotoxicity (p<0.0001), with an IC50 

value of 2.12 ± 0.22 μM. Moreover, TQ was proved to be toxic to the NIH3T3 cell line 

in Figure 3.9(c), with an IC50 value of 21.08±2.49 μM, but TQ-CaCO3np was non-

toxic to the NIH3T3 cell line even at the high TQ concentration of 60 μM. This may 

be attributed to the prolonged release of 5-FU and TQ from CaCO3np under the healthy 

cell environment of pH 7.4. Therefore, CaCO3np is non-toxic to normal cells and can 

reduce the toxicity of loaded compounds, especially 5-FU, which has strong toxic 

effects on normal cells.  © C
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Figure 3.9: (a-c) Cytotoxicity of CaCO3np (0-1000 μg/mL), 5-FU and 5FU-

CaCO3np (5FU concentrations: 0-480 μM), as well as TQ and TQ-CaCO3np (TQ 

concentrations: 0-60 μM) in NIH3T3 mouse embryonic fibroblast cell line at 96 h 

incubation period; (d) Hemolysis phenomenon of CaCO3np, 5FU-CaCO3np, and 

TQ-CaCO3np and (e) hemolysis ratio of the three samples. PBS solution and 

ddH2O are used as the negative (0% hemolysis) and positive control (100% hemolysis), 

respectively. The solution with red color means the release of hemoglobin from the 

damaged erythrocytes and the red pellet at the bottom of the tube is intact erythrocytes 

by centrifugation. PBS, phosphate buffered saline; ddH2O, deionized water. 

*p<0.05, ***p<0.001, ****p<0.0001. 

 

 

3.3.7 Blood compatibility of nanoparticles 

 

 

The blood compatibility of CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np was evaluated   
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by the in vitro erythrocyte-induced hemolysis test. This test assesses the release 

percentage of hemoglobin when nanoparticles are directly in contact with erythrocyte 

surfaces and cause cell lysis, regarded as the preliminary investigation for the in vivo 

toxicity evaluation of nanoparticles (Mukhopadhyay et al. 2019). During this test, 

isotonic PBS solution was used as the negative control, and the positive control was 

deionized water that can induce osmotic shock, leading to hemolysis (Sæbø et al. 2023). 

Figure 3.9(d) displays the results of the hemolysis test, revealing that the hemolysis of 

CaCO3np and compound-loaded CaCO3np was concentration-dependent. At the same 

time, complete lysis (the absence of precipitation) was observed in deionized water-

treated erythrocytes. Generally, more than 25% of the hemolysis ratio is considered 

hemolytic and less than 10% is non-hemolytic (Amin & Dannenfelser 2006). It is seen 

from Figure 3.9(e) that CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np exhibited low 

hemolysis rates (below 12%) even at a high concentration (4000 μg/mL). Remarkably, 

the hemolysis ratio of CaCO3np was significantly better than that of 5FU-CaCO3np 

and TQ-CaCO3np at every concentration (p<0.05), which may be related to the effects 

of 5-FU and TQ on erythrocytes. Moreover, the three samples with a concentration 

range from 62.5 to 500 μg/mL showed less than 5% hemolysis activity. Therefore, it 

can be obtained that the synthesized CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np 

possess great blood biocompatibility. 

 

 

3.3.8 Toxicity of nanoparticles on brine shrimp 

 

 

Brine shrimp (Artemia salina), an invertebrate species belonging to the zooplankton, 

was used to explore the toxicity of nanoparticles, owing to its advantages of a fast life 

cycle, adaptability to laboratory conditions, and low maintenance costs (Pinheiro et al. 

2023; Rajabi et al. 2015). Moreover, Ntungwe N et al. (2020) reported a significant  
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correlation (r = 0.85; p<0.05) between lethal concentration 50 (LC50) values from the 

brine shrimp assay and lethal dose 50 values from acute oral toxicity tests in mice. 

Based on the brine shrimp survival results after treatment of positive control KMnO4, 

KMnO4 exhibited toxicity to brine shrimp, with a LC50 value of 433.07 ± 77.00, 306.73 

± 18.91, and 110.23 ± 4.35 μg/mL within 24, 36, and 48 h of exposure, respectively. 

According to Clarkson’s toxicity index, KMnO4 is non-toxic (LC50 value more than 

1000 μg/mL) within 12 h of exposure but moderately toxic (LC50 value between 500 

and 100 μg/mL) after further extended exposure to 24, 36, and 48 h (Clarkson et al. 

2004). By contrast, the brine shrimp toxicity tests of CaCO3np, 5FU-CaCO3np, and 

TQ-CaCO3np did not show any sign of toxicity since no dead brine shrimp was 

recorded in different concentrations of nanoparticles even for 48 h of incubation, 

indicating CaCO3np, 5FU-CaCO3np, and TQ-CaCO3np are non-toxic. Moreover, the 

morphology of brine shrimp was observed using light microscopy. Figures 3.10(a) and 

(b) display the live brine shrimp with an eye, swimming legs, swimming setae, gut, 

and anus, whereas dead brine shrimp with damaged body exhibits in Figures 3.10(c) 

and (d). Based on these findings, and considering the results from blood compatibility 

evaluation and cytotoxicity analysis, the synthesized CaCO3np is safe for drug delivery 

in the body, and the prepared 5FU-CaCO3np and TQ-CaCO3np have excellent blood 

biocompatibility.  
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Figure 3.10: Live brine shrimp (a) at ×4 magnification and (b) at ×10 

magnification; dead brine shrimp (c) at ×4 magnification and (d) at ×10 

magnification. 

 

 

3.4 Conclusion 

 

 

In summary, porous cockle shell-derived calcium carbonate nanoparticles with a 

particle size of around 80 nm were developed using a facile mechanical ball milling 

method to deliver compounds 5-FU and TQ. This is the first attempt wherein different 

loading techniques, including using a shaking incubator and a high-speed homogenizer, 

have been explored for improving the loading capacity and encapsulation efficiency 

for the hydrophilic compound 5-FU and the hydrophobic compound TQ loaded into 

nanoparticles. As demonstrated, the high-speed homogenizer exhibited better 

compound loading results than the shaking incubator. Meanwhile, based on the loading 

results, a 1:20 weight ratio of 5-FU to CaCO3np at 6000 rpm for 3 min and a 1:2 weight  
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ratio of TQ to CaCO3np at 24000 rpm for 3 min were chosen as the best formulation 

for 5-FU and TQ loading, respectively. In addition, the high-speed homogenizer can 

result in a more efficient and homogenous compound loading, making it suitable for 

large-scale manufacturing of compound-loaded CaCO3np. Therefore, the high-speed 

homogenizer was used as the compound loading method, and the best formulations 

were employed for the following studies.  

 

HRTEM and Zetasizer determined the size of compound-loaded CaCO3np is 100-140 

nm and negative zeta potential, with the potential of prolonged circulating half-lives 

in the body. EDX, XRD, and FTIR results revealed that the synthesized CaCO3np is 

pure aragonite calcium carbonate nanoparticles, and 5-FU and TQ were successfully 

loaded into CaCO3np without chemical reaction or change in the aragonite phase. 

Besides, 5FU-CaCO3np and TQ-CaCO3np showed pH sensitivity that compound-

loaded CaCO3np release compounds faster at pH 6.5 and 5.0 of the cellular 

environment in malignant tumors than at pH 7.4 of the blood and healthy tissue 

environment. Furthermore, excellent blood compatibility of CaCO3np and compound-

loaded CaCO3np, non-cytotoxicity toward normal NIH3T3 cell line (except for much 

less cytotoxicity of 5FU-CaCO3np than 5-FU), and non-toxicity to brine shrimp were 

demonstrated. All these results indicated that the proposed CaCO3np could be a 

promising compound delivery carrier, and 5FU-CaCO3np and TQ-CaCO3np 

synthesized by high-speed homogenizer could be promising cancer therapies with 

potential clinical applications.  © C
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CHAPTER 4 

THYMOQUINONE-LOADED CALCIUM CARBONATE NANOPARTICLES 

IN COMBINATION WITH 5-FLUOROURACIL AGAINST COLON CANCER 

IN VITRO 

4.1 Introduction 

 

 

Combination therapy has emerged as an effective strategy in cancer treatment, aiming 

to enhance therapeutic efficacy by using multiple agents that target different pathways 

or mechanisms within cancer cells (Rejhová et al. 2018). The rationale behind 

combination therapy lies in the potential for synergistic interactions between drugs, 

which can lead to enhanced cancer cell death, reduced drug resistance, and minimized 

side effects compared to monotherapies (Boța et al. 2024; Mokhtari et al. 2017). In 

colon cancer, where drug resistance and recurrence are significant challenges, 

combining chemotherapeutic agents with natural compounds has shown promise. TQ, 

a bioactive compound derived from Nigella sativa, has demonstrated anticancer 

properties, including pro-apoptotic and anti-inflammatory effects, making it a 

compelling candidate for combination with conventional chemotherapy drugs like 5-

FU (Lei et al. 2012; Zheng et al. 2021). 

 

Based on the previous findings of the optimal formulations of 5FU-CaCO3np and TQ-

CaCO3np, this chapter aimed to explore the combinatorial uses of 5FU-CaCO3np or 

TQ-CaCO3np for colon cancer treatment. In the pre-experiments, 5FU-CaCO3np was 

combined with TQ-CaCO3np against colon cancer CT26 cells. However, the 

combination of 5FU-CaCO3np and TQ-CaCO3np showed no synergistic therapeutic   
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effects at any concentration combination in CT26 cells. Therefore, the therapeutic 

potential of other combinatorial uses of 5FU-CaCO3np or TQ-CaCO3np, including 

5FU-CaCO3np combined with TQ and TQ-CaCO3np combined with 5-FU, against 

colon cancer was investigated. The synergistic effects of these two combinations on 

colon cancer CT26 cells were compared to obtain the superior combination therapy for 

colon cancer treatment. Subsequently, a series of in vitro experiments were designed 

to investigate the efficacy of the superior combination therapy on colon cancer cell 

proliferation, apoptosis, migration, and spheroid growth, in comparison to the 

individual treatments. 

 

 

4.2 Materials and methods 

 

 

4.2.1 Cell culture 

 

 

Colon cancer CT26 cells were cultured in RPMI-1640 medium supplemented with 10% 

(v:v) fetal bovine serum and 1% (v:v) antibiotic solution (100 U/mL penicillin and 100 

mg/mL streptomycin) at 37°C in a 5% CO2 humidified atmosphere. 

 

 

4.2.2 MTT assay of TQ-CaCO3np in combination with 5-FU and 5FU-CaCO3np 

in combination with TQ 

 

 

Colon cancer CT26 cells were seeded in 96-well plates for 24 h and treated with 

different concentrations of TQ-CaCO3np, 5-FU, or in combination and 5FU-CaCO3np, 

TQ, or in combination for 96 h. After treatment, the cells were incubated with MTT 

reagent for 4 h. The purple formazan crystals formed were solubilized with DMSO, 

and the absorbance at 570 nm (630 nm as the reference wavelength) was measured 

using the multimode microplate reader (Synergy H1, BioTek, USA). The cell viability  
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was determined with respect to the untreated control. IC50 value was calculated by 

nonlinear regression analysis in GraphPad Prism 8 software 

 

 

4.2.3 Synergism analysis and comparison of the two combinations 

 

 

The combination index (CI) was calculated using CompuSyn software as established 

by Chou and Talalay, where CI > 1 indicates antagonism, CI = 1 indicates additive, 

and CI < 1 indicates synergism (Chou 2008). The CI values of the two combinations 

were compared and the combination with the best CI value was chosen for further 

study. 

 

 

4.2.4 Colony formation assay 

 

 

After being cultured in 6-well plates for 48 h, CT26 cells were treated with TQ-

CaCO3np, 5-FU, and their combination. After treatment, the cells were allowed to form 

colonies for 7 days until the colonies were visible. They were then fixed with 100% 

methanol and stained with 0.5% crystal violet. The cells were photographed using a 

light microscope attached to a digital camera. The number of colonies was calculated 

using ImageJ software. 

 

 

4.2.5 AO/PI staining 

 

 

Following 96 h of treatment with TQ-CaCO3np and 5-FU either alone or in 

combination, CT26 cells were washed with PBS and stained with 5 μg/mL acridine 

orange/propidium iodide (AO/PI) dual stain for 10 min at room temperature. The cells 

were photographed using an inverted fluorescence microscope (Carl Zeiss Microscopy 

GmbH, Germany). AO-viable cell density was calculated using ImageJ software  
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according to the presence or absence of non-viable cell staining (PI). 

 

 

4.2.6 Cell cycle and apoptosis analysis 

 

 

CT26 cells were cultured in 6-well plates with TQ-CaCO3np and 5-FU either alone or 

in combination for 96 h. For cell cycle analysis, after being fixed in ethanol overnight 

at 4°C, cells were resuspended in PBS and exposed to RNase A solution (10 mg/mL) 

and PI solution (50 μg/mL) in the dark for 30 min. For apoptosis analysis, cells were 

resuspended in 1× binding buffer and stained with 5 μL of Annexin V-FITC and 5 μL 

of PI in the dark for 20 min. Thereafter, cell cycle and apoptosis were measured by the 

BD FACSCanto II flow cytometer (BD Biosciences, USA) and analyzed by BD 

FACSDiva software. 

 

 

4.2.7 Wound healing assay 

 

 

CT26 cells were seeded in 6-well plates and scraped with a sterile pipette tip when the 

cells achieved 90% confluence. The scratched cells were then cultured with TQ-

CaCO3np and 5-FU either alone or in combination for 48 h. Images were captured 

using an inverted fluorescence microscope after 0, 24, and 48 h. The wound healing 

area was measured and analyzed using ImageJ software. 

 

 

4.2.8 3D spheroid culture 

 

 

CT26 cells were seeded in agarose (50 μL, 0.6%, Sigma-Aldrich)-coated 96-well 

plates at 2000, 4000, 6000, 8000, 10000, 15000, and 20000 cells/well and incubated 

for 13 days at 37°C. Spheroids were observed and imaged using a light microscope on 

days 4, 7, 10, and 13. Image J software was used to measure the diameter of spheroids  
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and determine the volume of spheroids. 

Spheroid volume (mm3) = length of spheroid × (width of spheroid)2 /2. 

 

 

4.2.9 3D spheroid inhibition assay 

 

 

CT26 cell seeding density was chosen for obtaining the spheroids with a diameter of 

400-500 μM after 4-day incubation. Spheroids were then cultured with TQ-CaCO3np 

and 5-FU either alone or in combination for 96 h and imaged for a period of 14 days 

using a light microscope. The diameter and volume of spheroids were determined 

using Image J software. 

 

 

4.2.10 Statistical analysis 

 

 

Data analysis was performed with at least triplicates using the GraphPad Prism 8 and 

Origin 2022 software. Statistical analysis involved one-way ANOVA followed by 

Turkey’s post-test for multiple comparisons or Student’s t-test for a single comparison 

and two-way ANOVA followed by Dunnett’s post-test. P value < 0.05 (p<0.05) was 

considered statistically significant. Unless otherwise stated, the results were expressed 

as mean ± standard deviation. 

 

 

4.3 Results and discussion 

 

 

4.3.1 Superior combination against colon cancer 

 

 

In the MTT pre-experiments, the inhibitory effects of 5FU-CaCO3np and TQ-

CaCO3np on CT26 cells were compared over culture periods of 24, 48, 72, and 96 h. 

The results showed that the inhibitory effect was optimal at 96 h, which may be 

attributed to the sustained-release properties of 5FU-CaCO3np and TQ-CaCO3np.  
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Therefore, a 96-hour culture period was selected for the in vitro experiments. As shown 

in Figures 4.1A and C, 5FU-CaCO3np, TQ-CaCO3np, 5-FU, and TQ all exhibited 

concentration-dependent inhibitive effects on the cell viability of CT26 cells, with the 

IC50 values of 5.06, 23.35, 17.23, and 13.66 μM, respectively. In detail, Figure 4.1C 

displays a decreasing trend of cell viability while pure 5-FU concentration increased. 

Remarkably, 5FU-CaCO3np showed a more pronounced reduction within the 0-7.5 μM 

in Figure 4.1A, indicating that the delivery system made 5-FU more effective against 

the cancer cells, with a lower IC50 value. However, at concentrations exceeding 7.5 

μM, the decrease in cell viability following treatment with 5FU-CaCO3np was gradual, 

with 5-FU exhibiting a more potent inhibitory effect on cell viability than 5FU-

CaCO3np. This outcome suggested a sustained and prolonged 5-FU release from 5FU-

CaCO3np (Bai et al. 2022). Therefore, CaCO3np was proven to improve the targeted 

delivery of 5-FU to the colon cancer site. On the other hand, CT26 cell viability 

showed a slight reduction before the TQ concentration of 30 μM and a sharp decrease 

at 30 μM in Figure 4.1A. Although the IC50 value of TQ was better than that of TQ-

CaCO3np, the cell viability exhibited a gradually continuous downward trend after TQ-

CaCO3np treatment in Figure 4.1C, indicating that CaCO3np improved the 

bioavailability of TQ, thereby resulting in a sustained and prolonged TQ release from 

TQ-CaCO3np (Elumalai, Srinivasan & Shanmugam 2024; Huang et al. 2024). Overall, 

5FU-CaCO3np and TQ-CaCO3np enhanced the accumulation of 5-FU and TQ in colon 

cancer CT26 cells due to the pH sensitivity of CaCO3np, respectively, while decreasing. 

Therefore, CaCO3np loaded with 5-FU and TQ improved therapeutic efficacy in colon 

cancer CT26 cells and minimized the toxicity of 5-FU and TQ to normal NIH3T3 cells. 

Importantly, 5FU-CaCO3np and TQ-CaCO3np allowed for the controlled release of 5-

FU and TQ, respectively, ensuring a sustained therapeutic effect.  

© C
OPYRIG

HT U
PM



 

68 

 

Figure 4.1: (A) Cytotoxicity of 5FU-CaCO3np (5-FU: 0-480 μM) and TQ (0-60 

μM) individually on CT26 cells for 96 h; (B) combination index heat map of 5FU-

CaCO3np and TQ in combination against CT26 cells; (C) cytotoxicity of TQ-

CaCO3np (TQ: 0-60 μM) and 5-FU (0-480 μM) individually on CT26 cells for 96 

h; (D) combination index heat map of TQ-CaCO3np and 5-FU in combination 

against CT26 cells. 

 

 

On the basis of IC50 values, the combined concentrations of 0.46875, 1.875, and 7.5 

μM for 5FU-CaCO3np and 3.75, 7.5, 15, and 30 μM for TQ were selected, whereas the 

inhibitory effect of TQ-CaCO3np (3.75, 7.5, 15, 30 μM) combined with 5-FU (1.875, 

7.5, 30 μM) on CT26 cells was evaluated. The CI value of every combination was 

calculated to elucidate the synergistic effects of the two treatments (Duarte & Vale 

2022a). In Figures 4.1B and D, the results showed that the CI values of 7.5 μM 5-FU 

combined with TQ-CaCO3np (15 and 30 μM) and 30 μM 5-FU combined with TQ-

CaCO3np (3.75-30 μM) were all less than 1, indicating there was a synergistic effect 

between TQ-CaCO3np and 5-FU. In contrast, only when the concentration of TQ was 

30 μM, the combination of 5FU-CaCO3np and TQ showed synergism, with CI values   
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0.6-0.7. Among all synergistic groups, 30 μM TQ-CaCO3np combined with 7.5 μM 5-

FU had the lowest CI value, suggesting the strongest synergistic effect, followed by 15 

μM TQ-CaCO3np combined with 7.5 μM 5-FU. However, considering that a smaller 

dose can achieve similar effects, 15 μM TQ-CaCO3np combined with 7.5 μM 5-FU 

was selected to further analyze its inhibitive effects on colon cancer. 

 

The synergism of two treatments can be inferred when the combination of the 

treatments at specific doses produces an effect greater than the sum of the effects 

achieved by the individual treatments at the same doses (Chou 2010). The CI values 

were calculated to measure the extent of drug interactions and revealed the optimal 

synergistic combination (CI = 0.32) of TQ-CaCO3np and 5-FU against CT26 cells. The 

combinatorial effects of 5FU-CaCO3np and TQ also showed synergism. Notably, the 

optimal CI value of TQ-CaCO3np and 5-FU was superior to that (0.60) of 5FU-

CaCO3np and TQ, indicating that TQ-CaCO3np and 5-FU exhibited better 

synergistically inhibitory effects on CT26 cells.  

 

 

4.3.2 Cell proliferation inhibition 

 

 

The colony-formation assay results clearly demonstrated the inhibitory effects of both 

TQ-CaCO3np (15 μM) and 5-FU (7.5 μM) on CT26 cell proliferation. The significant 

reduction in colony numbers, with averages of 286 and 262 for TQ-CaCO3np and 5-

FU treatments, respectively, compared with the average of 555 in the control group, 

indicated that both treatments effectively limit the clonogenic capacity of colon cancer 

cells (Figure 4.2). In addition, as shown in Figure 4.2, the AO/PI staining results 

confirmed the reduction in viable cells after treatment, highlighting the cytotoxic 

effects of both agents. In this study, the AO/PI assay was used to examine the inhibitory  
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effects of TQ-CaCO3np and 5-FU individually or in combination on cell proliferation, 

focusing on the quantification of viable cells after treatments. Therefore, after multiple 

washes of the cells, the remaining dead cells stained with PI were excluded from the 

number of viable cells. Notably, the combination of TQ-CaCO3np and 5-FU exhibited 

a more pronounced suppression of colony formation and CT26 cell growth, aligning 

with the synergistic effect observed in the MTT assay. Overall, these findings imply 

the synergistic inhibitive effects between TQ-CaCO3np and 5-FU on cell proliferation 

in colon cancer.  
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Figure 4.2: (A) colony formation assay of CT26 cells treated with TQ-CaCO3np (15 μM) and 5-FU (7.5 μM) alone or in combination, with 

the represented images under ×10 magnification (scale bar: 200 μm) and ×20 magnification (scale bar: 100 μm); (B) AO/PI staining assay of 

CT26 cells treated with TQ-CaCO3np (15 μM) and 5-FU (7.5 μM) alone or in combination, with the represented images (scale bar: 100 μm) 

where viable cells in green by AO staining and non-viable cells in red by PI staining. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.© C
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Colony formation assays are particularly valuable in assessing the long-term effects of 

drug treatments on cancer cells, as they reflect the ability of single cells to survive, 

proliferate, and form colonies (Franken et al. 2006). The significant reduction in 

colony numbers following treatment with TQ-CaCO3np and 5-FU indicated that both 

agents impaired the ability of CT26 cells to undergo proliferation over time. This 

suggests that the combination therapy not only induced acute cytotoxicity but also had 

a lasting impact on the reproductive viability of the cells (Forgie et al. 2024). The 

AO/PI staining assay complements these findings by confirming that the reduction in 

colony formation is indeed due to a loss of cell viability rather than a temporary arrest 

in cell growth. This dual approach provides a robust assessment of the anticancer 

effects of the treatments (Gordon, Brown & Reynolds 2018; Zhong et al. 2015). 

 

 

4.3.3 Cell cycle arrest and cell apoptosis induction 

 

 

The effects of TQ-CaCO3np in combination with 5-FU on cell cycle and apoptosis in 

CT26 cells were evaluated to investigate the underlying mechanism of TQ-CaCO3np 

combined with 5-FU against colon cancer. As illustrated in the flow cytometry results 

in Figure 4.3A, cells treated with 5-FU or TQ-CaCO3np combined with 5-FU 

prominently increased G0/G1 phase arrest and reduced cell number in the S and G2/M 

phases. However, after TQ-CaCO3np treatment, the proportion of cells in the S phase 

increased slightly, while that in the G0/G1 phase decreased slightly, and that in the G2/M 

phase had no obvious change, indicating that TQ-CaCO3np may arrest the cell cycle 

in the S phase. Additionally, treatment with TQ-CaCO3np or 5-FU alone resulted in 

significant apoptosis of CT26 cells (p<0.05) (Figure 4.3B). The co-treatment of TQ-

CaCO3np and 5-FU showed a significant increase in the apoptotic cells (69.40%), 

including 54.17% of early apoptosis and 15.23% of late apoptosis, compared with the   
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individual treatments (p<0.05). In conclusion, the combination of TQ-CaCO3np (15 

μM) and 5-FU (7.5 μM) exerted synergistic antiproliferative effects on CT26 cells by 

inducing cell cycle arrest and apoptosis, ultimately causing cell death. 

 

Figure 4.3: (A) Cell cycle assay of CT26 cells treated with TQ-CaCO3np (15 μM) 

and 5-FU (7.5 μM) alone or in combination, with the represented images 

displaying cell cycle distributions; (B) Annexin V-FITC assay of CT26 cells 

treated with TQ-CaCO3np (15 μM) and 5-FU (7.5 μM) alone or in combination, 

with the represented images depicting cells in different quadrants: necrosis (Q1), 

late apoptosis (Q2), early apoptosis (Q3), and live (Q4), where Q2 and Q3 are 

collectively called apoptotic cells. *p<0.05, ***p<0.001, ****p<0.0001. 

 

 

5-FU increased the G0/G1 phase arrest of CT26 cells and reduced the cell number in 

the S and G2/M phases, consistent with the mechanism of 5-FU, which inhibits 

thymidylate synthase, leading to the inhibition of DNA synthesis, induction of DNA 

damage, and a halt in cell cycle progression in the G1 or S phase (Vodenkova et al. 

2020). In contrast, TQ-CaCO3np slightly increased the cell number in the S phase and 

decreased in the G0/G1 phase. However, TQ-CaCO3np and 5-FU combination 

prominently induced G0/G1 and S phases’ cell cycle arrest in CT26 cells, suggesting 

that TQ-CaCO3np may enhance the efficacy of 5-FU by further reinforcing the cell  
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cycle arrest in G0/G1 and S phases, resulting in a stronger inhibitory effect on cell 

proliferation. The enhancement of 5-FU inhibition of cell proliferation by TQ-

CaCO3np was further confirmed in the cell apoptosis assay. The increase in both early 

and late apoptosis indicates that the combination treatment not only halts the cell cycle 

but also promotes programmed cell death, further enhancing its anticancer efficacy. 

While the mechanism of 5-FU is predominantly linked to DNA damage and cell cycle 

arrest, TQ has been reported to activate multiple apoptotic pathways, including the 

mitochondrial pathway, which may explain the increase in cell death when used in 

combination (Farooqi, Attar & Xu 2022; Ma et al. 2020). As demonstrated, the ability 

of TQ to modulate apoptosis pathways can enhance the efficacy of conventional 

chemotherapeutic agents including 5-FU (Ballout et al. 2020; Idris et al. 2022; Khan 

et al. 2017; Zhang, Bai & Yang 2016b). Therefore, the combination of TQ-CaCO3np 

and 5-FU exerted its antiproliferative effects through a dual mechanism involving both 

enhanced cell cycle arrest and increased apoptosis. 

 

 

4.3.4 Cell migration inhibition 

 

 

A wound healing assay was performed to investigate the potential effects of TQ-

CaCO3np in combination with 5-FU on CT26 cell migration rate. As displayed in 

Figure 4.4, both TQ-CaCO3np and 5-FU exhibited a potent migration-inhibiting 

efficiency on CT26 cells. Nonetheless, the inhibitory effects of TQ-CaCO3np 

combined with 5-FU were more noticeable than TQ-CaCO3np or 5-FU alone, as the 

wound closure was distinctly disrupted. These results suggested that TQ-CaCO3np (15 

μM) and 5-FU (7.5 μM) synergistically inhibited the migration of CT26 cells.  
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Figure 4.4: Wound healing assay of CT26 cells treated with TQ-CaCO3np (15 μM) 

and 5-FU (7.5 μM) alone or in combination, with the represented images (scale 

bar: 100 μm) showing cell migration after 24 and 48 h. ** p<0.01, *** p<0.001, 

**** p<0.0001. 

 

 

Cancer cell migration is an essential step for successful cancer metastasis associated 

with substantial mortality after surgical resection of primary cancer; thereby, inhibiting 

cell migration is a practical approach for anticancer therapy (Jiang et al. 2015; Xie et 

al. 2022). The wound-healing assay results revealed that TQ-CaCO3np and 5-FU 

inhibited CT26 cell migration, while TQ-CaCO3np combined with 5-FU exerted a 

more significant migration-inhibitory effect. Previous studies have also highlighted the 

anti-migratory properties of 5-FU and TQ in various cancer models, showing their 

abilities to suppress key proteins involved in cell migration, such as matrix 

metalloproteinases, membrane-associated RING-CH-1, and eukaryotic elongation 

factor 2 kinase, further supporting the potential of TQ-CaCO3np in enhancing the 

efficacy of 5-FU against cell migration (Kabil et al. 2018; Park et al. 2021; Wang et al. 

2021a). 

 

 

4.3.5 3D spheroid growth suppression 

 

 

Compared with conventional 2D cells, 3D spheroids provide a similar tissue structure 

with intact human tumors, consisting of concentric layers including proliferating zone,  
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quiescent zone, and necrotic core (Nath & Devi 2016). Different cell seeding densities 

were applied to monitor the size of CT26 spheroids. Figure 4.5 revealed that the size 

of spheroids was strongly dependent on the initial cell seeding density. CT26 spheroids 

formed at the initial cell seeding density of 15000 cells/well and cultured for 4 days 

had a diameter of 400-500 μm, conforming to the concentrically layered structure, thus 

serving as the model for spheroid inhibition analysis (Mehta et al. 2012). 

 

 

 

Figure 4.5: CT26 spheroid growth analysis for culturing 13 days, with the 

represented images (scale bar: 500 μm) showing that spheroid size and growth 

trend depend on the initial cell seeding density (2000 to 20000 cells/well). 

 

 

After spheroid formation on day 4, CT26 spheroids were treated with TQ-CaCO3np 

(15 μM) and 5-FU (7.5 μM) alone or in combination for 96 h. While untreated 

spheroids increased in size, both TQ-CaCO3np and 5-FU exhibited inhibitory effects 

on spheroid growth (Figure 4.6). Besides, cell proliferation was significantly inhibited 

after incubation with the combination of TQ-CaCO3np and 5-FU (p<0.05), and the 

outer layer of spheroids was severely destroyed on day 14, compared to the control 

spheroids. These data indicated that TQ-CaCO3np combined with 5-FU could  
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significantly suppress CT26 spheroid growth. 

 

 

 

Figure 4.6: Growth inhibition analysis of CT26 spheroids treated with TQ-

CaCO3np (15 μM) and 5-FU (7.5 μM) alone or in combination, with the 

represented images (scale bar: 500 μm) displaying the spheroid volume and 

growth inhibition. *p<0.05, **p<0.01, ****p<0.0001. 

 

 

Before clinical trials, drugs must undergo a series of tests to ensure their effectiveness 

and safety, the first step of which is usually in vitro experiments based on 2D cells. 

However, compared with traditional 2D cells, 3D cell spheroids in vitro models with 

similar characteristics to solid tumors in vivo can better predict drug effects, bridging 

the gap between in vitro 2D cells and in vivo animal models (Nath & Devi 2016). In 

this study, agarose-based liquid overlay technology was applied to produce 3D 

spheroids, which has the advantage of allowing rapid aggregation of cells into 

spheroids with reproducible morphology (Jubelin et al. 2022). Typically, when 3D 

spheroids are 400–500 μm in size, cell layers similar to those in solid tumors can be 

formed, including an outer layer composed of proliferating cells, a middle layer of 

quiescent cells, and a hypoxic inner layer of necrotic cells (Mehta et al. 2012).  
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However, limited literature has explored the optimal initial cell seeding density for 

CT26 cells to form the expected spheroid size. To achieve a 3D spheroid size typical 

of solid tumors, we used increased cell seeding densities (2000, 4000, 6000, 8000, 

10,000, 15,000, and 20,000 cells/well) to culture spheroids. It was observed that when 

the cell density was 15,000 cells/well, the spheroids cultured for 4 days were stable 

and uniform and reached the expected size, thereby being used for a spheroid-

inhibition assay. As observed in Figure 4.6, 5-FU had a less inhibitive effect on CT26 

spheroids, possibly due to the spheroids exhibiting resistance to 5-FU. Nonetheless, 

the addition of TQ-CaCO3np to 5-FU showed a high inhibitory effect on the spheroids, 

indicating that TQ-CaCO3np enhanced the chemosensitivity of 5-FU to CT26 

spheroids, thereby improving the therapeutic effect on colon cancer. Especially after 3 

days of treatment, the inhibitory effect of 5-FU and TQ-CaCO3np co-treatment was 

significantly better than that of the individual treatment (p<0.05). 

 

 

4.4 Conclusion 

 

 

Taken together, TQ-CaCO3np combined with 5-FU exhibited superior synergistic anti-

colon cancer effects than 5FU-CaCO3np combined with TQ in CT26 cells. Moreover, 

TQ-CaCO3np combined with 5-FU showed synergism by inhibiting CT26 cell 

proliferation and migration, inducing cell apoptosis and cell cycle arrest in G0/G1 

phase, and suppressing CT26 spheroid growth. In other words, TQ-CaCO3np 

effectively enhanced the anti-colon cancer efficacy of 5-FU, indicating possibly 

reducing 5-FU dose while improving its effects, thereby decreasing the toxic effects of 

5-FU. These findings may open new possibilities for colon cancer treatment. Therefore, 

it is imperative to further verify TQ-CaCO3np combined with 5-FU in vivo therapeutic 

efficacy and comprehensive therapeutic mechanisms against colon cancer.  
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CHAPTER 5 

THYMOQUINONE-LOADED CALCIUM CARBONATE NANOPARTICLES 

IN COMBINATION WITH 5-FLUOROURACIL AGAINST COLON 

CANCER IN VIVO 

5.1 Introduction 

 

 

To advance the understanding of the therapeutic potential of TQ-CaCO3np combined 

with 5-FU, it is necessary to move beyond in vitro experiments and assess its effects 

in a more dynamic and biologically relevant in vivo setting. In vitro studies, while 

informative, are limited in their ability to replicate the complexity of living organisms, 

where factors such as the tumor microenvironment, immune response, and systemic 

drug interactions play critical roles (Kciuk et al. 2023; Saeidnia, Manayi & Abdollahi 

2016; Xu et al. 2023c). Utilizing an in vivo model, such as CT26 tumor-bearing mice, 

allows for a more comprehensive evaluation of the treatment efficacy and safety 

(Demeckova et al. 2022; Makaremi et al. 2021). This model not only facilitates the 

investigation of tumor growth inhibition but also provides insight into potential 

immune modulation and toxicological effects that are crucial for translating laboratory 

findings into clinical practice (Zhu et al. 2016a). Furthermore, the interaction between 

the nanoparticles and the immune system in a living organism is a key area of interest, 

as nanoparticles have been shown to influence immune responses, potentially 

enhancing or suppressing tumor activity (Lôbo et al. 2021; Perez-Potti et al. 2023).  

 

Therefore, this chapter focuses on evaluating the in vivo anticancer efficacy of the 

combination of TQ-CaCO3np and 5-FU using the CT26 tumor-bearing mouse model.   
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While previous in vitro studies demonstrated that TQ-CaCO3np significantly enhanced 

the anti-colon cancer effects of 5-FU in CT26 cells, it is crucial to validate these 

findings in a more complex and physiologically relevant in vivo system and explore 

the therapeutic potential of this combination in mice, assessing its impact on tumor 

growth, immune function, and overall toxicity. By investigating these parameters, the 

research seeks to determine whether the promising in vitro results can translate into 

effective and safe in vivo outcomes, ultimately contributing to the development of 

improved treatment strategies for colon cancer. 

 

 

5.2 Materials and methods 

 

 

5.2.1 Cells and animals 

 

 

Colon cancer CT26 cells were cultured in RPMI-1640 medium supplemented with 10% 

(v:v) fetal bovine serum and 1% (v:v) antibiotic solution (100 U/mL penicillin and 100 

mg/mL streptomycin) at 37°C in a 5% CO2 humidified atmosphere.  

 

Female Balb/c mice at the age of 6 to 8 weeks weighing 20-26 g were procured from 

Laboratory Animal Facility and Management, Faculty of Pharmacy, Universiti 

Teknologi MARA. The mice were maintained in the animal research house of the 

Comparative Medicine and Technology Unit, Institute of Bioscience, Universiti Putra 

Malaysia, under standard laboratory conditions with a 12-h light/dark cycle at 24 ± 

2 °C with 45 ± 5% relative humidity and fed standard pellet-diet ad libitum with free 

access to water during the whole period of study. The animals were acclimatized for 1 

week before the experiments. All animal use protocols for the experimental mice were 

reviewed and approved by the Institute Animal Care and Use Committee of Universiti 

Putra Malaysia (approval No. UPM/IACUC/AUP-R065/2023-Appendix A).  
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5.2.2 Development of allograft mouse model and treatment 

 

 

After acclimatization, the hairs of the right flank area of BALB/c mice were shaved, 

and CT26 cells (1×106 cells in 100 μl) were injected subcutaneously on the right flank. 

When the tumors became palpable and the volume of tumors was measurable 

(approximately 100 mm3), the mice were randomly divided into 4 groups of 6 mice 

each: TQ-CaCO3np (TQ: 20 mg/kg) treatment group; 5-FU (20 mg/kg) treatment 

group; TQ-CaCO3np (TQ: 20 mg/kg) + 5-FU (20 mg/kg) treatment group; tumor 

control group. The dosages for these treatment groups were based on previous studies 

on 5-FU and TQ (Demeckova et al. 2022; Lei et al. 2012; Opattova et al. 2019; Zhu et 

al. 2016b). Treatments were given via intraperitoneal injection trice every week. Mice 

in the tumor control group received the same volume of the physiological saline 

injection with the same schedule as the treated mice. 

 

 

5.2.3 Gross observation and body weight measurement 

 

 

All mice were monitored daily for clinical signs, and body weights were measured 

using an electronic balance and recorded every day. The mice were euthanized when 

one of the following endpoints was reached: changes in behavior, clinical signs of 

distress, 20% weight loss, presence of an ulcerated necrotic tumor, or a tumor volume 

greater than 2000 mm3. 

 

 

5.2.4 Tumor progression analysis 

 

 

Growth of the tumors was observed daily using vernier caliper measurement of the 

length and width of the tumor. Tumor volume was calculated as the following formula: 

Tumor volume (mm3) = length of tumor × (width of tumor)2 /2.  
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After the sacrifice, the tumors were excised and weighed. Tumor inhibition ratio was 

then calculated using the following formula: 

Tumor inhibition ratio (%) = (U − T) / U × 100%, 

where U is the average tumor weight of the tumor control group, and T is the average 

tumor weight of the treated group. 

 

 

5.2.5 Organ weight and colon length measurement 

 

 

Major organs (heart, liver, lung, kidney, spleen, and colon) were rapidly excised and 

flushed with 0.9% saline after the sacrifice. The weights of heart, liver, lung, kidney, 

and spleen were measured using a precision electronic balance within 5 min. Organ 

index was calculated using the following formula: 

Organ index = organ weight (mg) / body weight (g). 

Moreover, colon length was measured using a vernier caliper. Colon index was 

calculated using the following formula: 

Colon index = colon length (mm) / body weight (g). 

 

 

5.2.6 Serum biochemical analysis 

 

 

Blood was collected in anticoagulant-free serum blood collection tubes for serum 

biochemical analysis from overnight-fasting mice by cardiac puncture following light 

anesthesia with ketamine and xylazine cocktail. After complete coagulation, the serum 

was centrifuged at 4000 rpm for 15 min using a centrifuge. The serum was then 

transferred to 1.5 mL Eppendorf tubes and stored at -80°C until analysis. Aspartate 

aminotransferase (AST), alanine aminotransferase (ALT), alanine phosphatase (ALP), 

creatinine, and urea levels were evaluated using an automatic biochemistry analyzer.  
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5.2.7 Histopathological examinations 

 

 

Collected tumors tissues masses were fixed in 10% neutral formalin for at least 48 h. 

The tumors were trimmed to a 0.5 ± 0.1 cm thickness and placed in a plastic box, and 

then dehydrated using an automatic tissue processor. Subsequently, the tumors were 

embedded in paraffin wax and cut into 5 μm thickness. The tumor sections were 

mounted on glass slides with a hot plate and stained with hematoxylin and eosin (H&E). 

The histological changes were then observed and captured using a light microscope. 

 

 

5.2.8 Statistical analysis 

 

 

Data analysis was performed with at least triplicates using the GraphPad Prism 8 

software. Statistical analysis involved one-way ANOVA followed by Turkey’s post-

test for multiple comparisons or Student’s t-test for single comparison and two-way 

ANOVA followed by Dunnett’s post-test. P value < 0.05 (p<0.05) was considered 

statistically significant. Unless otherwise stated, the results were expressed as mean ± 

standard deviation. 

 

 

5.3 Results and discussion 

 

 

5.3.1 Tumor growth inhibition 

 

 

CT26 tumor-bearing mouse model was employed to explore the in vivo anti-colon 

cancer efficacy of TQ-CaCO3np (TQ: 20 mg/kg) in combination with 5-FU (20 mg/kg), 

with the experimental design schematically represented in Figure 5.1A. All mice 

successfully developed tumors and showed normal behavior and activities, without 

mouse death and significant body weight loss throughout the study (Figure 5.1B). As  
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displayed in Figure 5.1C, the tumor volume rapidly increased from day 8 in the tumor 

control group, while tumor growth was suppressed following the treatment with TQ-

CaCO3np and 5-FU. The combination of TQ-CaCO3np and 5-FU significantly reduced 

the tumor volume compared with 5-FU alone at the end of treatment (p<0.0001), also 

observed in Figure 5.1D, indicating an obvious synergism. Based on the tumor weight, 

the tumor inhibition ratios of TQ-CaCO3np, 5-FU, and TQ-CaCO3np combined with 

5-FU treatment groups were 78.4%, 59.9%, and 94.0%, respectively (Figure 5.1E). 

 

 

 

Figure 5.1: (A) Schematic diagram of in vivo experimental design; (B) body 

weights recorded daily during treatment; (C) tumor volumes recorded daily 

during treatment; (D) image of represented solid tumor of each group; (E) tumor 

weight of each group and tumor inhibition ratios of treatment groups relative to 

the tumor control group. *p<0.05, **p<0.01, ****p<0.0001.  
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The combination of TQ-CaCO3np and 5-FU exhibited significant anti-tumor activity 

in the CT26 tumor-bearing mouse model, demonstrating superior efficacy compared 

to 5-FU monotherapy. The marked reduction in tumor volume and the high tumor 

inhibition ratio in the combination group highlight the potential synergistic effect 

between TQ-CaCO3np and 5-FU. This enhanced anti-tumor response is likely 

attributed to the dual action of TQ-CaCO3np and 5-FU. The improved delivery and 

retention of TQ at the tumor site facilitated by the CaCO3np may allow for a sustained 

release and higher local concentration of TQ. Such finding is consistent with previous 

studies that have shown the benefits of nanoparticle-based compound delivery systems 

in enhancing the bioavailability and efficacy of natural compounds (Baksi et al. 2018; 

Chung et al. 2020; Sulaiman et al. 2020). On the other hand, TQ may sensitize tumor 

cells to 5-FU, thereby improving overall treatment efficacy. Previous studies have 

shown that TQ, a bioactive compound with anti-cancer properties, can enhance the 

efficacy of 5-FU in the treatment of triple-negative breast cancer and gastric cancer 

(Lei et al. 2012; Zheng et al. 2021). The significant tumor suppression observed in this 

study is consistent with findings from these previous studies. Moreover, the absence 

of significant body weight loss or mortality in the treated groups suggests that this 

combination therapy may offer a more effective and safer alternative to chemotherapy 

regimens, particularly for colon cancer treatment. 

 

 

5.3.2 Histopathological analysis 

 

 

H&E staining of tumor tissue masses sections in Figure 5.2 revealed that compared to 

the tumor control group where the tumor cells were dense with evenly distributed 

nucleus and cytoplasm, the tumor cells in the 5-FU group and TQ-CaCO3np group 

were sparse with shrunken and dissolved nuclei, resulting in increased necrosis.  
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Remarkably, the tumor tissue structure destruction in the combination treatment group 

was more severe than that in the single treatment groups, with more nuclear fragments 

and obvious cavities. All these results are consistent with the results in tumor growth 

inhibition, indicating that TQ-CaCO3np enhanced the antitumor efficacy of 5-FU, 

suggesting the superior therapeutic value of TQ-CaCO3np combined with 5-FU.  
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Figure 5.2: Histopathological images (×20 and ×40 magnifications) of tumor tissue sections stained with hematoxylin-eosin staining for each 

group. Tumor control group: dense tumor cells with evenly distributed nucleus and cytoplasm; TQ-CaCO3np/5-FU group: sparse tumor cells with 

shrunken and dissolved nuclei; TQ-CaCO3np + 5-FU group: more nuclear fragments and obvious cavities.
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5.3.3 Organ index analysis 

 

 

Toxicity evaluation is an essential step in developing a new cancer therapy for clinical 

application. No obvious tumor metastasis or organ injury was observed with the naked 

eye. As shown in Figure 5.3, the spleen index in the 5-FU treatment group was 

significantly lower than the tumor control group and TQ-CaCO3np treatment group 

(p<0.0001), while the addition of TQ-CaCO3np remarkably increased the spleen index 

of 5-FU treatment group (p<0.01). Although there was no significant change in the 

thymus index, the trend of changes across all groups was consistent with that of the 

spleen index. The spleen and thymus indexes directly reflected the immune function 

of the body, indicating that TQ-CaCO3np improved the mild immunosuppressive effect 

caused by 5-FU. In addition, the heart, lung, liver, kidney, and colon indexes in the 5-

FU treatment group were lower than those in the tumor control group. In contrast, all 

these organ indexes in the combination treatment group were slightly higher than those 

in the 5-FU treatment group, supporting the alexipharmic effect of TQ-CaCO3np in 5-

FU treatment.  
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Figure 5.3: (A) Spleen and thymus indexes after treatment; (B) heart and lung 

indexes after treatment; (C) liver and kidney indexes after treatment; (D) colon 

index and ALP level in serum after treatment; (E) ALT and AST levels in serum 

after treatment; (F) creatinine and urea levels in serum after treatment. ALP, 

alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase. 

* p<0.05, ** p<0.01, ** p<0.001, **** p<0.0001. 

 

 

5.3.4 Serum biochemistry analysis 

 

 

Biochemical analysis of ALP, ALT, AST, creatinine, and urea levels in serum showed 

no significant difference between the tumor control group and treatment groups 

(Figures 5.3D-F). However, compared with the 5-FU treatment group, the significantly 

reduced ALP and urea levels in the combination treatment group revealed that   
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supplementation of TQ-CaCO3np decreased the toxicity of 5-FU (p<0.05). Overall, 

organ index analysis and serum biochemistry analysis indicated that TQ-CaCO3np and 

5-FU in combination which enhanced the antitumor efficacy of 5-FU exhibited 

reduced toxicity. 

 

While 5-FU treatment alone led to a significant reduction in the spleen index, 

indicative of an immunosuppressive effect, the addition of TQ-CaCO3np markedly 

improved the spleen index, suggesting an enhancement of immune function. This 

improvement was also reflected in the thymus index, further supporting the 

immunoprotected role of TQ-CaCO3np. Additionally, the organ indexes for the heart, 

lung, liver, kidney, and colon in the 5-FU treatment group were lower than those in the 

tumor control group, indicative of 5-FU-induced toxicity. One of the most common 

side effects associated with 5-FU use is liver and kidney dysfunction, which leads to a 

reduction in therapeutic activity and patient survival time (He et al. 2003). However, 

the slight increase in these organ indexes in the combination treatment group compared 

to the 5-FU group suggests that TQ-CaCO3np may mitigate some of the organ-specific 

toxicities associated with 5-FU. This is further corroborated by the biochemical 

analysis, where a significant reduction in ALP and urea levels in the combination group 

compared to the 5-FU group indicates reduced hepatotoxicity and nephrotoxicity. 

These findings are consistent with the conclusions of other studies that TQ showed 

hepatoprotective and renal protective properties against chemotherapy drug toxicity, 

affecting key enzymes involved in detoxification, such as aspartate transaminase and 

alanine transaminase (Khan & Younus 2018). Moreover, TQ could mitigate common 

side effects such as mucositis and gastrointestinal toxicity associated with 5-FU 

treatment (Madani et al. 2023). These findings suggest that the combination of TQ-

CaCO3np with 5-FU not only enhances the anti-tumor efficacy but also reduces the  
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systemic toxicity of 5-FU, highlighting the potential of TQ-CaCO3np as a valuable 

adjunct in chemotherapy regimens aimed at minimizing adverse effects while 

maximizing therapeutic outcomes. 

 

 

5.4 Conclusion 

 

 

In conclusion, the findings from this animal study underscore the potential of TQ-

CaCO3np in enhancing the therapeutic efficacy of 5-FU for the treatment of colon 

cancer. The combination of TQ-CaCO3np with 5-FU not only demonstrated significant 

tumor growth inhibition but also improved the overall safety profile of 5-FU by 

mitigating its immunosuppressive effects and reducing organ-specific toxicities. 

Histopathological analysis revealed more extensive tumor tissue destruction in the 

combination treatment group, further supporting the synergistic anti-tumor effects of 

TQ-CaCO3np and 5-FU. Additionally, the biochemical analysis indicated that TQ-

CaCO3np could reduce the hepatotoxicity and nephrotoxicity typically associated with 

5-FU treatment. Overall, these results suggest that the combination of TQ-CaCO3np 

and 5-FU may offer a promising strategy to enhance the efficacy and reduce the 

toxicity of conventional chemotherapeutic agent 5-FU, paving the way for more 

effective and safer cancer therapies.  
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CHAPTER 6 

THYMOQUINONE-LOADED CALCIUM CARBONATE NANOPARTICLES 

IN COMBINATION WITH 5-FLUOROURACIL AGAINST COLON 

CANCER: UNDERLYING MOLECULAR MECHANISM 

6.1 Introduction 

 

 

The therapeutic potential of TQ-CaCO3np in combination with 5-FU against colon 

cancer in vitro and in vivo has been explored in the previous chapters. However, the 

underlying molecular mechanisms remain to be fully elucidated. Understanding these 

mechanisms is critical for identifying potential biomarkers for treatment response. 

Proteomics and metabolomics are powerful tools for uncovering the global changes in 

protein expression and metabolic pathways that occur in response to therapeutic 

interventions (Al-Daffaie et al. 2024; Hasin, Seldin & Lusis 2017). Proteomics allows 

for the identification of differentially expressed proteins that may play key roles in 

drug response, while metabolomics provides insights into the alterations in metabolic 

pathways that are essential for cancer cell survival and proliferation (Chen et al. 2020; 

Kwon et al. 2021; Schmidt et al. 2021). 

 

In this chapter, an integrated proteomic and metabolomic approach was employed to 

investigate the molecular mechanisms underlying the therapeutic effects of TQ-

CaCO3np in combination with 5-FU in colon cancer cells. By analyzing the 

differentially expressed proteins and metabolites, this study aims to identify the key 

pathways and hub molecules involved in the anti-colon cancer effects of this 

combination therapy. The current findings provide a comprehensive understanding of   
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the metabolic and proteomic alterations induced by TQ-CaCO3np and 5-FU, offering 

potential targets for enhancing therapeutic efficacy and overcoming drug resistance in 

colon cancer. This integrated analysis not only sheds light on the molecular basis of 

the observed therapeutic effects but also paves the way for the development of more 

effective and targeted treatment strategies for colon cancer. 

 

 

6.2 Materials and methods 

 

 

6.2.1 Proteomic analysis 

 

 

6.2.1.1 Protein extraction and trypsin digestion 

 

 

CT26 cells were treated with TQ-CaCO3np (TQ: 15 μM) and 5-FU (7.5 μM) alone or 

in combination for 96 h. After treatment, the cells were washed with PBS twice and 

harvested using a cell scraper. Proteins were extracted from the cell pellets with lysis 

buffer (8 M urea, 75 mM NaCl, 50 mM HEPES, protease inhibitor cocktail, pH 7.4) 

followed by centrifugation at 14000 rpm for 15 min at 4 ℃. The protein concentration 

was determined using the BCA protein assay. Subsequently, proteins were reduced 

with 10 mM DTT for 1 h at 37 ℃ and alkylated with 20 mM IAA for 1 h at 25 ℃. The 

protein samples were diluted with 50 mM NH4HCO3 to ensure urea concentration 

below 1 M before adding trypsin at a ratio of 1:20 (w/w) to digest the protein samples 

overnight at 37 ℃, followed by quenching with 1% formic acid. Digested peptides 

were further purified with C18 tips to remove the salt for nano LC-MS/MS analysis. 

 

 

6.2.1.2 Nano LC-MS/MS analysis 

 

 

Desalted peptides were analyzed using the Dionex Ultimate 3000 RSLCnano coupled  
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to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific). The peptides 

were separated by EASY-Spray PepMap column (C18, 100 Å, 2 μm, 50 μm × 15 cm) 

using mobile phases of A (0.1% formic acid in water) and B (0.1% formic acid in 

acetonitrile) at a flow rate of 250 nL/min, with a gradient as follows: 5-40% B for 91 

min; 40-85% B for 2 min; 85% B for 3 min; 85-5% B for 1 min; 5% B for 4 min. The 

mass spectrometer was operated in positive ion mode and data-dependent mode. The 

full scan was performed at the range of 310-1800 m/z at a resolution of 120000 with a 

maximum injection time of 50 ms. Only precursors with a charge state of 2-7 were 

further analyzed for MS/MS and filtered using a 20 s dynamic exclusion window and 

an intensity threshold of 5000. Precursors were fragmented by high-energy collision 

dissociation and collision-induced dissociation at a normalized collision energy of 28% 

and 30%, respectively. 

 

 

6.2.1.3 Data analysis 

 

 

Each group consists of three biological samples and each biological sample was 

injected three times into nano LC-MS/MS as three technical replicates. The raw MS 

files were processed using the Proteome Discoverer 2.5 software and searched against 

the UniProt Mus musculus database using the SEQUEST HT search algorithm. False 

discovery rate tolerance in the Percolator node was set to 0.01 and at least one 

identified unique peptide was required to filter proteins. Student’s t-test was used to 

identify differentially expressed proteins between two groups, where proteins with 

|fold change|>1.5 and p<0.05 were considered significant. The volcano plot and 

heatmap were generated using R software, and Gene Ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed 

using R software.  
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6.2.2 Metabolomic analysis 

 

 

6.2.2.1 Sample preparation for 1H-NMR analysis 

 

 

CT26 cells were treated with TQ-CaCO3np (TQ: 15 μM) and 5-FU (7.5 μM) alone or 

in combination for 96 h. After treatment, cells were washed with PBS twice, and 

methanol was added to quench the cells while scraping with cell scrapers. 

Approximately 1×107 cells were employed as one sample for NMR analysis, and the 

cell suspension was transferred into a fresh 15 mL centrifuge tube. Chloroform and 

ultrapure water were added to the cell suspension, with a mixture of methanol, 

chloroform, and water in the volume ratio 1:1:0.95. Afterward, the mixture was 

vortexed and centrifuged at 14000 rpm for 10 min at 4℃. The upper phase was 

transferred and lyophilized. The lyophilized sample was reconstituted in 600 μL of 

99.9% D2O (containing 100 mM KH2PO4, 0.01% TSP, pH 7.4) and centrifuged at 

14000 rpm for 10 min at 4℃. The supernatant was then transferred to a 5mm NMR 

tube for 1H-NMR analysis. 

 

 

6.2.2.2 1H-NMR analysis 

 

 

The 1H-NMR spectra of the samples were acquired on a 500 MHz Varian Unity INOVA 

NMR spectrometer (Varian Inc., Palo Alto, USA). All spectra were subjected to a 64-

scan presaturation pulse sequence to suppress water signals. The Carr-Purcell-

Meiboom-Gill pulse sequence was then employed to suppress macromolecule signals, 

with a spectral width of -2 to 14 ppm, 128 scans, a relaxation delay of 4 s, and an 

acquisition time of 8.12 min. 

 

 

6.2.2.3 Data processing and analysis  
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The acquired spectra were phased and baseline-adjusted manually, and the chemical 

shift of TSP was referenced at δ 0.0. The spectra were then processed using the 

Chenomx NMR Suite 5.1 Professional. Region (δ 4.7-4.9) distorted due to residual 

water was excluded. The spectral regions of δ 0.3 to 10.0 ppm were segmented at 0.04 

ppm intervals and all data points were normalized for further analysis. Assignments of 

metabolites were conducted using a combination of the Human Metabolome Data Base, 

Biological Magnetic Resonance Data Bank, and relevant published references. The 

normalized data were uploaded into the SIMCA 14.1 software for multivariate data 

analysis. The identified metabolites were screened as differentially expressed 

metabolites with variable importance in the projection exceeding 1 (VIP>1) and 

p<0.05. Volcano plot was carried out to visualize the differences of metabolite 

expressions, and the pathway enrichment analysis of differentially expressed 

metabolites was performed by R software based on the KEGG database. 

 

 

6.2.3 Integrated analysis of proteomics and metabolomics 

 

 

KEGG pathway analysis was used to integrate proteomics and metabolomics data. The 

enriched co-regulated pathways were screened to elucidate the mechanism of TQ-

CaCO3np in combination with 5-FU against colon cancer. 

 

 

6.2.4 Enzyme-linked immunosorbent assay 

 

 

Aconitate hydratase, mitochondrial (Aco2), glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh), phosphoserine phosphatase (Psph), and pyruvate 

dehydrogenase E1 component subunit beta, mitochondrial (Pdhb) enzyme-linked 

immunosorbent assay (Elisa) kits were used to analyze the protein levels in mice tumor 

(obtained from Chapter 5). Briefly, the tumors were thawed at room temperature and  
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homogenized by bead beating in PBS with a protease inhibitor cocktail at 4℃. After 

centrifuging at 12000 rpm for 10 min, the supernatant was collected for the Elisa test. 

The procedures followed the manufacturer’s instructions of Aco2 (Yubo 

Biotechnology, Shanghai, China), Gapdh (Baiyi Biotechnology, Shanghai, China), 

Psph (Baiyi Biotechnology, Shanghai, China), and Pdhb (Baiyi Biotechnology 

Shanghai, China) Elisa kits. 

 

 

6.2.5 Statistical analysis 

 

 

Data analysis was performed with at least triplicates using the GraphPad Prism 8 

software. Statistical analysis involved one-way ANOVA followed by Turkey’s post-

test for multiple comparisons or Student’s t-test for single comparison and two-way 

ANOVA followed by Dunnett’s post-test. P value < 0.05 (p<0.05) was considered 

statistically significant. Unless otherwise stated, the results were expressed as mean ± 

standard deviation. 

 

 

6.3 Results and discussion 

 

 

6.3.1 Differentially expressed protein screening 

 

 

To explore the underlying molecular mechanisms of TQ-CaCO3np combined with 5-

FU against colon cancer, a label-free quantification proteomic strategy was used to 

identify the differentially expressed proteins in colon cancer CT26 cells after treatment 

with TQ-CaCO3np and 5-FU alone and in combination. Figure 6.1A illustrates the 

differentially expressed proteins among the groups. Compared with the control group, 

218 differentially expressed proteins were obtained in the combination group, 

including 165 significantly upregulated proteins and 53 significantly downregulated  
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proteins. Meanwhile, compared with the control group, 133 differentially expressed 

proteins (67 upregulated and 66 downregulated) and 181 differentially expressed 

proteins (141 upregulated and 40 downregulated) were identified in the 5-FU and TQ-

CaCO3np groups, respectively. Interestingly, 78 and 31 significantly up- and 

downregulated proteins were found in the combination group compared to the 5-FU 

group, respectively, while 102 and 95 significantly up- and downregulated proteins 

were identified in the combination group compared to the TQ-CaCO3np group, 

respectively. The variations in abundance of the top 50 differentially expressed 

proteins between the combination and control groups were visually represented in the 

heatmap, revealing that the two groups were separated from each other, and three 

samples in each group exhibited favorable reproducibility (Figure 6.1B).  
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Figure 6.1: (A) A volcano plot visualizing the differentially expressed proteins 

among different groups; (B) heatmap of top 50 differentially expressed proteins 

between TQ-CaCO3np combined with 5-FU and control groups. 

 

 

Based on the above findings, both 5-FU and TQ-CaCO3np individually influenced the 

proteins in colon cancer CT26 cells, demonstrating their therapeutic potential. 

However, the combination of 5-FU and TQ-CaCO3np led to a more significant  
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modulation of the differentially expressed proteins, as evidenced by the greater number 

and distinct profile of regulated proteins. This suggests that the combination therapy 

not only enhanced the individual effects of 5-FU and TQ-CaCO3np but also exerted a 

synergistic effect, resulting in improved anti-colon cancer efficacy, consistent with the 

findings in cell and animal studies. Figure 6.1A encapsulates the dysregulated proteins 

after the treatment of 5-FU combined with TQ-CaCO3np, including upregulated 

Q9D051 and Q99KI0 and downregulated Q3U6S1 and Q3U7V7. Q9D051, known as 

pyruvate dehydrogenase E1 component subunit beta (Pdhb), is located in mitochondria 

and functions as catalyzing the conversion of glucose-derived pyruvate to acetyl 

coenzyme A, thereby regulating oxidative phosphorylation (Solmonson & 

DeBerardinis 2018). It has been reported that the overexpression of Pdhb was 

associated with the inhibition of cell proliferation and invasion in colon cancer (Zhu 

et al. 2017). Q99KI0, identified as aconitate hydratase (Aco2), catalyzing the 

interconversion of citrate to isocitrate in the second step of the TCA cycle, is an 

essential enzyme that bridges the TCA cycle and lipid metabolism (Ciccarone et al. 

2020). Knockdown of Aco2 in CRC cells promotes cell proliferation and tumor 

formation, while ectopic expression of Aco2 restrains tumor growth (You et al. 2021). 

Q3U6S1, vimentin (Vim), is positively correlated with the degree of malignancy of 

cancer cells, highly expressed in colorectal cancer cells (Wang et al. 2021b). Q3U7V7, 

profilin (Pfn1), is an indispensable and ubiquitously expressed actin-binding protein, 

and its expression was significantly upregulated in colorectal cancer tissues and cells 

(Huang et al. 2020b).  

 

 

6.3.2 Enrichment analysis of differentially expressed proteins 

 

 

The differentially expressed proteins between the combination and control groups  
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were annotated based on GO categories (biological process, cellular component, 

molecular function) and KEGG pathways to better understand the functions and 

characteristics of these proteins. According to the annotation of cellular components, 

the differentially expressed proteins were mainly localized in the myelin sheath, 

catalytic step 2 spliceosome, spliceosomal complex, mitochondrial matrix, and nuclear 

periphery (Figure 6.2A). mRNA binding, translation regulator activity, unfolded 

protein binding, single-stranded DNA binding, and actin binding were the most 

significant terms of enrichment from molecular function. Biological process 

enrichment analysis showed that the treatment of TQ-CaCO3np in combination with 

5-FU was primarily involved in RNA splicing, mRNA splicing, ribonucleoprotein 

complex biogenesis, mRNA processing, and cytoplasmic translation. Moreover, these 

proteins were annotated in 42 significantly enriched pathways in the KEGG database 

(Figure 6.2B). The top 10 pathways include carbon metabolism, citrate cycle (TCA 

cycle), biosynthesis of amino acids, spliceosome, glycolysis / gluconeogenesis, 

pyruvate metabolism, proteasome, 2-oxocarboxylic acid metabolism, Parkinson 

disease, and protein processing in endoplasmic reticulum.  
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Figure 6.2: (A) GO functional enrichment analysis of differentially expressed 

proteins, including biological process, cellular component, and molecular 

function, with the labeled number indicating protein number in each GO term; 

(B) KEGG pathway enrichment analysis of differentially expressed proteins, with 

the top 30 enriched pathways. 
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The functional annotation of differentially expressed proteins between the combination 

(TQ-CaCO3np and 5-FU) and control groups provides insights into the molecular 

mechanisms driving the enhanced anticancer effects observed in colon cancer cells. 

The localization of these proteins to critical cellular components such as the myelin 

sheath, catalytic step 2 spliceosome, spliceosomal complex, mitochondrial matrix, and 

nuclear periphery suggests that the combination therapy impacts essential cellular 

structures involved in maintaining cellular homeostasis and function (Bravo et al. 2013; 

Guerbette, Boudry & Lan 2022; Ivanova et al. 2023; Manabile et al. 2023; Sette & 

Paronetto 2022; Williamson & Lyons 2018). In terms of molecular function, the 

enrichment of terms such as mRNA binding, translation regulator activity, unfolded 

protein binding, and single-stranded DNA binding indicates a strong emphasis on 

managing gene expression and protein quality control. The involvement of unfolded 

protein binding highlights a possible unfolded protein response, which cancer cells 

often exploit to survive under stressful conditions such as chemotherapy (Zhang et al. 

2024). The biological process enrichment further strengthens the hypothesis that the 

combination treatment significantly impacts gene regulation. The involvement in RNA 

splicing, mRNA splicing, and ribonucleoprotein complex biogenesis suggests that the 

treatment may affect the post-transcriptional regulation of gene expression (Blijlevens, 

Li & van Beusechem 2021; O’Brien et al. 2018). Spliceosomal complexes, the key to 

RNA splicing, are often dysregulated in cancer, leading to alternative splicing patterns 

that promote tumorigenesis (Zhang et al. 2021). The effect on cytoplasmic translation 

indicates alterations in protein synthesis machinery, likely affecting cell growth and 

proliferation (Browning & Bailey-Serres 2015). Overall, the results suggest that the 

combined treatment exerts its anticancer effects by disrupting critical processes 

involved in RNA metabolism and protein synthesis, thereby impeding cancer cell  
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survival. 

 

Moreover, the KEGG pathway analysis identified significant enrichment in pathways 

related to carbon metabolism, glycolysis/gluconeogenesis, and the citrate cycle (TCA 

cycle), which are central to energy production and biosynthesis in cells (Icard et al. 

2021; Newman & Maddocks 2017). The involvement of pathways such as spliceosome, 

proteasome, and protein processing in the endoplasmic reticulum indicates that the 

TQ-CaCO3np and 5-FU co-treatment may also affect gene expression, protein 

degradation, and protein folding, contributing to its therapeutic efficacy (Schwarz & 

Blower 2016; Xie et al. 2020). The enrichment of pathways related to 

neurodegeneration and Parkinson's disease suggests potential off-target effects or 

broader impacts on cellular processes shared between colon cancer and 

neurodegenerative diseases (Wang et al. 2024). Remarkably, the treatment of TQ-

CaCO3np combined with 5-FU modulated the cell cycle and apoptosis pathways, in 

consistent with the previous finding that TQ-CaCO3np in combination with 5-FU 

induced cell cycle arrest and apoptosis in colon cancer CT26 cells. Collectively, these 

findings highlight the multifaceted nature of the effects of TQ-CaCO3np in 

combination with 5-FU on colon cancer cells, underscoring its potential to disrupt 

multiple pathways simultaneously, thereby enhancing its anti-colon cancer efficacy. 

 

 

6.3.3 Metabolite identification and multivariate analysis 

 

 

Typical 1H NMR spectra obtained from four groups, including the control, TQ-

CaCO3np, 5-FU, and combination (TQ-CaCO3np + 5-FU) groups, are displayed in 

Figure 6.3. A total of 26 metabolites were assigned, where all groups shared high 

similarity regarding identified metabolites while differing in peak intensity.  
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Subsequently, orthogonal partial least squares discriminant analysis (OPLS-DA) was 

performed to explore the metabolic changes induced by different treatments. In the 

OPLS-DA score plot (Figure 6.4, left panels), all pair-wise comparisons exhibited good 

group separation with a high coefficient of determination (R2) and good prediction 

accuracy (Q2). Model parameters of permutation analysis for pair-wise comparison 

indicated the good fit obtained by the model (Figure 6.4, right panels). 

 

 

 

Figure 6.3: Typical metabolic profiles revealed by 1H-NMR spectra. Assignments 

were made as labeled for each group. Spectral regions from 5.25 to 9.58 ppm were 

displayed with a different scale for visual convenience. Abbreviations were defined as 

follows: Ile, isoleucine; Leu, leucine; Lac, lactate; Thr, threonine; Ala, alanine; Ace, 

acetate; Pro, proline; NAG, N-acetyl glycoprotein; Gln, glutamine; GSH, glutathione; 

Glu, glutamate; Suc, succinate; Cr, creatine; PCr, phosphocreatine; PC, 

phosphocholine; Tau, taurine; Myo, myo-inositol; G, glycerol; Gly, glycine; Ser, serine; 

ATP, Adenosine 5'-triphosphate; Mal, malate; UDP-GlcA, UDP-glucuronate; Uk, 

unknown; For, formate.  
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Figure 6.4: OPLS-DA score plots (left panel) and corresponding permutation 

plots (right panel) derived from different comparison models based on 1H-NMR 

spectra.  
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The OPLS-DA score plots demonstrated clear group separation across all pair-wise 

comparisons, underscoring the distinct metabolic profiles induced by the control, 

individual treatments, and combination therapy. The high R2 and Q2 values indicated 

that the models generated from these comparisons were robust and reliable, reflecting 

true biological differences rather than random variation. In addition, the permutation 

analysis confirmed the validity of the OPLS-DA models, supporting the conclusion 

that the observed metabolic alterations are statistically significant and treatment-

specific. These findings suggest that the combination of TQ-CaCO3np and 5-FU 

induced unique metabolic shifts that could underlie its enhanced therapeutic efficacy. 

 

 

6.3.4 Differentially expressed metabolite screening and KEGG pathway 

enrichment 

 

 

The differentially expressed metabolites between the pair-wise groups were screened 

based on the VIP values from multivariate analyses and p values from univariate 

analyses. As illustrated in the volcano plot (Figure 6.5A), compared with the control 

group, 12 of the metabolites showed significant changes in the 5-FU group, whereas 

10 differentially expressed metabolites were screened in the TQ-CaCO3np group. 

Notably, 15 metabolites were significantly changed after treatment with TQ-CaCO3np 

combined with 5-FU, including higher levels of alanine, glutamate, N-acetyl 

glycoprotein, proline, adenosine 5'-triphosphate, UDP-glucuronate, glutathione, 

lactate, glutamine, threonine, and myo-inositol and lower levels of phosphocholine, 

glycerol, leucine, and isoleucine. Additionally, there were 4 differentially expressed 

metabolites between the combination group and 5-FU group and 12 metabolites 

changed significantly between the combination group and TQ-CaCO3np group. 

Further querying of the KEGG database revealed the differentially expressed  
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metabolites after the treatment of TQ-CaCO3np and 5-FU to be significantly associated 

with metabolic pathways such as ABC transporters, central carbon metabolism in 

cancer, protein digestion and absorption, aminoacyl-tRNA biosynthesis, mineral 

absorption, biosynthesis of amino acids, biosynthesis of plant secondary metabolites, 

alanine, aspartate and glutamate metabolism, glutamatergic synapse, and GABAergic 

synapse (Figure 6.5B).  
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Figure 6.5: (A) A volcano plot visualizing the differentially expressed metabolites 

among different groups, with labeled top 5 significantly expressed metabolites; 

(B) KEGG pathway enrichment analysis of differentially expressed metabolite, 

with the top 30 enriched pathways.  
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The increased levels of amino acids such as alanine, proline, glutamate, and glutamine, 

along with key energy-related metabolites such as adenosine 5'-triphosphate and 

lactate, indicate a heightened metabolic activity that could be linked to increased 

cellular stress or enhanced cancer cell death mechanisms (Jin et al. 2023; Patriarca et 

al. 2021). The reduction in branched-chain amino acids (isoleucine and leucine), 

glycerol, and phosphocholine further supports the disruption of essential metabolic 

processes critical for cancer cell survival and proliferation (Saito et al. 2022; Sivanand 

& Vander Heiden 2020). The KEGG database revealed that these differentially 

expressed metabolites are significantly associated with multiple metabolic pathways. 

For instance, the modulation of the ABC transporters pathway may reduce drug 

resistance, improving the ability of therapeutic agents to remain active within the cells, 

thereby enhancing treatment efficacy (Li et al. 2016). Increased activity in pathways 

such as protein digestion and absorption and aminoacyl-tRNA biosynthesis suggests 

that the treatment impacts protein synthesis, potentially reducing the ability of cancer 

cells to sustain rapid growth (Sung et al. 2022). Moreover, the changes in central 

carbon metabolism in cancer pathway indicate that the treatment targets the metabolic 

reprogramming cancer cells rely on, thereby limiting their ability to harness glucose 

and other nutrients for uncontrolled proliferation (Asai et al. 2020; Wong, Che & Ma 

2017). These findings reveal the potential of targeting multiple metabolic pathways 

simultaneously to disrupt the cell metabolism of colon cancer and improve therapeutic 

outcomes. 

 

 

6.3.5 Integrated analysis of proteomics and metabolomics and Elisa validation 

 

 

To identify the underlying regulatory mechanisms that the combination of TQ-

CaCO3np and 5-FU treated colon cancer, an integrated analysis of proteomics and  
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metabolomics was performed. Based on the KEGG database, there were total 60 co-

regulated pathways of differentially expressed proteins and metabolites (Figure 6.6A). 

A pathway enrichment analysis was conducted to further screen the significant 

regulated pathways and hub proteins and metabolites. As a result, 13 co-regulated 

pathways were enriched, where the most relevant to colon cancer and most 

significantly enriched pathways (p<0.01) were biosynthesis of amino acids, 2-

oxocarboxylic acid metabolism, and HIF-1 signaling pathway (Figure 6.6B). In the 

three key pathways, Aco2, pyruvate dehydrogenase E1 component subunit alpha, 

somatic form, mitochondrial (Pdha1), Pdhb, alanine, glutamate, proline, glutamine, 

threonine, ATP, and lactate were up-regulated following treatment with TQ-CaCO3np 

in combination with 5-FU in CT26 cells. In contrast, glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh), phosphoserine phosphatase (Psph), small ribosomal subunit 

protein eS6 (Rps6), leucine, and isoleucine were down-regulated. Among these, the 

changes in the expression level of the four proteins (Aco2, Pdhb, Gapdh, and Psph) 

were further analyzed in mice tumors treated with the combination of TQ-CaCO3np 

and 5-FU to validate the results in proteomic analysis in CT26 cells. As a result, the 

expression levels of Aco2 and Pdhb were up-regulated and those of Gapdh and Psph 

were down-regulated (Figure 6.6C), consistent with the results in proteomic analysis 

of CT26 cells.  
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Figure 6.6: (A) The Venn diagram of the KEGG pathway involved in the 

differentially expressed proteins and metabolites, where the overlap indicates the 

co-regulated pathways; (B) the enriched co-regulated pathways of the 

differentially expressed proteins and metabolites; (C) the relative expression 

levels of Aco2, Gapdh, Psph, and Pdhb in tumors detected by Elisa. *p<0.05, 

**p<0.01, ****p<0.0001. 

 

 

The findings of the integrated analysis underscore the positive impact of the treatment 

with TQ-CaCO3np in combination with 5-FU on colon cancer cells, particularly 

through the modulation of key metabolic pathways, as illustrated in Figure 6.7. The 

most significantly enriched pathways—biosynthesis of amino acids, 2-oxocarboxylic 

acid metabolism, and HIF-1 signaling pathway—demonstrate the potential of the co-

treatment for targeted metabolic intervention in colon cancer. In these pathways, the 

up-regulation of Aco2 and Pdhb can induce metabolic rearrangements and 

proliferation defects in cancer cells (Ciccarone et al. 2020; Zhu et al. 2017). Gapdh is 

a key enzyme that catalyzes the redox reaction in the glycolytic pathway by converting 

glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate, known as a housekeeping 

protein (Wang et al. 2023). Gapdh expression was reported to be significantly up-

regulated in colorectal carcinoma tissues and cells, thus the down-regulation of Gadph   
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indicates the inhibitive effects of TQ-CaCO3np combined with 5-FU on colon cancer 

development (Tang et al. 2012). Psph, an enzyme involved in the process of L-serine 

biosynthesis, plays a role in multiple aspects of cell behaviors such as proliferation and 

differentiation by producing precursors for the biosynthesis of diverse compounds 

including neurotransmitters, glycolipids, and thymidine (Huang et al. 2022). Psph is 

overexpressed in colon tumor tissues and positively correlated with depth of invasion 

and distant metastasis, suggesting that the down-regulation of Psph after the TQ-

CaCO3np and 5-FU co-treatment suppressed the progression and metastasis of colon 

cancer, supporting the findings in previous in vitro and in vivo studies (Sato et al. 2017). 

 

 

 

Figure 6.7: Illustration of the molecular therapeutic mechanism of the TQ-

CaCO3np and 5-FU combination for colon cancer. 

 

 

The decrease in leucine and isoleucine levels observed in CT26 cells following 

treatment with TQ-CaCO3np combined with 5-FU provides further insight into the   

© C
OPYRIG

HT U
PM



 

114 

metabolic disruption induced by this co-treatment. Leucine and isoleucine, as 

branched-chain amino acids, are essential for various anabolic processes, including 

protein synthesis and cellular energy production (Holeček 2018). Their reduced levels 

may reflect a suppression of these anabolic pathways, which are crucial for cancer cell 

growth and proliferation (Xu et al. 2023b). By limiting the availability of these 

branched-chain amino acids, the co-treatment may hinder the ability of CT26 cells to 

sustain their rapid growth, contributing to the overall anti-proliferative effects. 

 

 

6.4 Conclusion 

 

 

The comprehensive analysis of proteomic and metabolic alterations induced by the 

combination treatment of TQ-CaCO3np and 5-FU in colon cancer CT26 cells revealed 

a multifaceted disruption of critical metabolic pathways. The significant upregulation 

of hub proteins such as Aco2, Pdha1, and Pdhb underscores the importance of amino 

acid biosynthesis, 2-oxocarboxylic acid metabolism, and HIF-1 signaling in mediating 

the therapeutic effects. The increase in metabolites such as lactate and ATP in CT26 

cells following co-treatment with TQ-CaCO3np and 5-FU suggests that the 

combination therapy induced oxidative stress and metabolic strain, forcing colon 

cancer cells to upregulate compensatory pathways. The reduction in leucine and 

isoleucine levels, along with the downregulation of Gapdh, Psph, and Rps6, suggests 

that the combination therapy induces metabolic stress, impairing the ability of cancer 

cells to proliferate and survive. This metabolic vulnerability likely enhances the 

effectiveness of the treatment. The integration of proteomic and metabolomic data in 

this study elucidated the mechanisms underlying the combination therapy, 

demonstrating that TQ-CaCO3np combined with 5-FU is a promising therapeutic 

strategy for colon cancer.  
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CHAPTER 7 

CONCLUSION AND RECOMMENTDATION FOR FUTURE RESEARCH 

7.1 Conclusion 

 

 

In conclusion, this research has successfully developed and characterized porous 

CaCO3np derived from cockle shells as an innovative delivery system for the 

anticancer compounds 5-FU and TQ. By optimizing the loading process using a high-

speed homogenizer, the study achieved efficient encapsulation of both hydrophilic and 

hydrophobic compounds, demonstrating the potential for large-scale manufacturing. 

TQ-CaCO3np in combination with 5-FU exhibited a superior combination index value 

than 5FU-CaCO3np in combination with TQ, thus TQ-CaCO3np in combination with 

5-FU was further analyzed against colon cancer. The in vitro and in vivo studies 

consistently showed that TQ-CaCO3np significantly enhances the therapeutic efficacy 

of 5-FU, offering a synergistic effect that effectively inhibits colon cancer cell 

proliferation, migration, and tumor growth. Furthermore, the combination therapy not 

only improved the antitumor efficacy but also mitigated the toxic side effects typically 

associated with 5-FU, including immunosuppression and organ-specific toxicities. 

 

The mechanistic insights provided by the proteomic and metabolic analyses revealed 

that the combination of TQ-CaCO3np and 5-FU disrupts critical metabolic pathways 

in colon cancer cells, leading to increased cellular stress and vulnerability. These 

findings underscore the potential of TQ-CaCO3np as a novel and promising strategy 

for enhancing the efficacy and safety of conventional chemotherapy. Collectively, this 

research paves the way for the development of more effective and safer cancer 

therapies, with the TQ-CaCO3np and 5-FU combination holding significant promise  
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for future clinical applications in the treatment of colon cancer. 

 

 

7.2 Recommendation for future research 

 

 

Based on the promising findings of this study, future research should focus on further 

optimizing the TQ-CaCO3np and 5-FU combination therapy to maximize its 

therapeutic potential. One area of exploration could involve fine-tuning the 

nanoparticle formulation to enhance targeted delivery specifically to cancer cells, 

thereby reducing off-target effects and further minimizing toxicity. Investigating the 

therapeutic effects, pharmacokinetics, and biodistribution of TQ-CaCO3np and its 

combination with 5-FU in more complex animal models or patient-derived xenograft 

models with control groups could provide valuable insights into the behaviour of these 

nanoparticles in a more clinically relevant setting. 

 

Additionally, future studies should explore the underlying molecular mechanisms of 

the observed synergistic effects in greater detail. A deeper understanding of these 

mechanisms could facilitate the identification of biomarkers for patient stratification, 

helping to personalize treatment strategies for colon cancer. Expanding this research 

to include other types of cancer may also reveal broader applications for TQ-CaCO3np, 

potentially establishing it as a versatile platform for enhancing the efficacy and safety 

of various chemotherapeutic agents.  
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