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ABSTRACT 

Colorectal cancer (CRC), often known as colon cancer, typically originates as 

a benign polyp in the colon or rectum and spreads slowly over 10–20 years. About 

9.4% of cancer-related deaths in 2020 were caused by CRC. Survival rates from CRC 

are significantly affected by both recurrence and metastasis. In systemic therapy, the 

problem of non-targeted drug dispersion is of paramount importance. The main 

worries and key grounds for chemotherapy failure are side effects and resistance to 

medicines, both of which are caused by this lack of specificity. To tackle these 

challenges, polymeric nanoparticles (PNP) were developed as transporter devices for 

CRC therapy, with the ability to encapsulate diverse medications, shield therapeutic 

molecules, and give numerous advantages above their counterparts in bulk. To the 

extent of our information this is the first work to demonstrate that functionalized 

Polymeric nanoparticle loaded CAP and TQ can effectively be used as a synergistic 

combination to induce apoptosis, which could be used to kill off cancer cells. 

Aim  

This research aims to formulate a Nano-based drug delivery system targeting 

colorectal cancer. The objectives of the study are: 

1. To formulate, optimize, and evaluate pluronic polymer functionalized 

nanocarrier system loaded Capecitabine and Thymoquinone. 

2. To assess the anticancer activity of optimized formulation by conducting in 

vitro and in vivo studies. 
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Methodology 

To begin, polymer functionalization was used to synthesize galactosylated 

PLGA. Then, using the double emulsion solvent evaporation process, CAP and TQ-

loaded Galactosylated PLGA NP were created. Eudragit-S100 was employed as a 

coating polymer to deliver the medicine to the desired spot at the appropriate pH. 

Optimization was done using Design-Expert® software utilizing Box-Behnken 

design. Entrapment efficiency, particle size, shape, and zeta potential were all 

measured for the developed PNP. The optimized coated nanoformulation was tested 

in vitro for drug release and cell culture investigations were carried out on Targeted 

nanoformulation (T-NF) in comparison to Non-targeted nanoformulation (NT-NF) 

and pure CAP+TQ utilizing HT- 29 Colorectal cancer cell lines. Cytocompatibility, 

cytotoxicity, and cell uptake studies were carried out. T-NF was tested in vivo for 

pharmacological effect in DMH-induced colorectal cancer-bearing male Wistar rats. 

Results 

The spherical-shaped nanoparticles optimized (PNP9) batch had a mean 

particle size (PS) and zeta potential (ZP) of 161nm and +47.30 mV, respectively. 

After coating with Eudragit S-100 the PS and ZP changed to 183 nm and -25.2 mV 

respectively. The effectiveness of CAP and TQ entrapped inside the PNP was 84.92% 

and 87.01%, respectively. Eudragit-coated NP showed no drug release in an acidic 

medium whereas uncoated drug-loaded NP began to release the drug in the same. T-

NF (Eud-coated CAP and TQ-loaded Galactosylated PLGANP) showed better 

anticancer activity in HT-29 cell lines compared to non-targeted nanoformulation 

(Eud-coated CAP and TQ-loaded PLGANP). At a concentration of 3.125µg/mL, the 

T-NF exhibited a cell survival rate of 57%, while NT-NF and pure CAP+TQ 

demonstrated comparable efficacy with survival rates of 64% and 75% respectively. 
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When compared to the control (non-treated) a pharmacodynamic examination 

demonstrated a significant reduction in tumor growth and a considerable gain in body 

weight in T-NF-treated-CRC-bearing male Wistar rats. Histopathological study of 

cancer tissues from male Wistar rats revealed a substantial decrease in aberrant crypt 

foci in the same after treatment with T-NF. The findings of in vitro and in vivo 

experiments suggest that Eudragit-coated CAP and TQ-loaded Galactosylated- 

PLGANP is a potential drug delivery technology for CRC treatment by oral 

administration. 

Conclusion 

These findings indicated that the developed Targeted Nano delivery can 

effectively target colon cancer. Fundamentally, the application of an intricately 

crafted PNP system exhibits substantial potential in the domain of averting and 

managing CRC through the utilization of TQ, which has demonstrated encouraging 

synergistic outcomes with CAP. 

Keywords: Capecitabine; Thymoquinone; Colorectal cancer; PLGA; Polymeric 

nanoparticles; Galactosylation; Eudragit; Targeted Nanoformulation 
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1. INTRODUCTION  

1.1    BACKGROUND 

Colorectal cancer: 

Colorectal cancer (CRC), often known as colon cancer, typically originates as 

a benign polyp in the colon or rectum and spreads slowly over 10–20 years to become 

the third most common and second deadliest form of the disease. About 9.4% of 

cancer-related deaths in 2020 were caused by CRC. Survival rates from CRC are 

significantly affected by both recurrence and metastasis. Chemotherapy persists as 

one of the frequently employed and effective approaches for managing CRC (1,2). In 

systemic therapy, the problem of non-targeted drug dispersion is of paramount 

importance. To attain therapeutic levels of an anticancer agent in cancer tissue, 

chemotherapy often results in widespread infection throughout the body. The main 

worries and key grounds for chemotherapy failure are side effects and resistance to 

medicines, both of which are caused by this lack of specificity (3). 

To tackle these challenges, polymeric nanoparticles (PNPs), were developed 

as transporter devices for CRC therapy, with the ability to encapsulate diverse 

medications, shield therapeutic molecules, and give numerous advantages above their 

counterparts in bulk. Modern methods are focused on slowing down the removal 

process by modifying the nanocarrier surface by incorporating hydrophilic surface 

features, rendering them invisible to the reticuloendothelial system (RES) cells. These 

characteristics make polymeric NPs a potentially more attractive therapeutic option 

than standard cancer treatments (4). Improved in vivo navigation and extended release 

of anticancer drugs are two additional benefits of surface modification using targeted 
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ligands like Poly Lactic-co-Glycolic Acid (PLGA). For sustained drug administration 

with little nanoparticle (NP) bioaccumulation, certain amphiphilic polymers like 

poloxamer boast desirable functional properties such as biodegradability and 

hydrophilic/hydrophobic domains. 

Given the propensity of numerous medications to exhibit dose-limiting 

toxicity or inadequate selectivity towards the intended organ or tissue, the 

administration of drugs poses a formidable challenge in the realm of clinical 

advancement. Given the remarkable ability of NPs to traverse blood vessels and cell 

membranes, it is evident that they possess considerable promise as carriers for 

therapeutic agents. To achieve both selectivity and efficiency, one may consider the 

prospect of designing moieties containing NP structures that possess the capacity to 

be duly recognized by proteins expressed within specific target cells. The 

incorporation of numerous pharmaceutical agents for synergistic treatment or a wide 

array of therapeutic approaches represents one of the myriad advantages stemming 

from the utilization of NP-based drug targeting (5). 

Furthermore, the NPs for drug targeting not only enhance the therapeutic 

index of the drug but also encompass the myriad advantages associated with drug 

carrier systems. These advantages encompass the amalgamation of multiple drugs for 

combination therapy or diverse therapeutic modalities, meticulous administration of 

medication, the ability to accommodate hydrophobic drugs, safeguarding against drug 

degradation, and mitigating systemic toxicity by impeding the drugs' accessibility 

within the bloodstream. Henceforth, the principle research goal was to devise a novel 

form of NP possessing augmented targeting specificity towards colorectal cancer, 

employing the utilization of pluronic polymers. The study's hypotheses were 

substantiated by both in vitro and in vivo investigations. 



Introduction 

 

 Page 3 
 

THYMOQUINONE 

The botanical specimen known as black cumin, scientifically referred to as 

Nigella sativa, harbors within its composition a phytochemical entity denoted as 

Thymoquinone (TQ), which is the abbreviated form of 2-methyl-5-isopropyl-1,4-

benzoquinone, as visually represented in Figure 1. Throughout the annals of history, 

this particular molecular entity has been harnessed for its therapeutic properties, 

serving as a cornerstone in the realm of medicinal practices for countless 

generations.  The compound known as TQ exhibits a plethora of remarkable 

attributes, including but not limited to its anti-oxidative, anti-inflammatory, 

hepatoprotective, neuroprotective, anti-carcinogenic, anti-ulcerative, and various 

other therapeutic properties (6). Through the stimulation of reactive oxygen species 

(ROS) generation, infliction of Deoxyribonucleic acid (DNA) harm, 

immunomodulation, regulation of signaling pathways, inhibition of nuclear factor 

kappa B (NF-B) activation, and initiation of autophagy, TQ effectively instigates 

apoptosis in malignant cells (7). The demonstrated properties of TQ encompass its 

anti-oxidant and chemopreventive attributes, which have been observed in normal 

cellular contexts. The observed similarities in the efficacy of TQ and 5-fluorouracil 

(5-FU) in terms of their cytotoxicity against SW-626 human colon cancer cells and 

their capacity to disrupt intercellular metabolic pathways are noteworthy. Moreover, 

it has been observed that TQ exhibits a propensity to augment the apoptotic efficacy 

of 5-FU in gastric cancer cells both in laboratory settings in vitro and in vivo. Upon 

subjecting the SK-OV-3 ovarian cancer cell line to rigorous examination, it was 

observed that the amalgamation of TQ, 5-FU, and epigallocatechin-3-gallate 

exhibited the most potent anticancer properties (8). The synergistic integration of TQ 

in a cell-line-specific fashion amplifies the anticancer potency of the 
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chemotherapeutic agent doxorubicin (9). The synergistic utilization of cisplatin and 

TQ has demonstrated remarkable efficacy in surmounting cisplatin resistance, 

particularly in the context of non-small cell lung cancer (NSCLC) cell lines and the 

mice xenograft model (10). The compound known as TQ exhibits a plethora of 

biological properties, including but not limited to its role as an antioxidant, 

antibacterial agent, anti-cancer agent, and nephroprotective agent (Figure 2). 

 

Figure 1: Chemical structure of Thymoquinone 

The chemical properties of TQ and its limited ability to penetrate cellular 

membranes impose constraints on its potential utilization in human contexts. The 

hydrophobic nature of this chemical compound serves to diminish its solubility and 

bioavailability. A remarkable novel approach to the distribution of TQ has surfaced 

with the introduction of NPs; this particular strategy holds the promise of 

substantially enhancing bioavailability. The findings of the study revealed the 

presence of stability, enhanced bioavailability, and sustained anticancer efficacy in 

liposomes loaded with TQ, as well as in liposomes loaded with TQ and modified 

with Triton X-100 (11). The anti-proliferative, anti-inflammatory, and 

chemosensitizing properties of TQ are significantly enhanced when it is 

encapsulated within NPs, achieving an impressive efficiency rate of 97.5%. This 

encapsulation is achieved using a biodegradable nanoparticulate formulation that is 
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primarily composed of PLGA, a polymer, and is further stabilized with 

polyethylene glycol (PEG)-5000 (12). The synergistic potential of TQ in 

conjunction with other chemotherapeutic agents has been demonstrated to enhance 

its anticancer properties. Due to its limited solubility, susceptibility to thermal and 

photonic influences, as well as its diminished systemic bioavailability, the 

utilization of TQ in the realm of cancer therapy remains relatively infrequent. 

Nevertheless, this particular approach holds the potential to surmount the 

aforementioned impediments (13). 

 

Figure 2: Thymoquinone's Biological Effects 
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CAPECITABINE 

The anticancer agent Capecitabine (CAP), is a hydrophobic fluoropyrimidine 

carbamate (Figure 3). It functions as a precursor to both 5′-deoxy-5-fluorouridine 

(5′-DFUR) and 5-FU. It was devised and developed specifically to overcome some 

of 5-FU's deficiencies and to mimic the infusional administration of 5-FU without 

the complexity. After being taken in whole, CAP undergoes a series of enzymatic 

reactions to become its active metabolite. In addition to 5-fluoro-2-deoxyuridine 

monophosphate (FdUMP), 5-fluorouridine triphosphate (FUTP) is also an active 

metabolite of 5-fluorouridine. Thymidine phosphorylase, an enzyme necessary for 

the final step, has been demonstrated to be present in more concentrations in cancer 

tissue than in normal tissue, which might provide tumor selectivity (14). There are 

two potential mechanisms for cellular damage: 

• The N5-10 methylenetetrahydrofolate, which serves as a vital cofactor for the 

enzymatic activity of thymidylate synthase, becomes covalently linked to the 

FdUMP molecule. This intricate mechanism impedes the transformation of 

uracil into thymidylate. Thymidylate plays an indispensable role in the 

process of DNA synthesis, as it undergoes a crucial conversion into 

thymidine triphosphate. The process of cell proliferation can indeed be 

effectively suppressed through strategic interference with the said procedure. 

• The replacement of FUTP with uridine triphosphate in Ribonucleic acid 

(RNA) molecules induces a disturbance in the intricate processes of 

ribosomal and messenger RNA processing within the nucleus, thereby 

impeding cellular proliferation.               
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Figure 3: Chemical structure of Capecitabine 

Furthermore, the aforementioned pharmaceutical substance has been duly 

sanctioned for administration as a solitary therapeutic agent in individuals afflicted 

with metastatic breast carcinoma, who have exhibited a diminished response to 

treatment regimens involving both anthracycline and paclitaxel. Additionally, it is 

authorized for employment in conjunction with docetaxel after an unsuccessful 

course of antecedent chemotherapy reliant on anthracycline. Patients diagnosed with 

prostate, pancreatic, renal cell, and ovarian cancer have also experienced favorable 

outcomes through the utilization of both single-agent and combination therapeutic 

regimens. This is primarily attributed to its enhanced tolerability and comparable 

efficacy when compared to the conventional combination of FU/leucovorin (LV) and 

its oral administration route. Nevertheless, to maintain the desired concentration, it is 

imperative to administer a high dosage of 1250 mg/m2 b.i.d., owing to the 

compound's notably brief half-life of 0.51 hours. Frequently, it becomes imperative 

to interrupt the course of treatment owing to the emergence of side effects stemming 

from the administration of a substantial dosage, including but not limited to 

dermatitis and hand-foot syndrome (15,16). The strategies elucidated in the research 

will enable you to surmount these challenges. 
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Colon-targeted drug delivery system (CTDDS) 

The utilization of the colon as a means for the administration of medication 

can be employed for either local or systemic purposes. Nevertheless, it is plausible to 

mitigate systemic adverse effects and enhance therapeutic efficacy through targeted 

administration of medications specifically to the colon. To safeguard the integrity of 

the bioactive agent until it reaches the colon, it is imperative for CTDDS to 

effectively impede the absorption of the drug within the stomach and small intestine. 

The controlled liberation and subsequent assimilation of the bioactive agent ought to 

transpire solely upon the attainment of the colonic region by the system. In recent 

times, there has been a notable surge in the significance attributed to oral colon-

targeted drug delivery systems, which have emerged as a pivotal means of 

administering a diverse array of therapeutic medications (17,18).  

When orally administered, medications are strategically directed towards the 

colon, thereby circumventing the processes of degradation and release that typically 

occur within the confines of the stomach and small intestine. Furthermore, it ensures 

the prompt or gradual dissemination of medication within the proximal region of the 

gastrointestinal tract. Numerous drug delivery systems have been devised, each 

exhibiting the capacity to administer a predetermined dosage of medication to the 

colon, subsequently initiating the controlled liberation of the therapeutic compound. 

Colonic microflora diligently synthesizes a multitude of intestinal enzymes, which 

are then strategically utilized to initiate the controlled liberation of medication at 

distinct junctures within the intricate gastrointestinal milieu. To liberate a 

pharmaceutical agent from its prodrug form, specific enzymes are employed to 

catalyze the hydrolysis of chemical linkages connecting an inactive carrier molecule 
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with the biologically active constituent (19,20). 

Maximizing the proximity of the medication to the intended sites of 

physiological action, while ensuring its structural integrity, serves to mitigate the 

incidence of untoward secondary effects. Moreover, the potential to reduce the 

customary dosage represents merely one of the manifold therapeutic advantages 

associated with the targeted delivery of pharmaceutical agents to the colon. The 

utilization of prodrug synthesis, pH-responsive polymer coatings, biodegradable 

polymer coatings, polysaccharide-based formulations, sustained-release mechanisms, 

pressure-regulated drug delivery systems, and osmotic pressure-controlled systems 

exemplify a plethora of approaches and methodologies accessible to achieve targeted 

drug delivery to the colon (21,22). This investigation has primarily centered around 

two distinct methodologies: the prodrug strategy and the implementation of pH-

sensitive polymer coatings. CAP is a prodrug necessitating conversion into its active 

moiety, 5FU. This approach, commonly referred to as the prodrug methodology, has 

already been expounded upon. The fabrication of coatings was achieved through the 

utilization of a polymer with pH-responsive properties, commonly referred to as 

Eudragit-S100. The utilization of a pH gradient spanning from the gastric region (1.5-

3.5) to the duodenum (5.5-6.8) and subsequently extending to the colon (6.4-7.0) is 

being harnessed in this context. By encapsulating the pharmaceutical compound 

within the eudragit-S100 polymer, which exhibits selective degradation solely within 

the colonic region, the bioactive substance can be effectively conveyed to the colon 

while evading absorption within the proximal segments of the gastrointestinal tract 

(23–25). 
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Polymer functionalization (Galactosylation) 

The biocompatibility and uptake efficiency of these nanotechnologies is 

believed to be primarily influenced by their physicochemical characteristics, 

including surface composition, superficial charge, size, and shape. Given the 

inherent modifiability of the physicochemical properties of NPs, it is plausible to 

assert that the surface of NPs can be subjected to functionalization processes. 

Such functionalization endeavors aim to enhance the biocompatibility of NPs and 

augment their efficiency in terms of cellular uptake. Given that the toxicity and 

absorption of NPs are significantly impacted by the surface composition of said 

NPs, it becomes evident that altering the surface of these particles presents a 

formidable approach to tackle these issues. Surface functionalization is a 

transformative procedure that enhances the suitability of NPs for medicinal 

applications. Various techniques exist for the modification of NP surfaces, 

encompassing both non-covalent and covalent conjugation methods (26,27). PEG 

and PLGA are widely recognized as two of the most prominent compounds 

employed for surface functionalization of NPs in both in vitro and in vivo 

applications. The synthesis of galactosylated PLGA NPs was conducted in a prior 

investigation to facilitate the oral administration of resveratrol. The findings of 

the study revealed a substantial enhancement in oral bioavailability upon 

administration, primarily attributed to the augmented permeability of these NPs 

within the intestinal region (28). The process of synthesizing galactosylated 

polymer entails the covalent linkage of D-galactose units to a polymer substrate, a 

chemical transformation commonly referred to as Galactosylation. The benefits of 

Galactosylation are outlined in further detail below (29). 
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• Directing the drug to a certain organ and boosting its biodistribution 

throughout the body. 

• Facilitating increased transmembrane penetration. 

• Lowering clearance rates and improving metabolic stability. 

• The high specificity for target cells and the high productivity for 

standardization make this a promising strategy for cell-selective 

targeting. 

• Keeping the drug's physicochemical qualities stable. 

• Better solubility in water and mucoadhesion. 

• Reduced systemic toxicity and cell compatibility 

• Galactose-mediated endocytosis is used for delivering the medication. 

Pluronics® 

Poly (ethylene oxide) (PEO) and poly (propylene oxide) (PPO) block 

copolymers, colloquially referred to as Pluronic® and Poloxamers (Figure 4), 

exhibit amphiphilic properties and possess advantageous association and 

adsorption capabilities. One of the notable advantages conferred by these 

structures lies in their capacity to engage in interactions with hydrophobic 

substances and biological membranes. Due to its inherent low toxicity and the 

myriad of desirable physiological attributes, these substances prove to be highly 

advantageous across a diverse range of applications (30,31). Poloxamers of 

varying proportions of EO (x) to PO (y) moieties exhibit discernible HLB 

(hydrophilic-lipophilic balance) characteristics (32). Given the wide array of 

commercially accessible variants and the notable instances of regulatory 

endorsement for pharmaceutical utilization, formulators possess the capacity to 
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seamlessly transition from rudimentary investigative endeavors to the realm of 

therapeutic applications (33). The utilization of Pluronic F127 (PF-127) in the 

current experimental investigation stems from its status as a nonionic polymer 

surfactant that possesses both safety and efficacy. Due to its potential as a viable 

medium for the targeted transportation of therapeutic agents to combat a diverse 

array of ailments, it has garnered considerable attention (33). The benefits of 

poloxamer are as follows (34,35). 

• Due to their amphiphilic architectures and surfactant behavior, they can 

increase the solubility of hydrophobic surfaces in water.  

• In addition, compounds of varying hydrophobicity can be made more 

miscible.  

• They are employed as suspension stabilizers, solubilizers for hydrophobic 

medications, and emulsifiers. 

• These chemicals are not immunogenic and have a low toxicity profile. 

• By altering the surface of hydrophobic drug carriers, "stealth" particles 

can be created that are undetectable by macrophages (MPs) and so extend 

the carriers' limited lifetime. 

 

Figure 4: Chemical structure of Pluronic 
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POLYMERIC NANOPARTICLES (PNP) 

Highly Porous NPs can be categorized based on their morphology, size, 

composition, and physicochemical attributes. While they are technically defined 

as having a size of less than 100 nm, it is worth noting that structures up to 300 

nm in size are commonly encompassed within this classification. Polymers, being 

versatile macromolecules, can manifest in two distinct forms: natural or synthetic. 

These entities, in their essence, assume the guise of colloidal systems, thereby 

exhibiting intriguing properties and behaviors. In contrast to alternative 

nanocarriers such as liposomes, micelles, and inorganic nanosystems, they offer a 

plethora of advantageous attributes. The colloidal entities known as biodegradable 

PNPs encompass a genetic material of significance encapsulated within a 

biodegradable polymer matrix (36,37). These NPs are fashioned from 

biocompatible and biodegradable polymers such as PLGA or polylactide (PLA), 

both of which have obtained the sanction of the esteemed Food and Drug 

Administration (38). 

PLGA represents a distinguished polyester copolymer synthesized through 

the amalgamation of polylactic acid and polyglycolic acid. Regarding the 

administration of pharmaceutical substances, it can be asserted that this particular 

biomaterial currently holds the most comprehensive and precise characterization 

within the existing market. PLGA has garnered considerable attention within the 

scientific community owing to its extensive investigation as a biodegradable 

copolymer (39,40). This copolymer, upon degradation, transforms into innocuous 

entities, namely water and carbon dioxide, which are naturally expelled from the 

human body. These mechanisms can impede the degradation of drug moieties, 
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thereby facilitating a more consistent and controlled release of the medication. 

Cytotoxicity may also be elicited by PLGA NPs, which, after endocytosis, 

localize within the lysosomes. Within this intracellular compartment, they have 

the potential to inflict harm upon the lysosomal membrane and incite its 

activation. The intricate networks of cellular communication govern the process 

of apoptosis (41,42). 

There are numerous strategies available through which biodegradable 

PNPs can effectively accomplish anti-cancer targeting. This encompasses the 

intricate process of employing ligand-mediated targeting mechanisms, facilitating 

the transportation of therapeutic agents across the endothelial barrier to the tumor 

site, and subsequently administering them directly to the neoplastic cells within 

the circulatory system (43). Figure 5 exemplifies the significance of both passive 

and active targeting mechanisms in facilitating the efficient delivery of NPs to 

cancerous sites. 

 

Figure 5: NP delivery systems via passive and active targeting 
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PNPs exhibit remarkable characteristics, such as exceptional stability in 

biological fluids, a wide array of available polymers, the potential for surface 

functionalization, and the ability to regulate polymer degradation and controlled 

release of encapsulated substances in response to various stimuli. In pursuit of 

augmenting the antitumor efficacy, inhibiting metastasis, and mitigating the 

effective dosage and untoward consequences, numerous chemotherapeutic agents 

have been integrated within polymeric delivery systems (44). The distinctive 

characteristics of biodegradable PNP systems include diminished systemic 

toxicity and a predilection for altering drug-release kinetics. These systems 

typically undergo fragmentation into oligomers and monomers before being 

metabolized and eliminated from the body through regular physiological 

pathways. The loading and entrapment efficiency (EE) of therapeutic agents 

within the NP core is influenced by various factors, including the properties of the 

drug and polymer, the choice of solvent, and the specific encapsulation process 

employed (45,46). Figure 6 exhibits a multitude of PNP preparatory 

methodologies, while Figure 7 elucidates the application of PNP within the realm 

of medicine. 
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Figure 6: Polymeric Nanoparticle Preparation Strategies 

 

 

Figure 7: Medical applications of PNP 
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Biodegradable PNPs’ advantages: 

• Due to their high loading efficiency, increases their ability to target tumors. 

• Increased antitumor efficacy is achieved through triggered release inside 

tumors.  

• Also has a shielding effect, preventing the medications from being quickly 

cleared by the liver, kidney, and reticuloendothelial system.  

• This keeps the pharmaceuticals stable and increases their specificity for their 

intended targets. 

• Have superior biodegradability and biocompatibility to other drug delivery 

systems while also being non-toxic, non-immunogenic, easily synthesizable, 

inexpensive, water-soluble, and safe. 

• With excellent stability, pinpoint accuracy, a large drug-carrying capacity, 

and the ability to modulate drug release. 
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1.2 LITERATURE REVIEW 

Hirsch et al., (2011) focused on CAP for several off-label uses, such as in the 

treatment of rectal cancer as a neoadjuvant therapy and in the management of 

advanced or metastatic colorectal cancer. In sum, researchers found that CAP is a 

promising first step towards replacing infusion therapies with oral ones for CRC and 

other malignancies. Also examined current CRC screening and treatment methods, 

with a primary emphasis on the theranostic strategy of nanotechnology for CRC 

therapy along with its potential. The purpose of this review was twofold: first, to 

inform readers about the progress of nanotechnology in CRC, and second, to get 

them thinking about new methods of therapy that could make use of nanotechnology 

(47). 

Thiruppathi et al., (2016) analysis revealed that Via surface modification, 

functionalization improves the qualities and attributes of NPs, allowing them to play 

a significant role in the medical area. High-contrast, high-quality functional pictures 

are essential for molecular imaging due to the importance of correct distinction. This 

paper looks at how functionalization improves molecular imaging and makes 

multimodal imaging possible, allowing for the creation of images that combine the 

capabilities of different imaging modalities. This also explains how functionalizing 

NPs with molecules enables them to specifically target the cells of interest through 

molecular-level interactions (26). 

Chu et al., (2017) The biocompatibility and liver-targeting efficacy of SDF-1-loaded 

galactosylated chitosan (GC) NPs synthesized through the electro spraying method 

were tested. After injection, GC NPs accumulated significantly in liver tissue, 

demonstrating uniform distribution, strong biocompatibility, and a liver targeting 
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effect that hinted at the delivery system's potential (48). 

Raikar et al., (2022) define pluronic as a medical polymer and provide a more in-

depth discussion of the present pluronic drug delivery mechanisms. Based on 

pluronic formulations, this review also has explained the hydrophobic payload 

formulations and updated, tailored dispersion methods (35). 

Zhang et al., (2016) looked into how TQ affects colon cancer cells and the 

underlying molecular mechanisms. Treatment with TQ dramatically lowered cell 

viability in COLO205 and HCT116 cells in a dose-dependent fashion, as measured 

by a Cell Counting Kit-8 test (49). 

Odeh et al., (2018) examined the efficacy of TQ in conjunction with melatonin 

(MLT) against a mouse model of breast cancer. TQ and MLT together have a 

synergistic effect and potent anticancer action (13). 

Ramzy et al., (2020) examined the task of fabricating polymeric nanocapsules, both 

anisamide (AA) conjugated and non-conjugated, that were loaded with TQ to 

specifically target colon cancer. Eudragit-S100 was employed in the synthesis 

process. The results demonstrated that (AA) conjugated nanocapsules exhibited a 

greater degree of cytotoxicity against HT-29 cells after a 48-hour incubation period, 

in comparison to the non-conjugated counterparts and free TQ inferring that the 

utilization of these nanocapsules could potentially enhance the efficacy of treatment 

(49).  

Siu et al., (2018) To boost the bioavailability and pharmacological efficacy of 

Resveratrol (RES), the present study used nanocarriers in combination with ligand 

(galactose) anchoring for oral delivery. The bioavailability of galactosylated NP was 
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shown to be improved by their capacity to be taken up by cells and delivered into the 

enterocytes (50). 

Wu et al., (2020) engineered PLGA NPs with epidermal growth factor (EGF) 

functionalization and co-loaded them with 5Fu and perfluorocarbon (PFC) to treat 

colon cancer selectively. Histopathological examination added further proof that 

EGF-targeted NPs slowed tumor development more effectively than conventional 

therapies. PFC's ability to bring oxygen to tumors is what allowed for the 

considerable improvement in treatment outcomes seen in this study (51). 

Jenna et al., (2022) studied the delivery of Cap-loaded PLGA NPs in HT-29 cell 

lines boosting anticancer activity.  Increased bioavailability and markedly increased 

cytotoxic capability were seen in the optimized PLGA-based NPs compared to the 

pure drug (52). 

Rahman et al., (2017) conducted a comprehensive investigation into the intricate 

interplay between pharmacokinetics and pharmacodynamics in the context of 5-FU-

loaded Eudragit-S100 encapsulated colon-specific sodium alginate microspheres in a 

rat model. The findings of this study led to the compelling conclusion that these 

microspheres effectively facilitated the targeted delivery of 5-FU to colonic tissues, 

while simultaneously mitigating the occurrence of undesirable systemic side effects 

(53). 
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1.3 JUSTIFICATION 

The administration of medication via parenteral routes and the utilization of 

chemotherapeutic agents have established methodologies in the management of 

colorectal cancer. However, it is important to acknowledge that these approaches are 

not without their limitations, as they are associated with dose-dependent toxicities 

and undesirable adverse reactions. There has been a surge of contemporary scholarly 

attention towards the utilization of the colon as a prime locus for pharmaceutical 

conveyance, owing to its perceived potential as a highly auspicious alternative 

avenue of drug administration utilizing NPs which presents a multitude of benefits 

when compared to conventional methodologies. These advantages encompass 

enhanced stability and specificity, augmented capacity for drug transportation, 

regulated release, diverse administration routes, and the capability to convey both 

hydrophilic and hydrophobic pharmaceutical agents. 

Despite the considerable efficacy of the two anticancer agents, namely TQ 

and CAP, their administration is beset by a myriad of complexities. These 

complexities arise from various factors, such as the hydrophobic nature of the drugs, 

their susceptibility to light and thermal instability, and the notably brief half-life of 

CAP. The latter necessitates the administration of a high dosage, thereby 

engendering dose-dependent toxicities. The conventional administration of CAP has 

been associated with myelosuppression and liver dysfunction due to the drug's 

susceptibility to normal tissue. Consequently, it is imperative to develop an optimal 

Nano carrier system that specifically targets the colon, thereby enhancing the 

bioavailability of therapeutic agents, minimizing undesirable side effects, and 

fostering enhanced adherence among patients. 
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 The primary objective of this study was to ascertain a methodology for 

augmenting the pharmacological efficacy of both medications, while concurrently 

mitigating the probability of drug resistance. This was achieved by devising a 

strategy involving the utilization of polymer-functionalized Pluronic NPs as carriers, 

which exhibited remarkable proficiency in precisely targeting the colon. The 

therapeutic efficacy of the medication will be augmented as a result of the utilization 

of polymeric NPs, which will facilitate the targeted delivery of the pharmaceutical 

agent to the desired anatomical site. 

 The incorporation of Pluronic into the nanoformulation (NF) will confer 

enhanced hydrophilicity to the medications. One of the advantages conferred by 

these shapes is their capacity to engage in interactions with hydrophobic compounds 

and biological membranes. Furthermore, the incorporation of the galactosylated 

polymer enhances the biodistribution within various tissues, facilitating the targeted 

delivery of therapeutic agents to activated colonic macrophages through the process 

of galactose receptor-mediated endocytosis. This mechanism not only ensures 

efficient drug uptake but also contributes to the preservation of the physicochemical 

stability of the drug formulation. Pluronics, in addition, will facilitate the concurrent 

administration of both pharmaceutical agents, thereby enabling a synergistic impact 

employing precise localization within cells or tissues. 
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1.4 OBJECTIVES AND PLAN OF WORK 

AIM  

To formulate a Nano-based drug delivery system targeting colorectal cancer. 

OBJECTIVE 

1. To formulate, optimize, and evaluate pluronic polymer functionalized 

nanocarrier system loaded Capecitabine and Thymoquinone. 

2. To assess the anticancer activity of optimized formulation by conducting in 

vitro and in vivo studies. 
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STUDY PLAN  

 
Pre-formulation Study 

 

Galactosylation of PLGA 
 

Preparation and Optimization of PNP 
 

Coating of optimized PNP 
 

Optimization of PNP 
 

In vitro drug release study 
 

Stability study  
 

In vitro and in vivo anticancer study 
 

Statistical Analysis 
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2. MATERIALS AND METHOD 

Table 1: List of Equipment, Instruments, and Devices used 

Sr.No. Name Model Make 
1 Electronic balance AUW 220D Shimadzu 
2 Magnetic stirrer RCT Basic IKA 
3 FTIR IR Affinity-1S Shimadzu 

4 
Differential scanning 

calorimetry 
DSC-60 Shimadzu 

5 
High-performance liquid 

chromatography 
LC-20AD Prominence Shimadzu 

6 pH meter Cyber Scan pH 510 Eutech 
7 Homogenizer T25 digital Ultra Turax IKA 

8 Probe sonicator 
Rivotek™ Ultrasonic 

sonicator 
Riviera Glass Pvt. 

Ltd 
9 Bath sonicator CPX 1800 H-E Branson 

10 Stability chamber REMI U-tech 
R A scientific 
instruments 

11 
High resolution-transmission 

electron microscope 
TEM, 2100 Jeol 

12 Zetasizer Nano ZS 
Malvern 

instruments 

13 
High-speed refrigerated 

Centrifuge 
Floor model 7000 Kubota 

14 Homogenizer RQT-127A 
Remi Laboratory 

Instruments 
15 Fluorescence microscope BX41 Olympus 
16 Ultra-low temperature freezer U410-86 New Brunswick 
17 Freeze dryer Alpha 1-2 LD plus Christ 
18 CO2 incubator Galaxy 170R New Brunswick 

19 Microliter plate reader Lisa Plus 
Rapid Diagnostic 

Pvt. Ltd. 
20 Microcentrifuge Spinwin MC-02 Tarson 
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Table 2: List of Chemicals, APIs, Reagents, Polymers and solvents used  

Sr.No. Name Purpose Supplier 

1 Capecitabine Formulation API 
Sigma, Aldrich, 
Bangalore, India 

2 Thymoquinone Formulation API 
Sigma, Aldrich, 
Bangalore, India 

3 PLGA Polymer 
Sigma, Aldrich, 
Bangalore, India 

4 Pluronic F-127 polymer Sigma Aldrich, USA 
5 Potassium dihydrogen phosphate chemical Merck, India 
6 Galactose polymer Innovative, India 
7 Sodium hydroxide chemical Merck, India 

8 Doxorubicin 
API as standard 

for cell line study 
Sigma Aldrich, USA 

9 Mannitol cryoprotectant 
Himedia Laboratories, 

India 

10 
3-(4,5-dimethylthiazol-2-yl)- 

2,5-diphenyl tetrazolium 
bromide (MTT) 

Cell line assay Sigma Aldrich, USA 

11 Ethidium bromide 
Chemical for cell 

line study 

Sisco Research 
Laboratories Pvt. 

Ltd, India 

12 Acridine orange 
Chemical for cell 

line study 
Himedia Laboratories, 

India 

13 
4',6-Diamidino-2-phenylindole 

(DAPI) 
Cell line study Sigma Aldrich, USA 

14 Dimethyl sulfoxide Cell line study Qualigens, India 
15 Methane Sulphonic acid Chemical Visso Trading Co. India 
16 N, N dimethylformamide chemical Visso Trading Co. India 
17 Acetonitrile solvent Fisher Scientific, India 
18 Methanol solvent Fisher Scientific, India 
19 Chloroform chemical Fisher Scientific, India 

20 Eudragit-S100 coating 
Himedia Laboratories, 

India 

21 Paraformaldehyde chemical 
Himedia Laboratories, 

India 
22 Fetal bovine serum Cell line study Gibco, USA 

23 
Dulbecco’s modified Eagle’s 

medium (DMEM) 
Cell line study Gibco, USA 

24 Ethyl acetate solvent 
Himedia Laboratories, 

India 
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2.1 An Innovative Reverse Phase High-Performance Liquid Chromatography 

(RP-HPLC) Approach to Quantifying CAP and TQ simultaneously 

The experimental protocol, known as the chromatographic procedure CTO-

10AS, was meticulously devised employing sophisticated equipment including a 

binary pump LC-20 AD, a degasser DGU20A5, a UV-Vis detector, and a column 

oven CTO-10AS. These instruments were integrated into a Shimadzu Prominence 

HPLC-20 AT system, which was operated using the LC Solution 1.25 program. This 

comprehensive setup was employed to unravel and scrutinize the obtained data. The 

process of chromatographic separation and subsequent analysis was carried out 

utilizing the analytical column known as Luna C18, which possessed dimensions of 

250× 4.60 mm and a particle size of 5 µm. A nylon filter, possessing a membrane 

thickness measuring 0.22 microns, was employed to filter the mobile phase. The 

utilization of an Ultrasonic Bath Sonicator was employed to degas the mobile phase. 

The direct-Q3 water purification system manufactured by Millipore 

Corporation utilizes Milli-Q water of analytical grade, specifically the Millex HV® 

variant, sourced from the United States. The experiment was verified using Design-

Expert® software version 13, developed by Stat-Ease Inc. in Minneapolis, USA.2.1.1  

2.1.1 API standard solution development 

By employing a bath sonicator, a quantity of 10 mg of drug samples was 

effectively solubilized in a solution of methanol measuring 10 mL. This process was 

carried out for 5 minutes, resulting in the formation of a standard stock solution with a 

concentration of 1000 µg/mL. The generation of standard solutions with 

concentrations ranging from 0.25 µg/mL to 16 µg/mL was achieved through the 
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process of diluting the drug's standard stock solution in the meticulously produced 

mobile phase (54). 

2.1.2 Validation studies 

System appropriateness, linearity, LOD, LOQ, precision, accuracy, and 

robustness were used to validate the method according to ICH recommendations. 

Triplicate CAP and TQ standards (0.25-16 μg/ml) were tested for linearity. Precision 

analysis was performed at low, medium, and high concentrations on the same day and 

throughout three days. Inaccuracy (recovery) studies, CAP and TQ were spiked to 

their pre-analyzed sample and their % recovery was calculated by comparing the 

original and measured concentrations. LOD and LOQ are the analyses’ lowest 

detectable and measurable concentrations, giving signal-to-noise ratios of 3:1 and 

10:1 respectively. LOD and LOQ were determined from intercept slope and SD, such 

as [LOD=3.3 (SD/slope)] and [LOQ=10 (SD/slope) (55,56)]. 

2.2 Design-Expert® experimental design 

In the present inquiry, the NP formulations were refined utilizing the 32-factor 

Box-Behnken Design (BBD) technique, to attain a steadfast amalgamation of 

auxiliary substances, thereby circumventing the necessity for protracted and laborious 

experimentation. The experimental setup involves the utilization of Gal-PLGA(A) at 

concentrations ranging from 2% to 4% w/v, PF127(B) at concentrations from 1% to 

3% w/v, and a sonication period(C) lasting between 15 and 25 minutes. The 

investigation encompassed an analysis of the impact of particle size (X1) and 

entrapment efficiency (X2) on the three distinct variables. The selection of the 

optimized PNP was conducted utilizing the point prediction methodology, taking into 

consideration various criteria such as the attainment of minimal particle size (PS) and 
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Polydispersity index (PDI) values, while simultaneously maximizing Entrapment 

efficiency (EE). The quantification of indifference was achieved by employing 

rigorous statistical analysis (57,58). 

2.3 Galactosylation of PLGA 

The process of Galactosylation was executed through the establishment of a 

linkage between the glucose moiety and a specifically chosen polymer via the 

mechanism of cross-linking (59,60). Expeditiously, galactose was solubilized in N, N-

dimethylformamide (10 mL). Upon the introduction of methane sulfonic acid, PLGA 

was subsequently incorporated. The reaction was subjected to thermal treatment and 

mechanical agitation at a temperature of 80°C for 48 hours. The precipitation process 

involved the utilization of chilled distilled water. The PLGA-galactose conjugate 

materialized as a pristine white powder, painstakingly acquired through the 

meticulous processes of filtration, thorough washing, and subsequent desiccation of 

the precipitate. The Galactose-PLGA(Gal-PLGA) compound underwent verification 

through the utilization of  Proton Nuclear Magnetic Resonance spectroscopy, 

specifically the H-NMR technique (60). 

2.4 Synthesis of CAP and TQ-loaded Pluronic Functionalized PNP (CAP-TQ-

Gal-PLGANP) and Eudragit-S 100 coating 

The adoption of the double emulsion-solvent evaporation technique has 

yielded the creation of pluronic functionalized PNP. The organic phase consisted of a 

0.5 mL volume of ethyl acetate, which contained a solution of Gal-PLGA and 

medicines (CAP+TQ). On the other hand, the aqueous phase was composed of 2 mL 

of double-distilled water, in which PF 127 had been dissolved. The aqueous phase 

was subjected to the incorporation of the organic phase, subsequently undergoing 
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sonication. The solvent is subjected to the process of evaporation through the use of 

centrifugal force at a speed of 12000 revolutions per minute for 15 minutes. Upon 

completing the rinsing process with cold water, the supernatant, which contained a 

significant concentration of NPs, was meticulously gathered (51,61,62). 

The formulation of the enteric coating solution involved the dissolution of 

Eudragit polymer within a composite solution comprising polyvinyl alcohol (PVA), 

methanol, and NaOH. Gradually, the recuperated NP was incorporated into the enteric 

coating solution. The ultimate suspension underwent sonication for 5 minutes. The 

cryogenic preservation of the nanosuspension at temperatures of -20°C and -80°C was 

followed by the lyophilization process, wherein mannitol was employed as a 

cryoprotectant. A hermetically sealed receptacle was employed to maintain the 

desiccation of the powder pending subsequent analysis (63). 

2.5 Evaluation of Eudragit S-100 coated CAP and TQ loaded Gal-PLGANP 

(Eud-CAP-TQ-Gal-PLGANP) 

2.5.1 Chemical and Physical Analysis (64,65) 

A) Particle size (PS), polydispersibility index (PDI), and zeta potential (ZP) 

The Zetasizer instrument was employed to conduct a comprehensive 

physicochemical analysis of Eud-CAP-TQ-Gal-PLGANP. This involved the 

determination of various parameters such as the average size of particles, the 

distribution of particle sizes, and the values of ZP. These measurements were carried 

out using advanced techniques, namely dynamic light scattering (DLS) and M3-phase 

analysis light scattering (PALS). 
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B) Fourier-transform infrared (FTIR) spectroscopy 

The FTIR spectrophotometer was adopted to conduct an analysis of various 

substances including pure CAP, TQ, Gal-PLGA, PF-127, and Eud-CAP-TQ-Gal-

PLGANP. This analysis was carried out using the KBr pellet technique, which covers 

a spectral range of 4000–400 cm-1. 

C) Differential scanning calorimetry (DSC) 

The thermal behavior of drugs and their mixtures was determined by DSC 

analysis of pure CAP, TQ, Gal-PLGA, PF-127, and Eud-CAP-TQ-Gal-PLGANP by 

heating the aluminum pans containing the samples (30-350 oC at 5oC/min under 

constant Nitrogen supply). 

2.5.2 Entrapment Efficiency (EE) 

The quantification of CAP and TQ encapsulated within the NPs was 

ascertained through the process of separating the drug-laden NPs from the suspension 

that contained unbound CAP and TQ, employing the technique of centrifugation. 

The suspension acquired after the process of solvent evaporation was 

subjected to centrifugation, wherein the aim was to separate the components based on 

their density. Subsequently, the quantity of unbound pharmaceutical substances 

present in the resulting liquid portion, known as the supernatant, was determined 

through the utilization of HPLC analysis. The quantification of drug encapsulation 

within NPs was determined by subtracting the number of drugs employed for the 

formulation from the number of drugs present in the supernatant. The calculation of 

entrapment efficiency was derived through the subsequent formula: 
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%EE=
� − �

�
*100 

A - is the sum of the CAP and TQ contributions in the PNP, and B is the sum of the 

CAP and TQ contributions in the supernatant. 

2.5.3 Transmission electron microscopy (TEM) and Scanning electron 

microscope (SEM) 

Both coated (Eud-CAP-TQ-Gal-PLGANP) and uncoated (CAP-TQ-Gal-

PLGANP) np’s were phosphotungstic acid-coated for TEM analysis of their surface 

morphology, then viewed at 40000X magnification under a microscope. In the SEM 

study, a sputter coater was used to apply a thin layer of gold-palladium alloy to the np. 

For 90 seconds, a 15 kV accelerating voltage was used with the coater, and the 

specimens were examined using a respective electron microscope. 

2.5.4 In vitro release from coated and uncoated NF 

The drug release characteristics of eudragit coated Gal-PLGANP and eudragit 

uncoated Gal-PLGANP were compared in simulated fluids of varying pH: (a)1-2 

hours, pH of 1.2; (b) 3-4 hours, pH 4.5; (c) 5-6 hours, pH 6.8; (d) 7-24 hours, pH 

7.0+30% fetal bovine serum (FBS). The released volume (5mL) was removed and 

replaced at predetermined intervals. Drug concentrations were determined by 

filtering, diluting, and analyzing the obtained samples using an HPLC detector set at 

271 nm (66).  
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2.5.5 Colloidal stability 

The Eud-CAP-TQ-Gal-PLGANP samples were subjected to lyophilization and 

subsequently stored for 6 months under three distinct temperature conditions: -20°C, 

4°C, and 25°C, respectively. Subsequently, an assessment was conducted to gauge the 

stability of the samples by closely examining the alterations in their PS and EE as 

time progressed. 

2.6 Targeting CRC using in vitro Assays  

The National Centre of Cell Sciences, Pune, India, supplied HT-29 human 

colorectal cancer cell lines. In a CO2 incubator at 37 °C and 95% humidity, cells were 

cultured in Dulbecco's Modified Eagle Medium (DMEM),10% FBS, with 1% pen-

step antibiotics. 

2.6.1 In vitro cytotoxicity assay 

The study evaluated various formulations, including pure CAP, pure TQ, pure 

CAP+TQ, targeted nanoformulation (T-NF; Eud-CAP-TQ-Gal-PLGANP), and non-

targeted nanoformulation (NT-NF; Eud-CAP-TQ-PLGANP), to assess their 

cytotoxicity on HT-29 cancer cell lines. The MTT assay, utilizing 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, was employed for this 

purpose. In this experimental setup, HT-29 cells were seeded a day prior and 

subsequently subjected to incubation periods of 24 and 48 hours. Subsequently, a 

medium with 20 µL, MTT, and 5 mg/mL phosphate-buffered saline (PBS) was 

introduced to the cellular milieu, wherein they were subjected to a conducive 

environment within a CO2 incubator for 4 hours. The formazan crystal that was 

produced was effectively dissolved in dimethyl sulfoxide (DMSO) at a volume of 150 
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µL per well. The absorbance at 570 nm was quantified using a microplate reader. The 

IC50 values of all formulations were also subjected to comparison with the standard 

agent, Doxorubicin (40). 

2.6.2 Intracellular Reactive Oxygen Species (ROS) Measurement 

The intracellular assessment of ROS was conducted using non-fluorescent 

Dichloro-dihydro-fluorescein (DCFH-DA). This compound possesses the ability to 

effortlessly penetrate the intracellular matrix of cells. Upon exposure to ROS, DCFH-

DA undergoes oxidation, resulting in the production of fluorescent 

dichlorofluorescein (DCF). Upon introducing the cells into a 24-well flat-bottom 

microplate, accompanied by the placement of coverslips, the aforementioned 

assembly was subjected to an environment of controlled carbon dioxide concentration 

within an incubator set at 37°C. This arrangement was allowed to persist throughout 

an entire night. A volume of 200 µl/mL was allocated to each sample, encompassing 

both the targeted (Eud-CAP-TQ-Gal-PLGANP) and non-targeted (Eud-CAP-TQ-

PLGANP) nanoformulation, as well as the pure CAP+TQ. These samples were 

subjected to an 8-hour treatment period. After the designated period of incubation, the 

cellular entities were subjected to fixation using a 4% paraformaldehyde solution for 

30 minutes. Subsequently, the specimens were subjected to two rounds of washing 

with PBS, 7.4, and were subsequently subjected to analysis via a fluorescence 

microscope. 

2.6.3 Mitochondrial Membrane Potential (MMP) measurement  

During the night, the cellular entities were maintained at 37°C within a 

controlled environment known as a CO2 incubator. This was done after the act of 

introducing said cells into a 24-well micro plate possessing a flat bottom, which was 
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further equipped with coverslips. Every individual specimen, namely Eud-CAP-TQ-

Gal-PLGANP, Eud-CAP-TQ-PLGANP, and CAP+TQ, was subjected to a 

concentration of 200 µL/mL and exposed to a treatment duration of 8 hours. 

Subsequently, these samples were given a respite period and immersed in Rh-123 dye 

for 30 minutes. The cellular specimens were subjected to fixation using a 4% solution 

of paraformaldehyde for 30 minutes after a thorough rinsing with PBS (7.4). 

Following this preparatory step, the samples were subjected to analysis adopting a 

fluorescence microscope. 

2.6.4 Caspase-3-activity assay 

The efficacy of the medication was assessed through the utilization of a 

Caspase-3-activity assay. The cellular specimens were subjected to staining using the 

reagent following the prescribed guidelines provided by the manufacturer, promptly 

after the administration of Autocrine motility factor (AMF). Subsequently, the 

specimens were allowed to undergo incubation for 30 minutes, adhering to the 

intracellular methodology elucidated earlier. Flow cytometry was employed to 

scrutinize the cellular entities after their incubation period. The quantification of field 

exposure effects was conducted through a comparative analysis of the average 

fluorescence intensity exhibited by samples subjected to the AMF and those that 

remained within the controlled environment of the incubator. 

2.6.5  4',6-diamidino-2-phenylindole (DAPI ) study  

During the night, the cellular entities were subjected to a controlled 

environment with a temperature of 37°C, within the confines of a CO2 incubation 

apparatus, after their initial placement within a 24-well microplate. Following 48 

hours, an assessment was conducted on the efficacy of pure CAP+TQ, both in 
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targeted and non-targeted nanoformulation, which were administered at a 

concentration of 200 µl/mL for therapeutic purposes. After the incubation period, the 

cellular entities were fixed in a 4% paraformaldehyde solution for 30 minutes, 

followed by two subsequent washes with PBS. Upon subjecting a volume of 20 µL of 

DAPI to an incubation process at ambient temperature for 5 minutes, while ensuring 

the absence of any light exposure, the resultant sample was subsequently visualized 

utilizing a fluorescence microscope. The enumeration of cells that have undergone 

apoptosis was conducted through microscopic observation (67). 

2.6.6 Apoptosis assay 

Cells were cultured in six-well plates. Following a 24-hour incubation period, 

the cells were subjected to treatment with the concentrations of the samples (Eud-

CAP-TQ-Gal-PLGANP, Eud-CAP-TQ-PLGANP, CAP+TQ) that corresponded to the 

half-maximal growth inhibitory (GI50) levels. Following the collection of the cellular 

specimens, a duration of 15 minutes was allocated at ambient temperature to apply 

Annexin V-fluorescein Isothiocyanate and Propidium iodide staining to the 

aforementioned cells. The specimens were subjected to analysis employing a flow 

cytometer, while the study itself employed the FlowJo X 10.0.7 software (68). 

2.7 Evaluating the developed PNP in Vivo 

The Institutional Animal Ethics Committee (IAEC) of the esteemed KLE 

College of Pharmacy, situated in Belagavi, India, has granted its esteemed approval 

(approval No: 221/Po/Re/S/2000/CPCSEA) to the animal experimental protocol. This 

protocol has also been duly sanctioned by The Committee for Control and 

Supervision of Experiments on Animals (CPCSEA). To conduct investigations about 

acute oral toxicity and anticancer properties, male Wistar rats weighing between 250 
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and 300 gm were utilized. The fauna was confined within enclosures subject to a 

diurnal rhythm of 12 hours of illumination followed by 12 hours of darkness. 

Additionally, they were granted unrestricted availability to a nourishing pellet-based 

sustenance, maintained at an ambient temperature of 25± 3°C, and a relative humidity 

ranging from 30% to 70%. 

2.7.1 Acute Oral Toxicity Test 

Under The Organization for Economic Cooperation and Development  

(OECD) standards 423, the effects of an acute oral dose on healthy male Wistar rats 

were investigated. The LD50 was calculated by randomly assigning 12 healthy rats to 

each of four groups (n=3). Doses of CAP+TQ containing NF were chosen based on 

oral toxicity data (2000mg/kg) and were suspended in normal saline (10ml/kg). In the 

current investigation, the high, medium, and low doses were respectively 1/5th, 

1/10th, and 1/20th of the maximum tolerated dose (MTD). At 1, 2, 4, and 6 hours 

post-injection, visual observations, skin/fur/eye alterations, The subjects' breathing, 

heart rate, blood pressure, autonomic nervous system, somatic motor, and behavioral 

patterns were recorded. were documented. After 48 hours, and again after 14 days of 

once-a-day monitoring, the total number of survivors was tallied (69,70). 

2.7.2 In vivo anticancer research 

Following a period of acclimation spanning seven days within the laboratory 

setting, the rats were subsequently allocated into five distinct groups through a 

process of randomization. These groups were then subjected to a series of 

experiments as outlined below: The experimental conditions encompassed in this 

study include a control group, wherein tumor induction was not administered. 

Additionally, disease control was implemented with the induction of CRC. 
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Furthermore, the study explored the effects of CRC induction in combination with 

non-targeted therapy, targeted therapy, and a commercially available tablet. Rats in 

group I were administered a saline solution for an equivalent duration. To ascertain 

the induction of CRC, two rats belonging to Group II were subjected to sacrifice 

while under the influence of profound ether anesthesia after the final administration of 

1, 2 dimethyl hydrazine (DMH). Table 3 presents a comprehensive delineation of the 

optimal courses of action to be pursued for the diverse subsets of patients.  Following 

the administration of DMH, subjects belonging to group III and group IV were 

subsequently administered NT-NF and T-NF formulations, respectively, at equipotent 

dosages of 200 mg/kg CAP and 30 mg/kg TQ, administered orally twice daily via 

gavage for two weeks. Group V was administered the commercially obtainable CAP 

tablet (XELODA, which is equivalent to a dosage of 500 mg/ kg). The experimental 

procedure involved the intraperitoneal administration of DMH, a chemical compound, 

weekly over 20 weeks. This was done to induce CRC in the subjects. The weight of 

the subjects' bodies was consistently documented weekly throughout the treatment, 

while simultaneously observing and tracking their consumption of food and water. 

Following the prescribed treatment regimen, a rat from each experimental group was 

selected for sacrifice. The colons of these rats were meticulously excised and 

subjected to thorough examination to identify any discernible macroscopic tumors. 

The colon was immersed in a solution containing 10% formalin, after which the 

number of aberrant crypt foci (ACF) was quantified via optical microscopy. The 

quantification of hematological parameters was conducted to assess the effectiveness 

of the therapeutic intervention that was administered (53,71–74). 
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Table 3: The Protocol for the in-vivo anticancer research 

Group Treatment No. of animals Total no. of animals 

I: Normal control Normal saline 6 

38 

II: Disease control 
DMH  (15mg/kg) i.p. 
once a week for 20  

weeks 
8 

III: Non-targeted 

Nanoformulation 

(NT-NF) 

DMH-induced +NT-
NF orally twice daily 

for 14 days 
8 

IV: Targeted 
Nanoformulation 

(T-NF) 

DMH-induced +T-NF 
orally twice daily for 

14 days 
8 

V: Marketed CAP 
tablet 

DMH-induced + CAP 
tablet  orally twice 
daily for 14 days 

8 

 

2.7.3 Histopathological study 

The neoplastic tissues were procured from the entirety of the male Wistar 

rodents and subsequently conserved in a solution containing 10% formaldehyde upon 

the humane termination of the mice at the twenty-third week. Upon careful 

examination using a microscope, sections of cancerous tissues that had been treated 

with the hematoxylin and eosin (H & E) staining technique were scrutinized. The 

quantification of histopathological toxicity was accomplished through a scoring 

system. A numerical value of (+) denotes a state of stasis, (++) signifies a marginal 

alteration, (+++) represents a substantial metamorphosis, and (+++++) denotes a 

profound and radical transformation (75). 
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3. STATISTICAL ANALYSIS 

Using Design-Expert® software, the developed NF was optimized. The data is 

presented in the form of the mean value along with the standard deviation (SD), 

which has been calculated based on a minimum of three independent experiments. 

The model and its terms were confirmed to be statistically significant using analysis 

of variance (ANOVA). GraphPad Prism (GraphPad Software Inc., CA, USA) was 

used in vitro and in vivo statistical study where experiments were carried out 

employing a statistical methodology known as confidence intervals, specifically at a 

confidence level of 95%. Through this rigorous analysis, notable disparities were 

observed and deemed statistically significant when the level of significance fell below 

the threshold of 0.05 (P < 0.05). 
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4. RESULTS 

 4.1 CAP and TQ HPLC Method Development 

In the UV spectra of 10 µg/ml methanolic drug solutions, maximal absorption 

was seen for CAP at 305 nm and for TQ at 254 nm. The detection wavelength of 271 

nm, where maximal absorption is seen for both medications, was chosen as the 

isosbestic point based on the UV spectra (Figure 8). The retention time of CAP and 

TQ, measured in min at 271 nm using HPLC, were determined to be 4.87 and 9.43, 

respectively. Figure 9 displays the HPLC chromatogram for CAP and TQ in 

methanolic solution and the PNP. It was determined that the system's appropriateness 

parameters, including the relative standard deviation of the peak area (%RSD <2.0%), 

the tailing factor (T <2.0), and the number of theoretical components (N >2000), all 

fell within the acceptable ranges. Over a concentration range of 0.25 µg/mL –16.0 

µg/mL, a linear relationship can be seen between CAP and TQ concentrations in the 

calibration curve. The value of the correlation coefficient (R2) was determined to be 

0.998 (Figure 10). The limits for detecting and quantifying CAP were 0.05 µg/mL and 

0.16 µg/mL, respectively, while the limits for TQ were 0.12 µg/mL and 0.38 µg/mL, 

and 97–100% recovery was achieved in plain drug solution and 100–102% in PNP. 
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Figure 8: UV–Vis isosbestic absorption spectra 

 

 

Figure 9: CAP and TQ HPLC chromatograms in methanolic (A) and PNP (B) 
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Figure 10: Capecitabine (CAP) and Thymoquinone (TQ) chromatogram 

linearity 

4.2 Polymer functionalization, Preparation, optimization, and characterization of 

PNP 

H-NMR spectroscopy has effectively confirmed the existence of Gal-PLGA, 

an altered iteration of PLGA that has been synthesized through the process of 

crosslinking the glucose molecule with PLGA. The H-NMR spectra of PLGA 

exhibited chemical shifts at 1.55-1.59 ppm (3H, -CH3), 4.8 ppm (2H, -CH2), and 5.2 

ppm (1H, -CH). These shifts were also observed in the Gal-PLGA spectra, with the 

inclusion of an additional shift at 4.3 ppm attributed to the presence of galactose. 

Consequently, this substantiates the successful synthesis of Gal-PLGA, as evidenced 

by the data presented in Figure 11. 
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Figure 11: Spectra via H-NMR of Gal-PLGA 

The fabrication of PNP was achieved through the process of solvent evaporation. The 

performance characteristics of PNP, particularly in terms of PS and energy % EE, are 

predominantly influenced by the concentration of Gal-PLGA and stabilizers. The 

optimal formulation was attained through the BBD. The tabular representation 

denoted as Table 4 showcases the amalgamation of factors within the formulation 

batches, alongside their corresponding performance attributes. 
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Table 4: CAP-TQ-Gal-PLGANP’s Box-Behnken experimental runs 

  Dependent Factors Independent Factors* 

NF 
batches 

A; 
Gal-

PLGA 
(%) 

B; 
PF127 

(%) 

C; 
Sonication 
time (min) 

X1;particle 
size (nm) 

X2; Entrapment efficiency 
(%) 

CAP TQ 

PNP1 4 3 20 148±1.12 81.10±0.21 71.88±1.66 

PNP2 3 1 25 178±1.57 74.23±0.36 82.69±1.54 

PNP3 2 2 25 190±0.81 58.12±0.20 63.00±1.50 

PNP4 3 3 15 177±2.65 73.00±0.18 76.18±1.23 

PNP5 2 3 20 189±1.54 65.83±1.23 69.14±1.23 

PNP6 4 2 25 148±2.69 86.10±1.55 81.14±1.66 

PNP7 2 2 20 164±2.65 83.12±0.36 86.32±0.23 

PNP8 4 1 20 147±1.23 83.02±0.98 81.13±0.12 

PNP9 3 2 20 161±1.91 84.92±0.98 87.01±0.11 

PNP10 4 2 15 139±0.77 83.78±1.21 79.67±1.99 

PNP11 3 1 15 192±0.36 72.20±1.21 76.99±1.52 

PNP12 2 1 20 218±1.32 58.33±0.32 63.02±1.10 

PNP13 3 3 25 168±1.66 81.72±1.41 78.31±1.21 

PNP14 3 2 15 165±3.68 81.01±0.73 89.36±0.41 

PNP15 2 2 15 198±1.10 57.37±0.11 61.78±0.74 

*Values shown are average ±SD (n=3)         
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4.2.1 PS (X1) responses to A, B and C 

The synthesized PNP exhibited a mean particle size ranging from 139 to 218 nm. The 

polynomial equation 1 provided by Design-Expert® Software elucidates the intricate 

relationship between various factors and their impact on the size of particles. As the 

concentration of PLGA (A) decreased, a concomitant reduction in the levels of PS 

(X1) was observed. The discernible manifestation of the inverse relationship between 

PF-127 and PS was evident. The experimental findings (observed value) exhibited a 

statistically significant alignment with the anticipated outcomes, as evidenced by the 

data presented in Table 5. The Perbutation plot effectively elucidates the individual 

contributions of factors A, B, and C to the overarching depiction, as visually depicted 

in Figure 12.  

�1 = 163.33 − 26.63	 − 6.63
 − 2.75
 + 7.50	
 + 4.25	
 + 1.25

 +

1.08	² + 11.08
² + 4.33
²-------(1) 

4.2.2 %EE of CAP and TQ (X2) responses to A, B, C 

Table 6 displays that the EE for CAP and TQ are within the ranges of 57.37-86.10% 

and 61.781-89.36%, respectively. Both the EE of CAP and TQ are affected by external 

factors, as shown by polynomial equations 2 and 3.  

�2(
	�) = 85 + 12.62	 + 1.62
 + 2.50
 − 2.25	
 − 1.00	
 + 1.50

 −

9.37	² − 3.87
² − 6.13
²-------(2) 

�2(��) = 87.67 + 7.00	 − 1.00
 + 1.50
 − 4.00	
 − 0.0000	
 − 1.00

 −

11.83	² − 4.83
² − 4.83
²-------(3) 
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Figure 12 exhibits the profound influence exerted by factors A, B, and C upon the 

overall energy efficiency of both the CAP and TQ systems. Gal-PLGA and PF-127 

demonstrated a noteworthy influence on the EE of CAP and TQ. Conversely, the 

duration of sonication exhibited only a minimal effect on the aforementioned outcome. 

The quadratic model has been determined to be the most optimal model, as per the data 

presented in Table 4. The quadratic formula model has yielded exceedingly elevated 

values for a diverse range of correlation indices, specifically the coefficient of 

determination (R2). Contour plots exhibit the aesthetic and anticipated magnitudes of 

desirability and projected values, as illustrated in Figure 13. The measurement of the 

signal-to-noise ratio was conducted using ANOVA. The results obtained for the 

recommended quadratic model demonstrated a commendable level of precision, with 

values of 21.48 for PS, 12.46 for % EE of CAP, and 12.06 for % EE of TQ. It is worth 

noting that values exceeding 4 are considered preferable in this context. 
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Table 5: ANOVA table for Responses 1 and 2 

Best suit 

Models 
SD R² 

Adjusted 

R² 

Predicted 

R² 
Press P-value Remark 

Response 1: Particle size 

Quadratic 4.31 0.9867 0.9627 0.8961 1422.5 0.0004 Significant 

Response 2: Entrapment efficiency of CAP 

Quadratic 3.11 0.9745 0.9285 0.7059 744.50 0.0018 Significant 

Response 2: Entrapment efficiency of TQ 

Quadratic 2.71 0.9680 0.9104 0.7902 550 0.0031 Significant 

 Actual values Point prediction values  

PS (nm) 161±1.91 161.95 

Model 

suggested 
EE of CAP (%) 84.92±0.98 84.09 

EE of TQ (%) 87.01±0.11 86.02 

 

 

 

 



Results 

 Page 49 

 

 

Figure 12: Perbutation plots demonstrating the effects of independent factors on 

responses; A: particle size, B: entrapment efficiency(CAP) C: entrapment 

efficiency(TQ) 
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Figure 13: Contour plots showing the desirability of factor optimization 

4.2.3 Optimized PNP nanoformulation selection 

After careful consideration of the imperative to achieve optimal entrapment 

efficacy while minimizing particle size, the selection process led to the identification 

of the most refined PNP batch from a pool of 15 alternative formulations. The 

selection of the PNP9 batch, which comprises Gal-PLGA at a concentration of 3% 

w/w and PF-127 at a concentration of 2% w/w, was made to conduct subsequent 

assessment investigations. This particular batch exhibits the most noteworthy EE 

(84.92% for CAP and 87.01% for TQ, respectively) and possesses the smallest 

particle size, measuring 163 nm. A comprehensive analysis was undertaken on the 

PNP9 batch, encompassing the application of Eudragit-S100 coating and subsequent 

evaluation investigations. 
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4.3 Characterization 

4.3.1 PS, ZP, and PDI 

Table 6 displays the PS, ZP, and PDI values for both coated (Eud-CAP-TQ-

Gal-PLGANP) and uncoated (CAP-TQ-Gal-PLGANP) NF. Figure 14 displays the ZP 

and particle size distribution of the optimized PNP9 batch. All of the generated NPs 

showed homogenous particle size distribution, with 0.15- 0.37 PDI and, the ZP as -

15.37 to -25.71mV. 

Table 6: PS, PDI, and ZP values of coated and uncoated NF 

NF batches PS (nm) PDI ZP (mV) 

Eud-CAP-TQ-Gal-PLGANP(coated) 183±1.78 0.33±1.27 -25.2±0.31 

CAP-TQ-Gal-PLGANP (uncoated) 161±1.91 0.21±1.05 +47.30±0.14 

Values shown are average ±SD (n=3) 

 

Figure 14: Optimized PNP9’s particle size distribution (A) and ZP (B) 
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4.3.2 FTIR study 

CAP's FTIR peak values appeared at 1612,1775, 2956, 3195, and 3212 cm-1, 

correlated to the C=C, C=O, C-H, N-H, and O-H functional groups respectively, 

while TQ's appeared at 1711, 2877,2969 and 3040 cm-1, corresponding to the C=O, 

CH3, C-H, and CH in =C-H functional groups respectively. The ester group of PLGA 

polymer is responsible for the presence of a characteristic peak at 1637 cm-1 in the 

FT-IR spectrum of Gal-PLGA. The distinctive peaks of the OH group of galactose at 

3338 cm-1 in the spectrum are also visible, demonstrating that the Gal-PLGA 

polymer structure was effectively synthesized. The C=O and C=C functional groups 

in PF-127 were located at 1465 and 1342, cm-1 respectively. All the key characteristic 

peaks were seen in the FTIR spectra of PNP9, with only minimal shifting for Gal-

PLGA and PF-127 indicating no interaction between the RV and PI and these 

excipients. Similarly, the typical peaks of CAP and TQ were slightly displaced but 

diminished in the spectra of PNP9, indicating that both were trapped in the PNP 

(Figure 15).          

  



Results 

 Page 53 

 

 

Figure 15: FTIR spectra: CAP (A), TQ (B), PF-127 (C), Gal-PLGA (D) and 

CAP-TQ-Gal-PLGANP (E) 

4.3.3 DSC study 

The DSC thermograms (Figure 16) indicate that both pure CAP and TQ 

possess crystalline properties, as evidenced by the presence of well-defined 

endothermic peaks at temperatures of 121.39 °C and 49.50 °C, respectively. These 

peaks correspond to the melting temperatures of the respective substances. An 

endothermic peak is observed at a temperature of 289 °C for the Gal-PLGA 

compound. Similarly, PF-127 exhibits an endothermic peak at a slightly lower 

temperature of 185 °C. The conspicuous absence of the distinguished CAP and TQ 

peaks observed in the differential scanning calorimetry (DSC) thermograms of PNP9 

serves as compelling evidence of its transformation from a crystalline state to an 

amorphous state. The aforementioned findings suggest a molecular encapsulation 

phenomenon wherein the CAP and TQ are contained within the PNP structure. 
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Figure 16: DSC thermograms: CAP, TQ, PF-127, Gal-PLGA and Eud-CAP-TQ-

Gal-PLGANP 

4.3.4 TEM and SEM  

The samples, which were coated in a random manner, namely Eud-CAP-TQ-

Gal-PLGANPs, underwent analysis employing both a Transmission Electron 

Microscope (TEM) and a Scanning Electron Microscope (SEM) at a suitable level of 

magnification. The observation of a diminished PS is noted in the case of uncoated 

CAP-TQ-Gal-PLGANPs in contrast to their coated counterparts, as confirmed 

through TEM. The uncoated NPs exhibited a spherical morphology with a sleek outer 

surface, while the Eud-CAP-TQ-Gal-PLGANP displayed roughness, as depicted in 

Figure 17. 
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Figure 17: TEM and SEM study of coated and uncoated nanoformulation 

4.3.5 Analysis of Drug Release 

There were two separate iterations of the nanoformulation, one featuring a 

coating and the other lacking it. The objective of making use of a fluid simulator to 

replicate a traversal from the oral cavity to the colon was to enhance the level of 

realism. The findings indicate that drug release from uncoated NF is initiated in an 

acidic environment. Specifically, 60% of the drug was released after 8 hours, 70% 

after 10 hours, and 75% after 24 hours. The rate of release increased as the pH level 

increased. There was no significant medication leakage observed from the coated NF 

after 6 hours. However, the release of the drug commenced at a pH level of 7. After 8 

hours, only 22.69% of the drug was observed to have been released. The drug release 

percentage after 24 hours was observed to be 86.40 ± 2.36% (Figure 18). The research 

findings for the dissolution of coated NF were analyzed using various release kinetic 

models. 
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Figure 18: Drug release characteristics of coated and uncoated nanoformulation 

in vitro 

4.3.6 Colloidal stability 

Six months' worth of stable Eud-CAP-TQ-Gal-PLGANP was characterized for 

PS and % EE, at -20°C, 4°C, and 25°C. At ambient temperature, the parameter PS 

exhibited an increase to 254nm, whereas the parameter EE experienced a decrease of 

38%. Conversely, when subjected to temperatures of 4 degrees and – 20 degrees, no 

noteworthy alterations were observed in either PS or EE. The stability of the 

developed PNP compound was observed under refrigerated conditions, exhibiting a 

pressure of 183 PS and an EE of 81%. Similarly, under freeze conditions, the 

compound displayed a pressure of 185 PS and an EE of 83%. The main takeaways 

from the analysis are depicted in Figure 19. 
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Figure 19: Stability data of Eudragit-S100 coated CAP and TQ loaded 

Galactosylated PLGANP 

4.4 Targeting CRC using in vitro Assays 

4.4.1 In-vitro cytotoxicity research 

A range of concentrations (2.5-100µg/mL) of pure CAP, pure TQ, pure 

CAP+TQ, targeted nanoformulation (T-NF; Eud-CAP-TQ-Gal-PLGANP), and non-

targeted nanoformulation (NT-NF; Eud-CAP-TQ-PLGANP) were adopted in an MTT 

experiment to ascertain their individual half maximal inhibitory concentration (IC50) 

values. The IC50 values for the solutions of pure CAP, pure TQ, and pure CAP+TQ 

were determined to be 20.95, 25.30, and 12.0, respectively. In comparison to the 

standard drug doxorubicin (IC50-5.31), the NT-NF exhibited an IC50 value of 8.81. On 

the other hand, the T-NF demonstrated an IC50 value of 4.87 and displayed a cell 

survival rate of 57% at an extremely low concentration of 3.215µg/mL (Figure 20). 
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Figure 20: HT-29 cell cytotoxicity when exposed to pure drug CAP+TQ, Non-

targeted NF, Targeted NF, Pure CAP, pure TQ, and doxorubicin; significant 

levels of probability are defined as follows: p*, p$, p# ˂.05; p
** , p$$, p## ˂.01 and 

p*** , p$$$, p## ˂ .001 across groups 

4.4.2 ROS measurement 

Figure 21 illustrates the intracellular level of ROS in various experimental 

conditions, including the control group; negative control(NC), the group treated with 

Pure CAP+TQ, the group treated with NT-NF, and the group treated with T-NF. The 

green fluorescence, a discernible marker denoting the existence of ROS within the 

cellular milieu, was employed as a means to investigate the level of activity.  Both the 

NT-NF and T-NF groups exhibit heightened levels of reactive oxygen species. 

Nevertheless, it was observed that the green fluorescence exhibited amplification in 

the context of T-NF, thereby suggesting that the Eud-CAP-TQ-Gal-PLGANP had 

indeed triggered the process of apoptosis. 
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Figure 21: ROS study demonstrating effect in pure CAP+TQ, targeted and non-

targeted nanoformulation; p$
˂.05, p**  ˂.01, p## ˂.001 

4.4.3 MMP study 

The decline in MMP after the process of apoptosis holds significant 

implications as it emerges as a pivotal indicator of mitochondrial functionality within 

the realm of cancer cells. The Rho-123 dye facilitated the identification of alterations 

in MMP levels within the treated cellular specimens. The observed diminishment in 

MMP expression, as indicated by the relatively subdued green fluorescence intensity 

in T-NF in comparison to the other groups, implies a concomitant acceleration of 

apoptosis, as depicted in Figure 22. 
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Figure 22: MMP study of pure CAP+TQ, targeted and non-targeted 

nanoformulation; p$$
˂.01, p**  ˂.01, p## ˂.001 

4.4.4 Caspase-3-activity  

Caspase-3 assumes a pivotal role as a vital biomarker in the intricate process 

of apoptosis. It emerges as the preeminent protease that exhibits heightened activity 

during cellular demise, thereby orchestrating the reduction in cell size, the compaction 

of chromatin, and the fragmentation of the nucleus, alongside various other distinctive 

features characteristic of apoptosis. The results of the study revealed that apoptosis 

was induced in T-NF, as demonstrated by the heightened expression of caspase-3 in 

comparison to the other experimental groups (Figure 23).  
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Figure 23: Caspase-3-expression of pure CAP+TQ, targeted and non-targeted 

nanoformulation; p$$
˂.01, p***  ˂.001, p### ˂.001 

4.4.5 DAPI study 

The distinctive morphology of apoptotic cell nuclei was unveiled through the 

application of DAPI staining. In the experimental group denoted as the negative 

control (NC), the cellular nuclei exhibited an intact morphology and displayed a 

subtle azure hue upon staining. The NT-NF and T-NF groups exhibited a higher 

degree of blue staining intensity when compared to the pure CAP+TQ group. 

Apoptosis is distinguished by the phenomenon of chromatin condensation, nuclear 

fragmentation, and the generation of apoptotic bodies, all of which were 

conspicuously observed in T-NF cells (as depicted in Figure 24). 
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Figure 24: DAPI assay where condensed chromatin and nuclear 

attrition/fragmentation are shown by the direction of the arrow; blebbed nuclei 

and apoptotic bodies are depicted by circles in respective groups 

4.4.6 Apoptosis Assay 

Tumorigenesis occurs as a consequence of cellular resistance to apoptosis, an 

intricate mechanism of programmed cell death aimed at eliminating aberrant or 

impaired cells. The untreated cells in North Carolina exhibited a remarkable survival 

rate of 99.2%, with a mere 0.4% undergoing early apoptosis and a mere 0.17% 

undergoing late apoptosis. The cellular specimens subjected to NT-NF exhibited a 

survival rate of 86.7 percent, in contrast to the specimens treated with Pure CAP+TQ, 

which displayed a survival rate of 90.3%. With the escalation of early apoptosis 

(23.1%) and late apoptosis (2.4%), there was a discernible decline in cell viability, 

settling at 73.2%. This observation serves as a clear indication of the initiation of cell 

death induced by apoptosis in the T-NF group, as depicted in Figure 25. 
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Figure 25: Apoptosis study in pure CAP+TQ, targeted and non-targeted NF; 

p$$$
˂.001, p***  ˂.001, p### ˂.001 

4.5 In-vivo study 

4.5.1 Acute Oral Toxicity Study 

Phosphate buffer saline was administered orally once to a control group. This 

research aimed to assess the safety of a single oral dose of CAP+TQ in NF for 14 

days. The NF was given orally at doses equal to 1/20th, 1/10th, and 1/5th of the MTD.  

No deaths, abnormalities in motor functions, or malignancies were found at any of the 

three dose levels tested. 

4.5.2 In vivo anticancer study 

Indications of CRC progression encompass manifestations such as rectal 

hemorrhaging and abdominal discomfort. The observed disparity in body mass index 

between the cohort of rats afflicted with colon cancer and the control group was 
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evident. The body weights of the rats in the normal control group exhibited a 

consistent and gradual increase throughout the trial. Although the groups subjected to 

DMH treatment exhibited an initial increase in weight, this phenomenon was not 

sustained beyond the 12-week threshold, thereby rendering comparisons with the 

normal control group arduous. In contrast to the control group administered with 

DMH, the rats belonging to groups 3 and 4, which underwent the formulation 

intervention, exhibited a notable increase in weight throughout the treatment. The 

colons of the DMH rats, which were induced to develop CRC, exhibited a substantial 

quantity of sizable and numerous minuscule tumors, as depicted in Figure 26. 

The ACF, which serves as a pivotal metric for the identification of colon 

cancer, was discerned and enumerated. Upon comparing groups 3, 4, and 5 with the 

DMH control, a significant reduction in the quantity of ACFs (Figure 27). The ACF 

numbers, nonetheless, exhibited no substantial variation between the T-NF and NT-

NF cohorts. Mortality rates were meticulously monitored across all cohorts under 

investigation, save for the standard control group, and subsequently juxtaposed 

against previously conducted scholarly inquiries (Figure 28).  
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Figure 26: Dissected rat colon of (A) normal control, (B) CRC-induced, (C) 

treated with targeted nanoformulation, (D) treated with non-targeted 

nanoformulation, (E) treated with marketed CAP tablet, and (F) dissected CRC-

induced rat; Red Arrows represent tumors. 
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Figure 27: Normal crypts and ACF at 40× in the colonic mucosa, viewed 

topographically: (A) normal crypts, (B) DMH-treated, treated with (C) non-

targeted nanoformulation (NT-NF), (D) targeted nanoformulation (T-NF), and 

(E) marketed CAP tablet 
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Figure 28: Wistar rat survival rates were evaluated in five groups: (i) normal 

saline, DMH-induced CRC treated with (ii) non-targeted nanoformulation (NT), 

(iii) targeted nanoformulation (TN), (iv) commercialized CAP tablet, and (v) 

comparison with published data 

4.5.3 Histopathological and Hematological Findings 

The animals belonging to Group II, upon administration of DMH, exhibited 

the manifestation of mucosal adenocarcinoma, characterized by a well-differentiated 

and non-invasive nature, as depicted in Figure 29B. The cellular entities that were 

found to be close to the glandular structures within the cancerous tissues exhibited a 

notable increase in size and intensified chromaticity. The occlusion of multiple 

glandular orifices was observed. The extent of lymphocytic infiltration was confined 

to a restricted scope, manifesting solely in isolated clusters. The level of lymphocytic 

infiltration within the tumor was found to be low in group III rats that were treated 
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with NT-NF, as depicted in Figure 29C. Following a fortnight of therapeutic 

intervention, it was observed that animals administered with T-NF (group IV) 

exhibited diminished tumor growth and lymph node metastasis in comparison to those 

administered with NT-NF (group III) and a tablet that is commercially obtainable 

(group V), as depicted in Figure 29 D and E.  Whilst there existed a certain degree of 

lymphocytic infiltration within the mucosa surrounding the malignant glands, it did 

not manifest in a significant or widespread manner. The score served as a means of 

elucidating histopathological toxicity, as evidenced by its inclusion in Table 7. The 

evaluation of hematological parameters was conducted both before and after the 

treatment, as depicted in Figure 30. The administration of DMH to the experimental 

rats resulted in a notable augmentation in white blood cells, platelets, and 

granulocytes, while concurrently leading to a reduction in red blood cells, 

lymphocytes, and hemoglobin levels. In the current investigation, the implementation 

of Targeted NF exhibited a notable enhancement in the blood parameters in 

comparison to the DMH-induced group, thereby suggesting a substantial decrease in 

the number of tumors. These findings strongly imply a reduction in tumor burden. T-

NF, on the other hand, exhibited a more favorable performance. 
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Figure 29: Images showing characteristics of hematoxylin and eosin staining of 

cancer tissues from the male Wistar rat CRC model in (A) normal control, (B) 

CRC-induced where yellow, (C) treated with targeted nanoformulation, (D) 

treated with non-targeted nanoformulation, (E) treated with marketed CAP 

tablet. Arrows represent: lymphnode metastasis (White); lymphoid follicles 

(Black); high-grade dysplasia (Yellow); ACF (Orange); mucosal ulcers (Blue) 
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Table 7: Histological findings score 

 

 

 

 

 

Microscopy 
Disease 

Control 

Targeted 

Nano 

Formulation 

Non-Targeted 

Nano 

Formulation 

Marketed 

Tablet 

Congestion +++ + + ++ 

Odema +++ + + + 

Hemorrhage +++ - + + 

Inflammation +++ + ++ + 

Loss of Intestinal 

Glands 
+++ + ++ + 

Mucosal Ulcer +++ + + ++ 

Dysplasia +++ + + + 

ACF +++ + + + 

Lymph node 

metastasis 
+++ + + ++ 

Cancer ++ + + + 
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Figure 30: Hematological parameters measured before and after treatment; p***  

˂.001(T-NF vs NT-NF), p### ˂.001(T-NF vs marketed CAP tablet), p$$$˂ .001(T-

NF vs marketed CAP tablet) 

4.6 Statistical Evaluation 

Experimental results with p-values of ˂.05 were considered significant. 

Results are shown as a mean ± SD.  
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5. DISCUSSION 

5.1 CAP and TQ HPLC Method Development 

The concomitant identification of TQ and CAP, despite its absence in previous 

HPLC analyses, necessitated the formulation of a technique to accurately quantify 

both substances in tandem. Consequently, a pioneering HPLC methodology was 

devised. The isosbestic point is indicative of the wavelength at which the absorption 

spectra of two distinct compounds converge, or more precisely, the wavelength at 

which the molar absorptivity values of the two compounds exhibit parity. The 

isosbestic point approach is employed for the simultaneous estimation of multiple 

substances, albeit its application for the estimation of CAP and TQ has not been duly 

documented. Consequently, the isosbestic point methodology enables the convenient 

quantification of both CAP and TQ simultaneously, thereby facilitating the 

subsequent interpretation of the obtained outcomes. To concurrently assess both the 

critical aggregation concentration (CAP+TQ) a novel RP-HPLC technique was 

devised, leveraging the concept of isosbestic points. This method has demonstrated 

commendable precision and reliability in its ability to provide accurate measurements. 

It has been determined that the values of all validation parameters fall within the 

permissible range. 

5.2 Optimization by point prediction 

Based on a meticulously crafted formulation, it meets our criteria for particles 

of moderate size, possesses a pertinent zero-point charge, and exhibits exceptional 

efficiency in encapsulating substances, as evidenced by a desirability value 

approaching unity. This observation underscores the fact that the employed 
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methodology is both fruitful and highly effective. Ideally, the measure of desirability 

ought to reside within the numerical range of zero and one. The discovery of a value 

close to 1 implies the utilization of a robust methodology. Upon conducting an 

ANOVA on three consecutive responses, denoted as X1 and X2, it was ascertained 

that the quadratic model effectively captured the essence of the data. This conclusion 

was derived from the outcomes presented in Table 5. The optimally designed 

formulation, as assessed based on the criteria of small PS, low PDI, and high EE, has 

exhibited a preferability value that approaches unity. This suggests that the method's 

robustness has been effectively utilized through the implementation of a quadratic 

model via BBD. 

5.3 Galactosylation, PNP synthesis, and Eudragit coating 

Gal-PLGA, a compound of considerable scientific interest, is meticulously 

synthesized through a remarkably efficient procedure that involves the covalent 

attachment of D-galactose units to PLGA. This intricate process imparts hydrophilic 

properties to the polymer, allowing it to readily dissolve in water under neutral pH 

conditions. Prior investigations have elucidated that the recently synthesized Gal-

PLGA exhibits superior performance concerning hydrosolubility and cell 

compatibility when compared to PLGA.  While previous research has shown that GC 

exhibits a notable improvement in its ability to target hepatocytes compared to 

chitosan, this is attributed to the specific interactions between galactose moieties and 

asialoglycoprotein receptors (76). However, there is a scarcity of studies that 

investigate the colon-targeting specificity of Gal-PLGA. In recent studies, a multitude 

of studies have elucidated the potential of galactosylated chitosan (GC) in facilitating 

the targeted delivery of pharmaceutical agents to activated colonic macrophages, 
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primarily through the mechanism of galactose receptor-mediated endocytosis. 

Furthermore, a multitude of scientific investigations have substantiated the notion that 

galectins, which comprise a group of 15 galactoside-binding proteins found in 

mammals, exhibit an elevated expression in CRC. These galectins have been found to 

possess a pivotal function in governing the intricate processes of cancer development, 

progression, and metastasis. Furthermore, it is worth noting that galectins demonstrate 

a remarkable propensity for binding to naturally occurring low molecular weight 

carbohydrates, specifically galactose and lactose. To the utmost extent of our 

understanding, there exists a dearth of studies documenting the potential of GC as a 

carrier for CRC targeting, employing the esteemed combination of CAP and TQ. 

Hydrophilic compounds exhibit suboptimal EE, whereas the double emulsions 

technique enables the encapsulation of both hydrophobic and hydrophilic 

pharmaceutical substances. Moreover, this method has proven to yield a more stable 

synthesis of PNP. The coating agent known as eudragit serves the purpose of 

safeguarding the NP system against degradation caused by the highly acidic 

environment of the stomach. Furthermore, it facilitates the controlled release of the 

drug specifically within the intestinal-colon pathway, thereby enabling precise 

targeting of the colon. NPs possessing an extended-release profile and an enteric 

coating have exhibited noteworthy efficacy in effectively delivering their cargo to 

their designated cellular targets. 
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5.4 Characterization 

5.4.1 Particle size and Entrapment efficiency  

In the realm of medication administration, the intricate interplay between 

cellular absorption, biodistribution, and the delivery process itself necessitates a 

meticulous examination of NP size, which emerges as a paramount determinant. 

Particles with dimensions less than 300 nm in size are deemed to be more desirable. 

Based on the findings of the present investigation, it has been determined that the 

PNP formulations possessing a particle size below the threshold of 300 nm exhibit the 

capacity to effectively reach the designated target. 

It has been observed that a decrease in Gal-PLGA concentration leads to a 

reduction in particle size expressed as a percentage of weight per volume. 

Additionally, it is noted that there is a slight decrease in particle size with increasing 

PF-127 concentration expressed as a percentage of weight per volume. This 

phenomenon can potentially be attributed to the fact that a lower concentration of 

stabilizer diminishes interfacial stability, thereby causing NPs to aggregate when 

employed in higher concentrations. The presence of C has been observed to exert a 

direct and consequential negative impact on the functioning of PS, potentially 

resulting in a decline in its overall performance. 

The determination of the impact of a polymer is contingent upon the degree of 

miscibility exhibited by the drug within the organic phase, as well as the nature of the 

interaction between the polymer and the drug. Due to the remarkable emulsification 

properties exhibited by the polymer solution, it possesses the capacity to 

accommodate the utmost quantity of pharmaceutical substances within its 
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composition. In a parallel manner, the augmentation of the PF-127 (B) concentration 

resulted in a corresponding elevation in the percentage of EE. As the concentration of 

Gal-PLGA (A) was increased, a concomitant increase in the percentage of EE of CAP 

and TQ was observed. Moreover, the augmentation of C resulted in a notable decline 

in %EE, primarily attributable to the concomitant diminution in PS. 

5.4.2 ZP and PDI 

To ascertain the impact of the charge of the negatively charged NPs residing 

on the surface of a positively charged PNP on both their physical stability and their 

capacity, an investigation was conducted on the phenomenon known as ZP. Due to 

the inherent repulsive nature of electric forces between particles of identical charge, it 

follows that particles possessing high ZP values exhibit remarkable physical stability 

over extended temporal scales. The ZP of the uncoated NP was determined to be 

+47.30±0.14. The findings elucidated that the affirmative ZP of CAP-TQ-Gal-

PLGANP could be effectively counteracted through the incorporation of Eud S-100, 

leading to a resultant value of -25.2±0.31. This observation indicates that the presence 

of a negative charge on Eudragit effectively conceals the positive charge of CAP-TQ-

Gal-PLGANP, leading to the formation of Eud-CAP-TQ-Gal-PLGANP. 

5.4.3 TEM and SEM study 

Upon examination of uncoated NPs, it was observed through TEM that the 

particles exhibited a spherical morphology, characterized by their smooth and 

polished surfaces. The potential explanation for the surface roughness observed on the 

coated NPs may be attributed to the presence of the Eudragit coating. The absence of 

drug crystals adhering to the surface of the NP may be regarded as an indication of the 
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effective entrapment of the drug within the NP matrix. Uncoated NPs exhibit a 

diminished particle size in comparison to their coated counterparts, as substantiated 

by TEM analysis. 

5.4.4 DSC and FTIR 

The DSC thermograms of Eud-CAP-TQ-Gal-PLGANP revealed the absence 

of distinct endothermic peaks associated with the sharp amorphous state of the NP. 

This observation provides compelling evidence for the entrapment of the drug within 

the NPs. FTIR spectrum of a composite comprising a pharmaceutical compound and a 

polymer exhibits negligible discernible changes. This discovery effectively eliminates 

the potential for any interactions between drugs and polymers. 

5.4.5 In-vitro drug release 

The investigation focused on examining the cumulative percentage of 

medication release in both coated and uncoated pharmaceutical formulations under 

different pH conditions. A notable observation can be made regarding the release of 

medication, wherein over 20% of the administered dosage was discharged within a 

time frame of 1-2 hours under a pH level of 1.2. This finding suggests that the 

disintegration of PLGA in acidic environments, brought about by the hydrolysis of 

ester groups within the polymer chain, exhibited an escalated pace as the pH level 

increased. This phenomenon was observed specifically in the case of uncoated 

nanofibers. No discernible traces of medication seepage from the coated NF were 

observed within 6 hours. Given the propensity of the carboxyl groups within the Eud-

S100 polymer to undergo ionization in response to alterations in pH, it has been 

demonstrated that this particular polymer exhibits remarkable efficacy in facilitating 
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the targeted delivery of medication to the colon, thereby circumventing the 

undesirable degradation of said medication within the gastric milieu. Notably, the 

release of the drug commences at a pH of 7, with a gradual progression resulting in a 

20% release after 8 hours. Following 16 hours, the discharge exhibited a consistent 

pattern, persisting for a maximum span of 24 hours, accounting for 86.4% of the total 

time. 

5.5 Colloidal stability 

Following 6 months in storage at a temperature of 40°C, it was observed that 

the phase separation and visual clarity of the Eud-CAP-TQ-PLGANPs remained 

unchanged, as depicted in Figure 19. The observed alterations in particle size (PS) 

during the freezing stage, specifically from 183nm to 181nm, can be considered 

inconsequential. Furthermore, the %EE consistently remained above 75% and within 

acceptable limits when stored at temperatures of 4°C and -20°C. However, it is 

noteworthy that a negligible change in both PS and %EE when stored at 25°C, which 

suggests a certain degree of instability in these conditions. Based on the findings of 

stability studies, it has been determined that Eud-CAP-TQ-Gal-PLGANP exhibited a 

remarkable level of stability under varying temperature conditions, specifically 

refrigeration at 4°C and freezing at -20°C. Notably, no observable alterations were 

detected, indicating the robustness of this compound. 

5.6 MTT assay 

Performing the computation of the IC50 value. Illustration 20 exhibits the 

comprehensive array of categorized ratings. As a result of their exceptional 

performance, the research team has chosen CAP+TQ, NT-NF, and T-NF as the 
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subjects for further investigation and subsequent comparative analysis. An MTT 

experiment was conducted on the HT-29 cancer cell lines to ascertain the cellular 

toxicity of CAP+TQ, NT-NF, and T-NF. The employed targeted nano framework has 

proven to be efficacious, as exemplified in the visual representation depicted in Figure 

20. At a concentration of 3.125µg/mL, the compound T-NF exhibited a cell survival 

rate of 57%, while both NT-NF and CAP TQ demonstrated comparable efficacy with 

survival rates of 64% and 75% respectively. At a concentration of 50µg/ml, the 

viability of T-NF cells decreased to less than 30%, indicating a significant cytotoxic 

impact of the medication derived from NP. This cytotoxic effect has the potential to 

enhance the therapeutic efficacy of the treatment. In contrast to non-specific delivery 

methods, the targeted administration of drugs through a galectin-mediated capacity of 

T-NF results in enhanced drug accumulation. This is supported by the observed 

augmentation in cellular toxicity of T-NF specifically in cell lines that overexpress 

galectin (77). 

5.6.1 ROS and MMP  

The cellular concentration of ROS serves as a pivotal determinant in 

discerning the successful intracellular penetration of the drug via NP delivery. The 

untreated group (NC) exhibited minimal amelioration, with any observed progress 

being ascribed solely to suboptimal cultural circumstances. The exposure to NP has 

resulted in a discernible enhancement. Tremendous advancements were observed in 

the T-NF cohort in contrast to the remaining groups. It is plausible to posit a potential 

association between the number of NPs internalized by cellular entities and the 

subsequent escalation in ROS amplification, thereby instigating the process of 

programmed cell death, known as apoptosis. 
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When cellular production of matrix metalloproteinase ceases, it serves as an 

initial indication of the onset of apoptosis. The quantification of MMP depletion 

within cellular structures was conducted at a concentration of 8µg/mL. Subsequently, 

the impacts of CAP+TQ, NT-NF, and T-NF were meticulously examined and 

evaluated. In contrast to the other experimental cohorts, the treated group denoted as 

T-NF exhibited a noteworthy decrease in green fluorescence after an extended period 

of incubation, as visually depicted in Figure 22. This observation strongly suggests 

the occurrence of a collapse in MMP under investigation. It is widely acknowledged 

that the occurrence of mitochondrial dysfunction gives rise to caspase pathways, 

thereby triggering apoptotic cell death. This process entails the swift depletion of 

MMP, expansion of organelles, and the liberation of cytochrome C. 

5.6.2 Caspase -3-activity and DAPI assay 

One notable biomarker that warrants attention is caspase-3, the protease that is 

frequently activated in the intricate process of cellular apoptosis. Upon being 

conjoined with cellular DNA, the aforementioned reagent undergoes luminescence 

after its activation by caspase within apoptotic cells. In stark juxtaposition to the NT-

NF and CAP+TQ cohorts, the empirical evidence presented indicates that the T-NF 

group exhibited elevated levels of caspase activity. This observation implies that the 

administration of antioxidants augments the process of apoptosis triggered by the 

pharmacological intervention.  

DAPI labeling was employed to determine the presence or absence of 

apoptosis induced by T-NF. No discernible modifications were observed in the 

cellular composition or physical form of the cells that were not subjected to any form 

of treatment. Nevertheless, subsequent exposure to CAP+TQ resulted in a mere 

fraction of cells exhibiting chromatin condensation and cellular shrinkage. In the 
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context of comparing NT-NF and T-NF, it is noteworthy to observe that T-NF 

exhibited a greater manifestation of nuclear fragmentation, chromatin condensation, 

and blebbing of the nucleus in association with the process of apoptosis. 

5.6.3 Apoptosis assay 

When a cellular entity undergoes the process of self-destruction, it exhibits 

discernible alterations in both its nuclear and cytoplasmic components, characterized 

by distinct morphological and biochemical modifications. We employed the Annexin 

V-FITC/PI labeling technique to ascertain cellular viability and discern the 

preliminary and advanced phases of apoptosis, alongside the occurrence of necrosis. 

The observed decrease in cellular viability and the elevated occurrence of early and 

late apoptosis within the targeted group, in comparison to the other treatment groups, 

suggests the initiation of cellular demise as a result of heightened intracellular 

absorption and controlled discharge of the drug from the NPs. Remarkably, T-NF 

exhibited exceptional apoptotic capabilities. 

5.7 Rat in-vivo efficacy findings 

An investigation into acute oral toxicity prompted the exploration of an 

elevated dosage for administration. The disparity in body weight between the CRC-

induced rats and the healthy controls was evident, as was the observation that the 

CRC-induced rats exhibited reduced consumption of food and water in comparison to 

both their transgenic and nontransgenic counterparts. The animals within the cohort 

administered the commercial tablet experienced a reduction in body mass due to the 

deleterious effects associated with the tablet, thereby diminishing their prospects of 

survival. The graphical representation in Figure 26 showcases the comparative 

analysis of survival rates among the five distinct groups. Furthermore, the collected 

data was juxtaposed with a previous study conducted on the subject of colorectal 
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cancer using CAP-loaded lipid NP (78). All groups that were induced by DMH 

exhibited clear indications of the development of ACF. Rats that were administered 

with DMH exhibited a notable augmentation in the occurrence of ACF specifically 

within the distal portion of their colon.  Upon juxtaposing the cohort of T-NF-treated 

rodents with their counterparts who received DMH injections alongside other treated 

groups, a discernible decrease in both the generation and cumulative quantity of ACF 

was observed. In the experimental cohort, there was a conspicuous absence of any 

discernible manifestation of ACF formation. Notwithstanding the observed decrease 

in the abundance of ACF, it is noteworthy that the administered tablet continued to 

elicit a surge in adverse effects among the animal subjects, including but not limited 

to gastrointestinal distress, emesis, and cutaneous inflammation. The DMH control 

group exhibited a notable augmentation in the quantity of white blood cells (WBCs) 

and platelets. However, a marginal decline was observed in the count of red blood 

cells (RBCs), lymphocytes, and the concentration of hemoglobin (Hgb). The potential 

presence of carcinogenic oxidative stress within lymphocytes derived from DMH 

could potentially elucidate the underlying causation for the observed hematological 

abnormalities. Following a course of therapy involving the CAP and TQ, it was 

observed that normal values were either attained or in the process of being achieved. 

As a consequence of cancer therapy, there is a reduction in the number of 

lymphocytes observed. Significant enhancements in blood parameters were noted for 

the NT-NF, T-NF, and commercially treated CAP tablet cohorts, as compared to the 

DMH control group. The aforementioned findings provide further support to the in-

vitro cell line investigations, which have demonstrated that T-NF exhibits a notable 

capacity to augment oral bioavailability and exert anti-colon cancer effects. 
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6. SUMMARY 

Due to TQ's multitargeting capacity and CAP's promising pharmacological 

potential, it is an excellent therapeutic candidate for treating CRC. However, 

significant challenges in designing a formulation were presented by its poor solubility, 

instability, and oral bioavailability.  To improve their efficacy in treating CRC, 

researchers have considered administering NPs of CAP and TQ together via oral 

administration. This research aimed to create and study the efficacy of a CAP and 

TQ-loaded functionalized NF for the management of CRC. 

Through galactose receptor-mediated endocytosis, Gal- PLGA can transport 

medicines to activated colonic macrophages. For CRC treatment, functionalized NF 

was developed and tested. Numerous studies indicated that galectin is overexpressed 

in CRC and regulates its development and spread because it has a strong affinity for 

natural small sugars like galactose, allowing CRC to be targeted. Also, the absorption 

of Poloxamers (PF-127) onto hydrophobic drug carriers slows their clearance from 

the bloodstream. In the context of precise and prolonged medication administration, 

this is of paramount importance. Hydrophilic surfaces with lower surface charge 

created by the adsorption of Poloxamers onto hydrophobic particles allow for longer 

circulation in the plasma by preventing the adsorption of opsonins. 

To quantitatively assess CAP and TQ in PNPs, an isosbestic point-based R-

HPLC method was designed and validated following ICH recommendations. Using a 

solvent evaporation approach followed by probe sonication, drug-loaded NP was 

successfully synthesized. To find the optimal PNP we employed a factorial design 

strategy and analyzed all nine possible iterations with the help of the Design-Expert 

program. The gathered data was used to test many polynomial models, and the best-fit 
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model was chosen using several statistical criteria. The Design-Expert program 

generated contour and response surface plots that graphically displayed the interplay 

between the explanatory and dependent variables. The highest entrapment 

effectiveness and smallest particle size led to the selection of the optimized batch of 

PNP. PS, PDI, and ZP were all measured with a zeta sizer for the PNP. TEM and 

SEM studies verified the PNP’s expected surface shape. FTIR and DSC analyses 

verified the drug's characterization and its compatibility with various excipients. Gal-

PLGA was proven to have formed by HNMR analysis. The Eudragit-S100 coating on 

the optimized PFPNP served to protect the medicine when it was introduced into an 

acidic solution. For 6 months, the Eud-CAP-TQ-Gal-PLGANP was stored at 25, 4, 

and -20°C, where its particle size, PDI, ZP, and drug release were studied. 

The MTT assay determined whether or not the targeted NF was cytotoxic to 

HT-29 cell lines in vitro.  The combined CAP+TQ and NT-NF showed lower 

antitumor activity than T-NF. Both qualitative and quantitative cell uptake studies 

corroborated the cytotoxicity findings observed in vitro. The nuclear alterations in 

treated HT9 cells were seen using a DAPI staining test. 

According to OECD rules 423, acute oral toxicity was done on T-NF's 

composition, and the results showed that it was non-harmful to male Wistar rats at the 

administered dose. Oral administration of the formulated T-NF was found to be safe 

in the study. Histopathological analysis of treated colon tissues of Wistar rats revealed 

substantial tumor necrosis following treatment with T-NF, and the anti-cancer 

investigation showed that oral administration of T-NF into CRC-induced animals 

resulted in tumor regression. Targeted NF has been proposed as a possible targeted 

medication delivery strategy via oral administration based on the results of in vitro 

and in vivo research. 
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7. CONCLUSION 

In the current research endeavor, a concerted effort was made to enhance the 

effectiveness of CRC therapy through the utilization of a groundbreaking PNP, in 

conjunction with CAP and TQ. PNP was effectively formulated and optimized 

through BBD factorial design. The optimized PNP9 exhibits favorable 

characteristics such as desirable particle size and enhanced entrapment efficiency. 

These attributes are attributed to the specific ratio of PF-127 and Gal-PLGA. The 

process of Galactosylation has proven to be efficacious in producing functionalized 

PLGA with notable advantages in terms of its ability to target CRC. 

The PNP was subjected to optimization techniques to enhance its efficiency, 

and subsequently coated with Eud-S-100 to provide a protective barrier against the 

acidic conditions prevalent in the stomach, thereby safeguarding the drug. FTIR and 

DSC investigations have effectively showcased the encapsulation of CAP and TQ 

within the PNPs, thereby affirming their successful integration. TEM and SEM 

examination conducted on the PNP unveiled a distinctive morphology characterized 

by a spherical configuration. The in vitro drug release analysis conducted for PNP 

has revealed a biphasic burst release pattern, wherein the release mechanism is 

predominantly governed by diffusion control throughout 24 h. The coated NPs 

exhibited controlled drug release at a pH of 7, whereas the uncoated NPs displayed 

an abrupt drug release under acidic conditions. The results of the MTT and cell 

uptake experiments demonstrated a notable enhancement in the internalization of T-

NF within HT-29 cells when compared to the unbound forms of CAP+ TQ and NT-

NF. The results of the qualitative and quantitative analyses of cell uptake have 

demonstrated that T-NF, as a drug delivery system, exhibits a notable efficacy in 
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inducing cytotoxic effects specifically in HT-29 cells. 

Based on the research conducted on male Wistar rats, the investigation 

sought to ascertain the safe dosage of the treatment for acute oral toxicity. The 

histopathological evaluation provided evidence of the biocompatibility of the 

developed T-NF. This information was further corroborated by the histopathological 

results score. The in-vivo investigation of the anticancer properties of T-NF has 

revealed promising therapeutic potential in the context of DMH-induced animals. 

Fundamentally, the application of an intricately crafted PNP system exhibits 

substantial potential in the domain of averting and managing CRC through the 

utilization of TQ, which has demonstrated encouraging synergistic outcomes with 

CAP. Additional investigations utilizing sophisticated preclinical models are 

imperative to substantiate the effectiveness of this particular formulation for the 

treatment of the same. 
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