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ABSTRACT

Colorectal cancer (CRC), often known as colon cantgpically originates as
a benign polyp in the colon or rectum and spredaslyg over 10-20 years. About
9.4% of cancer-related deaths in 2020 were caug€&R€. Survival rates from CRC
are significantly affected by both recurrence aretastasis. In systemic therapy, the
problem of non-targeted drug dispersion is of pamamh importance. The main
worries and key grounds for chemotherapy failuee side effects and resistance to
medicines, both of which are caused by this lackspécificity. To tackle these
challenges, polymeric nanoparticles (PNP) were ldpeel as transporter devices for
CRC therapy, with the ability to encapsulate dieemsedications, shield therapeutic
molecules, and give numerous advantages above dbeirterparts in bulk. To the
extent of our information this is the first work ttemonstrate that functionalized
Polymeric nanopatrticle loaded CAP and TQ can dffelst be used as a synergistic

combination to induce apoptosis, which could bedusekill off cancer cells.

Aim

This research aims to formulate a Nano-based drmigredy system targeting

colorectal cancer. The objectives of the study are:

1. To formulate, optimize, and evaluate pluronic podymfunctionalized
nanocarrier system loaded Capecitabine and Thymoaqgai
2. To assess the anticancer activity of optimized tdation by conductingn

vitro and in vivostudies.
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Methodology

To begin, polymer functionalization was used totkgsize galactosylated
PLGA. Then, using the double emulsion solvent evaipan process, CAP and TQ-
loaded Galactosylated PLGA NP were created. Eud&ifl0 was employed as a
coating polymer to deliver the medicine to the dibispot at the appropriate pH.
Optimization was done using Design-Expert® softwatdizing Box-Behnken
design. Entrapment efficiency, particle size, shaped zeta potential were all
measured for the developed PNP. The optimized daad@oformulation was tested
in vitro for drug release and cell culture inveatigns were carried out on Targeted
nanoformulation (T-NF) in comparison to Non-targeteanoformulation (NT-NF)
and pure CAP+TQ utilizing HT- 29 Colorectal cancell lines. Cytocompatibility,
cytotoxicity, and cell uptake studies were carred. T-NF was tested in vivo for
pharmacological effect in DMH-induced colorectahcar-bearing male Wistar rats.
Results

The spherical-shaped nanoparticles optimized (PNB8rh had a mean
particle size (PS) and zeta potential (ZP) of 16lamd +47.30 mV, respectively.
After coating with Eudragit S-100 the PS and ZPngjesl to 183 nm and -25.2 mV
respectively. The effectiveness of CAP and TQ @mqtea inside the PNP was 84.92%
and 87.01%, respectively. Eudragit-coated NP shom@edrug release in an acidic
medium whereas uncoated drug-loaded NP begandaselthe drug in the same. T-
NF (Eud-coated CAP and TQ-loaded Galactosylated AN showed better
anticancer activity in HT-29 cell lines compared rton-targeted nanoformulation
(Eud-coated CAP and TQ-loaded PLGANP). At a comregioin of 3.125ug/mL, the
T-NF exhibited a cell survival rate of 57%, whileTMIF and pure CAP+TQ

demonstrated comparable efficacy with survivalgaie64% and 75% respectively.
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When compared to the control (non-treated) a phemoohmamic examination
demonstrated a significant reduction in tumor groamd a considerable gain in body
weight in T-NF-treated-CRC-bearing male Wistar ratsstopathological study of
cancer tissues from male Wistar rats revealed stantial decrease in aberrant crypt
foci in the same after treatment with T-NF. Thedfirgs of in vitro and in vivo
experiments suggest that Eudragit-coated CAP andlo@@ed Galactosylated-
PLGANP is a potential drug delivery technology f@&RC treatment by oral
administration.
Conclusion

These findings indicated that the developed Tadydt@no delivery can
effectively target colon cancer. Fundamentally, ti@plication of an intricately
crafted PNP system exhibits substantial potentiathe domain of averting and
managing CRC through the utilization of TQ, whickshdemonstrated encouraging

synergistic outcomes with CAP.

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

nanoparticles; Galactosylation; Eudragit; TargetedNanoformulation
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I ntroduction

1. INTRODUCTION

1.1 BACKGROUND

Colorectal cancer:

Colorectal cancer (CRC), often known as colon cartgpically originates as
a benign polyp in the colon or rectum and spreémslyg over 10-20 years to become
the third most common and second deadliest fornthefdisease. About 9.4% of
cancer-related deaths in 2020 were caused by CR@ival rates from CRC are
significantly affected by both recurrence and mtetsis. Chemotherapy persists as
one of the frequently employed and effective apginea for managing CRC (1,2). In
systemic therapy, the problem of non-targeted ddigpersion is of paramount
importance. To attain therapeutic levels of an camiter agent in cancer tissue,
chemotherapy often results in widespread infectiooughout the body. The main
worries and key grounds for chemotherapy failuee side effects and resistance to

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

To tackle these challenges, polymeric nanoparti®éPs), were developed
as transporter devices for CRC therapy, with thditgkto encapsulate diverse
medications, shield therapeutic molecules, and giveerous advantages above their
counterparts in bulk. Modern methods are focusedslowing down the removal
process by modifying the nanocarrier surface byriperating hydrophilic surface
features, rendering them invisible to the reticoti@helial system (RES) cells. These
characteristics make polymeric NPs a potentiallyenattractive therapeutic option
than standard cancer treatments (4). Improvedvim navigation and extended release

of anticancer drugs are two additional benefitswoface modification using targeted
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I ntroduction

ligands like Poly Lactic-co-Glycolic Acid (PLGA).dF sustained drug administration
with little nanoparticle (NP) bioaccumulation, @t amphiphilic polymers like

poloxamer boast desirable functional propertieshsas biodegradability and
hydrophilic/hydrophobic domains.

Given the propensity of numerous medications toikexhdose-limiting
toxicity or inadequate selectivity towards the nmded organ or tissue, the
administration of drugs poses a formidable chakeng the realm of clinical
advancement. Given the remarkable ability of NP#dwerse blood vessels and cell
membranes, it is evident that they possess comditderpromise as carriers for
therapeutic agents. To achieve both selectivity effidiency, one may consider the
prospect of designing moieties containing NP stmgs that possess the capacity to
be duly recognized by proteins expressed withincifipe target cells. The
incorporation of numerous pharmaceutical agentsyoergistic treatment or a wide
array of therapeutic approaches represents onbeofnyriad advantages stemming
from the utilization of NP-based drug targeting. (5)

Furthermore, the NPs for drug targeting not onlyaerce the therapeutic
index of the drug but also encompass the myriachiatdges associated with drug
carrier systems. These advantages encompass thgaamation of multiple drugs for
combination therapy or diverse therapeutic modsjtimeticulous administration of
medication, the ability to accommodate hydrophaliegs, safeguarding against drug
degradation, and mitigating systemic toxicity bypeding the drugs' accessibility
within the bloodstream. Henceforth, the principdsegarch goal was to devise a novel
form of NP possessing augmented targeting spdgificwards colorectal cancer,
employing the utilization of pluronic polymers. Thatudy's hypotheses were

substantiated by both in vitro and in vivo inveatigns.
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I ntroduction

THYMOQUINONE

The botanical specimen known as black cumin, siesty referred to as
Nigella sativa, harbors within its composition ayfgthemical entity denoted as
Thymoquinone (TQ), which is the abbreviated formZ2eimethyl-5-isopropyl-1,4-
benzoquinone, as visually represented in Figufehtoughout the annals of history,
this particular molecular entity has been harnedsedts therapeutic properties,
serving as a cornerstone in the realm of medicipalctices for countless
generations. The compound known as TQ exhibitslethgra of remarkable
attributes, including but not limited to its antiidative, anti-inflammatory,
hepatoprotective, neuroprotective, anti-carcinogeminti-ulcerative, and various
other therapeutic properties (6). Through the dtitimn of reactive oxygen species
(ROS) generation, infliction of Deoxyribonucleic idc (DNA) harm,
immunomodulation, regulation of signaling pathwaysibition of nuclear factor
kappa B (NF-B) activation, and initiation of autagly, TQ effectively instigates
apoptosis in malignant cells (7). The demonstratexgperties of TQ encompass its
anti-oxidant and chemopreventive attributes, whielve been observed in normal
cellular contexts. The observed similarities in #igcacy of TQ and 5-fluorouracil
(5-FU) in terms of their cytotoxicity against SW&Ruman colon cancer cells and
their capacity to disrupt intercellular metabolatipvays are noteworthy. Moreover,
it has been observed that TQ exhibits a propetsigugment the apoptotic efficacy
of 5-FU in gastric cancer cells both in laborateeftingsin vitro andin vivo. Upon
subjecting the SK-OV-3 ovarian cancer cell linerigorous examination, it was
observed that the amalgamation of TQ, 5-FU, andyadipicatechin-3-gallate
exhibited the most potent anticancer propertiesTBg synergistic integration of TQ

in a cell-line-specific fashion amplifies the aaticer potency of the
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chemotherapeutic agent doxorubicin (9). The sys#ogutilization of cisplatin and
TQ has demonstrated remarkable efficacy in surniegntisplatin resistance,
particularly in the context of non-small cell lungncer (NSCLC) cell lines and the
mice xenograft model (10). The compound known as ekQibits a plethora of
biological properties, including but not limited tts role as an antioxidant,

antibacterial agent, anti-cancer agent, and nepbi@gtive agent (Figure 2).

O CHs
CH;

HiC
O

Figure 1: Chemical structure of Thymoquinone

The chemical properties of TQ and its limited dpilio penetrate cellular
membranes impose constraints on its potentiakzatibn in human contexts. The
hydrophobic nature of this chemical compound setwetiminish its solubility and
bioavailability. A remarkable novel approach to thstribution of TQ has surfaced
with the introduction of NPs; this particular segy holds the promise of
substantially enhancing bioavailability. The finge of the study revealed the
presence of stability, enhanced bioavailabilityd anstained anticancer efficacy in
liposomes loaded with TQ, as well as in liposonwxled with TQ and modified
with  Triton X-100 (11). The anti-proliferative, ambflammatory, and
chemosensitizing properties of TQ are significanyphanced when it is

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

encapsulation is achieved using a biodegradablepzaticulate formulation that is
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primarily composed of PLGA, a polymer, and is ferthstabilized with
polyethylene glycol (PEG)-5000 (12). The synergispotential of TQ in
conjunction with other chemotherapeutic agentsieesh demonstrated to enhance
its anticancer properties. Due to its limited sdityh susceptibility to thermal and
photonic influences, as well as its diminished eyst bioavailability, the
utilization of TQ in the realm of cancer therapymens relatively infrequent.
Nevertheless, this particular approach holds théergial to surmount the

aforementioned impediments (13).

Figure 2: Thymoquinone's Biological Effects
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CAPECITABINE

The anticancer agent Capecitabine (CAP), is a pydrbic fluoropyrimidine
carbamate (Figure 3). It functions as a precursdbdth 3-deoxy-5-fluorouridine
(5-DFUR) and 5-FU. It was devised and developed §ipally to overcome some
of 5-FU's deficiencies and to mimic the infusiomaministration of 5-FU without
the complexity. After being taken in whole, CAP argbes a series of enzymatic
reactions to become its active metabolite. In amldito 5-fluoro-2-deoxyuridine
monophosphate (FAUMP), 5-fluorouridine triphosph¢gf®TP) is also an active
metabolite of 5-fluorouridine. Thymidine phosphast, an enzyme necessary for
the final step, has been demonstrated to be presembre concentrations in cancer
tissue than in normal tissue, which might providmor selectivity (14). There are

two potential mechanisms for cellular damage:

* The N5-10 methylenetetrahydrofolate, which sengea wgital cofactor for the
enzymatic activity of thymidylate synthase, becomegalently linked to the
FAUMP molecule. This intricate mechanism impedes tthnsformation of
uracil into thymidylate. Thymidylate plays an ingesisable role in the
process of DNA synthesis, as it undergoes a crucalversion into
thymidine triphosphate. The process of cell predifen can indeed be

effectively suppressed through strategic interfeeenith the said procedure.

* The replacement of FUTP with uridine triphosphateRibonucleic acid
(RNA) molecules induces a disturbance in the iatdc processes of
ribosomal and messenger RNA processing within thelews, thereby

impeding cellular proliferation.
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Figure 3: Chemical structure of Capecitabine

Furthermore, the aforementioned pharmaceuticaltanbs has been duly
sanctioned for administration as a solitary theutipeagent in individuals afflicted
with metastatic breast carcinoma, who have exhdbdediminished response to
treatment regimens involving both anthracycline gadlitaxel. Additionally, it is
authorized for employment in conjunction with d@oetl after an unsuccessful
course of antecedent chemotherapy reliant on aybiiae. Patients diagnosed with
prostate, pancreatic, renal cell, and ovarian gahaee also experienced favorable
outcomes through the utilization of both singlergigeand combination therapeutic
regimens. This is primarily attributed to its enbed tolerability and comparable
efficacy when compared to the conventional comimmadf FU/leucovorin (LV) and
its oral administration route. Nevertheless, tontan the desired concentration, it is
imperative to administer a high dosage of 1250 n2g/mi.d., owing to the
compound's notably brief half-life of 0.51 hourseguently, it becomes imperative
to interrupt the course of treatment owing to threegence of side effects stemming
from the administration of a substantial dosagelusing but not limited to
dermatitis and hand-foot syndrome (15,16). Thetesgias 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 iagstration of medication
can be employed for either local or systemic pugpoblevertheless, it is plausible to
mitigate systemic adverse effects and enhancepbetia efficacy through targeted
administration of medications specifically to tr@an. To safeguard the integrity of
the bioactive agent until it reaches the colonjsitimperative for CTDDS to
effectively impede the absorption of the drug witthe stomach and small intestine.
The controlled liberation and subsequent assiritatif the bioactive agent ought to
transpire solely upon the attainment of the colaeigion by the system. In recent
times, there has been a notable surge in the mignde attributed to oral colon-
targeted drug delivery systems, which have emergeda pivotal means of

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

When orally administered, medications are stratdlyialirected towards the
colon, thereby circumventing the processes of dizgian and release that typically
occur within the confines of the stomach and siin&distine. Furthermore, it ensures
the prompt or gradual dissemination of medicatiatiiw the proximal region of the
gastrointestinal tract. Numerous drug delivery eyt have been devised, each
exhibiting the capacity to administer a predeterdidosage of medication to the
colon, subsequently initiating the controlled ligon of the therapeutic compound.
Colonic microflora diligently synthesizes a muldti of intestinal enzymes, which
are then strategically utilized to initiate the totled liberation of medication at
distinct junctures within the intricate gastroibeal milieu. To liberate a
pharmaceutical agent from its prodrug form, specénzymes are employed to

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

Maximizing the proximity of the medication to thentended sites of
physiological action, while ensuring its structurmategrity, serves to mitigate the
incidence of untoward secondary effects. Moreotke potential to reduce the
customary dosage represents merely one of the obdniferapeutic advantages
associated with the targeted delivery of pharmacaluagents to the colon. The
utilization of prodrug synthesis, pH-responsive ypaér coatings, biodegradable
polymer coatings, polysaccharide-based formulatisostained-release mechanisms,
pressure-regulated drug delivery systems, and aesrpoéssure-controlled systems
exemplify a plethora of approaches and methodosogeeessible to achieve targeted
drug delivery to the colon (21,22). This investigathas primarily centered around
two distinct methodologies: the prodrug strategyl dhe implementation of pH-
sensitive polymer coatings. CAP is a prodrug netasgy conversion into its active
moiety, 5FU. This approach, commonly referred tdahesprodrug methodology, has
already been expounded upon. The fabrication ofimggwas achieved through the
utilization of a polymer with pH-responsive propest commonly referred to as
Eudragit-S100. The utilization of a pH gradientrspag from the gastric region (1.5-
3.5) to the duodenum (5.5-6.8) and subsequentlgneitg to the colon (6.4-7.0) is
being harnessed in this context. By encapsulatireg gharmaceutical compound
within the eudragit-S100 polymer, which exhibitéesive degradation solely within
the colonic region, the bioactive substance caeffeetively conveyed to the colon
while evading absorption within the proximal segtseof the gastrointestinal tract

(23-25).
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Polymer functionalization (Galactosylation)

The biocompatibility and uptake efficiency of thasgnotechnologies is
believed to be primarily influenced by their physibemical characteristics,
including surface composition, superficial chargee, and shape. Given the
inherent modifiability of the physicochemical propes of NPs, it is plausible to
assert that the surface of NPs can be subjectddntionalization processes.
Such functionalization endeavors aim to enhancdibeompatibility of NPs and
augment their efficiency in terms of cellular ugalGiven that the toxicity and
absorption of NPs are significantly impacted by sheface composition of said
NPs, it becomes evident that altering the surfacéhese particles presents a
formidable approach to tackle these issues. Surfacetionalization is a
transformative procedure that enhances the suttatmf NPs for medicinal
applications. Various techniques exist for the rficdiion of NP surfaces,
encompassing both non-covalent and covalent cotigugeethods (26,27). PEG
and PLGA are widely recognized as two of the masinpnent compounds
employed for surface functionalization of NPs inttban vitro and in vivo
applications. The synthesis of galactosylated PING? was conducted in a prior
investigation to facilitate the oral administratioh resveratrol. The findings of
the study revealed a substantial enhancement ih @oavailability upon
administration, primarily attributed to the augneshipermeability of these NPs
within the intestinal region (28). The process ghthesizing galactosylated
polymer entails the covalent linkage of D-galactosis to a polymer substrate, a
chemical transformation commonly referred to asaGalsylation. The benefits of

Galactosylation are outlined in further detail bei@9).
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» Directing the drug to a certain organ and boosiisgbiodistribution
throughout the body.

» Facilitating increased transmembrane penetration.

* Lowering clearance rates and improving metaboébisty.

* The high specificity for target cells and the highoductivity for
standardization make this a promising strategy &ail-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 defigehe medication.

Pluronics®

Poly (ethylene oxide) (PEO) and poly (propylenede)i (PPO) block
copolymers, colloquially referred to as PluronicdaPoloxamers (Figure 4),
exhibit amphiphilic properties and possess advawag association and
adsorption capabilities. One of the notable adwgeagaconferred by these
structures lies in their capacity to engage in rattons with hydrophobic
substances and biological membranes. Due to itsrémit low toxicity and the
myriad of desirable physiological attributes, thesbstances prove to be highly
advantageous across a diverse range of applica{@®81). Poloxamers of
varying proportions of EO (x) to PO (y) moietieshiit discernible HLB
(hydrophilic-lipophilic balance) characteristics2§3 Given the wide array of
commercially accessible variants and the notablstaites of regulatory

endorsement for pharmaceutical utilization, fornmiga possess the capacity to

Page 11



I ntroduction

seamlessly transition from rudimentary investigatendeavors to the realm of
therapeutic applications (33). The utilization db®nic F127 (PF-127) in the
current experimental investigation stems from tegus as a nonionic polymer
surfactant that possesses both safety and effi€aoy.to its potential as a viable
medium for the targeted transportation of therapeagents to combat a diverse
array of ailments, it has garnered considerablenatn (33). The benefits of

poloxamer are as follows (34,35).

Due to their amphiphilic architectures and surfactaehavior, they can

increase the solubility of hydrophobic surfacewater.

* In addition, compounds of varying hydrophobicityncke made more
miscible.

* They are employed as suspension stabilizers, $iakeds for hydrophobic
medications, and emulsifiers.

» These chemicals are not immunogenic and have &oiwity profile.

« By altering the surface of hydrophobic drug cagj€istealth” particles

can be created that are undetectable by macropkisiiRsy and so extend

the carriers' limited lifetime.

Figure 4: Chemical structure of Pluronic

Page 12



I ntroduction

POLYMERIC NANOPARTICLES (PNP)

Highly Porous NPs can be categorized based on theiphology, size,
composition, and physicochemical attributes. Wihiiley are technically defined
as having a size of less than 100 nm, it is wodting that structures up to 300
nm in size are commonly encompassed within thissifi@ation. Polymers, being
versatile macromolecules, can manifest in two mitstiorms: natural or synthetic.
These entities, in their essence, assume the giiselloidal systems, thereby
exhibiting intriguing properties and behaviors. bontrast to alternative
nanocarriers such as liposomes, micelles, and amxghanosystems, they offer a
plethora of advantageous attributes. The colladdities known as biodegradable
PNPs encompass a genetic material of significanmeapsulated within a
biodegradable polymer matrix (36,37). These NPs é&ishioned from
biocompatible and biodegradable polymers such &APar polylactide (PLA),
both of which have obtained the sanction of theeessed Food and Drug

Administration (38).

PLGA represents a distinguished polyester copolysyethesized through
the amalgamation of polylactic acid and polyglycolacid. Regarding the
administration of pharmaceutical substances, itbmasserted that this particular
biomaterial currently holds the most comprehensind precise characterization
within the existing market. PLGA has garnered coesable attention within the
scientific community owing to its extensive invgstiion as a biodegradable
copolymer (39,40). This copolymer, upon degradatiansforms into innocuous
entities, namely water and carbon dioxide, whidh maturally expelled from the

human body. These mechanisms can impede the déigradé drug moieties,
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thereby facilitating a more consistent and condbltelease of the medication.
Cytotoxicity may also be elicited by PLGA NPs, wlhnicafter endocytosis,
localize within the lysosomes. Within this intrdo&r compartment, they have
the potential to inflict harm upon the lysosomal mirgane and incite its
activation. The intricate networks of cellular coomication govern the process

of apoptosis (41,42).

There are numerous strategies available througtchwbiodegradable
PNPs can effectively accomplish anti-cancer tangetiThis encompasses the
intricate process of employing ligand-mediated édirgy mechanisms, facilitating
the transportation of therapeutic agents acroseitkethelial barrier to the tumor
site, and subsequently administering them diretttlthe neoplastic cells within
the circulatory system (43). Figure 5 exemplifies significance of both passive
and active targeting mechanisms in facilitating éfiécient delivery of NPs to

cancerous sites.

N
L
%
{ cancer cells
Macrophages Fibroblasts T f

sw of B wi Pericytes

~af o9 ﬂ ﬂ" f f Endothelial

= 1 ] i 0 - cells

. : el = - » 7/ e
- e - =
? N
o / P
. °
- l - : I r . w -] =S -
E .f‘_.. .
Active ,'

0008884 7 Poor lymphatic
Nanocarrier binds W el Angic-:;emc drainage
cancer cell target "\‘-M f‘ § vessels

? 3
o 0o 4

Figure 5: NP delivery systems via passive and acéuargeting
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PNPs exhibit remarkable characteristics, such agmional stability in
biological fluids, a wide array of available polyregthe potential for surface
functionalization, and the ability to regulate polgr degradation and controlled
release of encapsulated substances in responsaitus stimuli. In pursuit of
augmenting the antitumor efficacy, inhibiting méssss, and mitigating the
effective dosage and untoward consequences, numehamotherapeutic agents
have been integrated within polymeric delivery eyst (44). The distinctive
characteristics of biodegradable PNP systems ieclddninished systemic
toxicity and a predilection for altering drug-redeakinetics. These systems
typically undergo fragmentation into oligomers amnomers before being
metabolized and eliminated from the body throughlyular physiological
pathways. The loading and entrapment efficiency)(BE therapeutic agents
within the NP core is influenced by various factangluding the properties of the
drug and polymer, the choice of solvent, and theciic encapsulation process
employed (45,46). Figure 6 exhibits a multitude B8NP preparatory
methodologies, while Figure 7 elucidates the apgibm of PNP within the realm

of medicine.
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Figure 6: Polymeric Nanoparticle Preparation Stratgies
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Figure 7: Medical applications of PNP
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Biodegradable PNPs’ advantages:

» Due to their high loading efficiency, increasedrtadility to target tumors.

* Increased antitumor efficacy is achieved througbgared release inside
tumors.

» Also has a shielding effect, preventing the medeet from being quickly
cleared by the liver, kidney, and reticuloendotlediystem.

* This keeps the pharmaceuticals stable and increlsesspecificity for their
intended targets.

» Have superior biodegradability and biocompatibility other drug delivery
systems while also being non-toxic, non-immunogeeasily synthesizable,
inexpensive, water-soluble, and safe.

* With excellent stability, pinpoint accuracy, a lardrug-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, suchinathe
treatment of rectal cancer as a neoadjuvant theeamy in the management of
advanced or metastatic colorectal cancer. In sesearchers found that CAP is a
promising first step towards replacing infusionrtiges with oral ones for CRC and
other malignancies. Also examined current CRC singeand treatment methods,
with a primary emphasis on the theranostic strateigpanotechnology for CRC
therapy along with its potential. The purpose a§ tleview was twofold: first, to
inform readers about the progress of nanotechnologg§RC, and second, to get
them thinking about new methods of therapy thatccowuake use of nanotechnology

(47).

Thiruppathi et al., (2016) analysis revealed that Via surface modification,
functionalization improves the qualities and atitéds of NPs, allowing them to play
a significant role in the medical area. High-cositrdnigh-quality functional pictures
are essential for molecular imaging due to the it@yae of correct distinction. This
paper looks at how functionalization improves malac imaging and makes
multimodal imaging possible, allowing for the cieatof images that combine the
capabilities of different imaging modalities. Thaso explains how functionalizing
NPs with molecules enables them to specificallgeathe cells of interest through

molecular-level interactions (26).

Chu et al., (2017)The biocompatibility and liver-targeting efficacy 8DF-1-loaded
galactosylated chitosan (GC) NPs synthesized tlrdhg electro spraying method
were tested. After injection, GC NPs accumulateghificantly in liver tissue,

demonstrating uniform distribution, strong biocoripitity, and a liver targeting
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effect that hinted at the delivery system's po&it8).

Raikar et al., (2022)define pluronic as a medical polymer and providaae in-
depth discussion of the present pluronic drug éejivmechanisms. Based on
pluronic formulations, this review also has expdminthe hydrophobic payload

formulations and updated, tailored dispersion nash@5).

Zhang et al.,, (2016)looked into how TQ affects colon cancer cells ahd t
underlying molecular mechanisms. Treatment with di@matically lowered cell
viability in COLO205 and HCT116 cells in a dose-degent fashion, as measured

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

Odeh et al., (2018)examined the efficacy of TQ in conjunction with @ienin
(MLT) against a mouse model of breast cancer. TQ BILT together have a

synergistic effect and potent anticancer action.(13

Ramzy et al., (2020examined the task of fabricating polymeric nanoodgss both
anisamide (AA) conjugated and non-conjugated, thate loaded with TQ to
specifically target colon cancer. Eudragit-S100 veasployed in the synthesis
process. The results demonstrated that (AA) comguiyaanocapsules exhibited a
greater degree of cytotoxicity against HT-29 cafter a 48-hour incubation period,
in comparison to the non-conjugated counterparts fame TQ inferring that the
utilization of these nanocapsules could potentiatiphance the efficacy of treatment

(49).

Siu et al.,, (2018)To boost the bioavailability and pharmacologicaficecy of
Resveratrol (RES), the present study used nanecalin combination with ligand

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

enterocytes (50).

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

functionalization and co-loaded them with 5Fu amdflporocarbon (PFC) to treat
colon cancer selectively. Histopathological exariora added further proof that
EGF-targeted NPs slowed tumor development morectefédy than conventional
therapies. PFC's ability to bring oxygen to tumass what allowed for the

considerable improvement in treatment outcomes setis study (51).

Jenna et al., (2022ktudied the delivery of Cap-loaded PLGA NPs in Hrezll
lines boosting anticancer activity. Increased ‘mdability and markedly increased
cytotoxic capability were seen in the optimized P-Based NPs compared to the

pure drug (52).

Rahman et al., (2017)conducted a comprehensive investigation into thecate
interplay between pharmacokinetics and pharmacadigsain the context of 5-FU-
loaded Eudragit-S100 encapsulated colon-specificiso alginate microspheres in a
rat model. The findings of this study led to thenpelling conclusion that these
microspheres effectively facilitated the targetedivetry of 5-FU to colonic tissues,
while simultaneously mitigating the occurrence oflesirable systemic side effects

(53).
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1.3 JUSTIFICATION

The administration of medication via parenteraltesuand the utilization of
chemotherapeutic agents have established methadslag the management of
colorectal cancer. However, it is important to amkledge that these approaches are
not without their limitations, as they are assaatvith dose-dependent toxicities
and undesirable adverse reactions. There has baemgye of contemporary scholarly
attention towards the utilization of the colon aprane locus for pharmaceutical
conveyance, owing to its perceived potential asighlyn auspicious alternative
avenue of drug administration utilizing NPs whiaegents a multitude of benefits
when compared to conventional methodologies. Thadeantages encompass
enhanced stability and specificity, augmented cdapdor drug transportation,
regulated release, diverse administration routed, the capability to convey both

hydrophilic and hydrophobic pharmaceutical agents.

Despite the considerable efficacy of the two amitest agents, namely TQ
and CAP, their administration is beset by a myriaid complexities. These
complexities arise from various factors, such ashydrophobic nature of the drugs,
their susceptibility to light and thermal instatyiliand the notably brief half-life of
CAP. The latter necessitates the administration aofhigh dosage, thereby
engendering dose-dependent toxicities. The cormwagitiadministration of CAP has
been associated with myelosuppression and livefudgion due to the drug's
susceptibility to normal tissue. Consequentlysitmperative to develop an optimal
Nano carrier system that specifically targets tldom, thereby enhancing the
bioavailability of therapeutic agents, minimizinghdesirable side effects, and

fostering enhanced adherence among patients.
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The primary objective of this study was to asderta methodology for
augmenting the pharmacological efficacy of both iwetibns, while concurrently
mitigating the probability of drug resistance. Thigs achieved by devising a
strategy involving the utilization of polymer-funmbalized Pluronic NPs as carriers,
which exhibited remarkable proficiency in preciseigrgeting the colon. The
therapeutic efficacy of the medication will be awgnted as a result of the utilization
of polymeric NPs, which will facilitate the targetelelivery of the pharmaceutical

agent to the desired anatomical site.

The incorporation of Pluronic into the nanoforntida (NF) will confer
enhanced hydrophilicity to the medications. Oneth## advantages conferred by
these shapes is their capacity to engage in iritenscwith hydrophobic compounds
and biological membranes. Furthermore, the incatiam of the galactosylated
polymer enhances the biodistribution within varigissues, facilitating the targeted
delivery of therapeutic agents to activated colanacrophages through the process
of galactose receptor-mediated endocytosis. Thighard@sm not only ensures
efficient drug uptake but also contributes to thesprvation of the physicochemical
stability of the drug formulation. Pluronics, indition, will facilitate the concurrent
administration of both pharmaceutical agents, theenabling a synergistic impact

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

AIM

To formulate a Nano-based drug delivery systenetarg colorectal cancer.

OBJECTIVE

1. To formulate, optimize, and evaluate pluronic podymfunctionalized
nanocarrier system loaded Capecitabine and Thymoqgei
2. To assess the anticancer activity of optimized fdation by conductingn

vitro and in vivo studies.
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Pre-formulation Study

y

Galactosylation of PLGA

y

Preparation and Optimization of PNP

y

Coating of optimized PNP

Optimization of PNP

Invitro drug

release study

y

Stability study

Y

y

Invitro andin vivo anticancer study

\

y

Statistical Analysis
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2. MATERIALS AND METHOD

Table 1: List of Equipment, Instruments, and Devics 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 Dlﬁerentlgl scanning DSC-60 Shimadzu
calorimetry
High-performance liquid : :
5 LC-20AD Prominence Shimadzu
chromatography
6 pH meter Cyber Scan pH 510 Eutech
7 Homogenizer T25 digital Ultra Turax IKA
: Rivotek™ Ultrasonic | Riviera Glass Pvt.
8 Probe sonicator .
sonicator Ltd
9 Bath sonicator CPX 1800 H-E Branson
10 Stability chamber REMI U-tech R A scientific
instruments
11 High resolutloq—transm|53|on TEM, 2100 Jeol
electron microscope
12 Zetasizer Nano ZS : Malvern
instruments
13 ngh—speed.refrlgerated Floor model 7000 Kubota
Centrifuge
14 Homogenizer RQT-127A Remi Laboratory
Instruments
15 Fluorescence microscope BX41 Olympus
16 | Ultra-low temperature freezer U410-86 New Bruic&w
17 Freeze dryer Alpha 1-2 LD plus Christ
18 CQ 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, Polymerand solvents used

Sr.No. Name Purpose Supplier
. , Sigma, Aldrich,
1 Capecitabine Formulation AR .
Bangalore, India
2 Thymoquinone Formulation APJ Sigma, Ald”Ch.’
Bangalore, India
3 PLGA Polymer Sigma, Ald”Ch.’
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 APl as _standard Sigma Aldrich, USA
for cell line study
9 Mannitol cryoprotectant H|med|a"|1_(;;1iZOrator|es,
3-(4,5-dimethylthiazol-2-yl)-
10 2,5-diphenyl tetrazolium Cell line assay Sigma Aldrich, USA
bromide (MTT)
Chemical f I Sisco Research
11 Ethidium bromide e”rr?écztugr ce Laboratories Pvt.
y Ltd, India
- Chemical for cell| Himedia Laboratories,
12 Acridine orange : .
line study India
13 | 2 ’6'D'am"i'82'§l')phe“y"”do'e Cellline study |  Sigma Aldrich, USA
14 Dimethyl sulfoxide Cell line study Qualigensdia
15 Methane Sulphonic acid Chemical Visso Tradingl@dia
16 N, N dimethylformamide chemical Visso Trading Galia
17 Acetonitrile solvent Fisher Scientific, India
18 Methanol solvent Fisher Scientific, India
19 Chloroform chemical Fisher Scientific, India
20 Eudragit-S100 coating H|med|a"|1_(;;1iZOrator|es,
21 Paraformaldehyde chemical H|med|a"|1_(;;1iZOrator|es,
22 Fetal bovine serum Cell line study Gibco, USA
Dulbecco’s modified Eagle’ : .
23 medium (DMEM) Cell line study Gibco, USA
24 Ethyl acetate solvent Hlmedlalri_;t;oratorles
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2.1 An Innovative Reverse Phase High-Performance fjuid Chromatography

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

The experimental protocol, known as the chromagyaprocedure CTO-
10AS, was meticulously devised employing sophigtidaequipment including a
binary pump LC-20 AD, a degasser DGU20A5, a UV-Watector, and a column
oven CTO-10AS. These instruments were integratéal @ Shimadzu Prominence
HPLC-20 AT system, which was operated using theSalution 1.25 program. This
comprehensive setup was employed to unravel andirsige the obtained data. The
process of chromatographic separation and subsedqurealysis was carried out
utilizing the analytical column known as Luna C¥dich possessed dimensions of
250x 4.60 mm and a particle size of 5 um. A nylitterf possessing a membrane
thickness measuring 0.22 microns, was employedlter the mobile phase. The

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

The direct-Q3 water purification system manufaauréy Millipore
Corporation utilizes Milli-Q water of analytical agle, specifically the Millex HV®
variant, sourced from the United States. The erpamt was verified using Design-

Expert® software version 13, developed by Stat-Hasein Minneapolis, USA.2.1.1

2.1.1 API standard solution development

By employing a bath sonicator, a quantity of 10 ofgdrug samples was
effectively solubilized in a solution of methanokasuring 10 mL. This process was
carried out for 5 minutes, resulting in the forroatbf a standard stock solution with a
concentration of 1000 pg/mL. The generation of ddag solutions with

concentrations ranging from 0.25 pg/mL to 16 pg/més achieved through the
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process of diluting the drug's standard stock Bmiuin the meticulously produced

mobile phase (54).
2.1.2 Validation studies

System appropriateness, linearity, LOD, LOQ, pieais accuracy, and
robustness were used to validate the method acagptdi ICH recommendations.
Triplicate CAP and TQ standards (0.254i@ml) were tested for linearity. Precision
analysis was performed at low, medium, and higtcentrations on the same day and
throughout three days. Inaccuracy (recovery) sgjdiZAP and TQ were spiked to
their pre-analyzed sample and their % recovery walsulated by comparing the
original and measured concentrations. LOD and LQO® the analyses’ lowest
detectable and measurable concentrations, giviggakto-noise ratios of 3:1 and
10:1 respectively. LOD and LOQ were determined fiatarcept slope and SD, such

as [LOD=3.3 (SD/slope)] and [LOQ=10 (SD/slope) &5].
2.2 Design-Expert® experimental design

In the present inquiry, the NP formulations weriénel utilizing the 3-factor
Box-Behnken Design (BBD) technique, to attain aadtast amalgamation of
auxiliary substances, thereby circumventing theessity for protracted and laborious
experimentation. The experimental setup involvesttilization of Gal-PLGA(A) at
concentrations ranging from 2% to 4% wi/v, PF1274Bfoncentrations from 1% to
3% w/v, and a sonication period(C) lasting betwedn and 25 minutes. The
investigation encompassed an analysis of the impécparticle size (X1) and
entrapment efficiency (X2) on the three distinctiables. The selection of the
optimized PNP was conducted utilizing the pointdicgon methodology, taking into

consideration various criteria such as the attamroéminimal particle size (PS) and
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Polydispersity index (PDI) values, while simultansly maximizing Entrapment
efficiency (EE). The quantification of indifferenceas achieved by employing

rigorous statistical analysis (57,58).
2.3 Galactosylation of PLGA

The process of Galactosylation was executed thrahghestablishment of a
linkage between the glucose moiety and a spedificahosen polymer via the
mechanism of cross-linking (59,60). Expeditiougjglactose was solubilized in N, N-
dimethylformamide (10 mL). Upon the introductionraéthane sulfonic acid, PLGA
was subsequently incorporated. The reaction wagstlo to thermal treatment and
mechanical agitation at a temperature of 80°C &hdurs. The precipitation process
involved the utilization of chilled distilled wateiThe PLGA-galactose conjugate
materialized as a pristine white powder, painstglginacquired through the
meticulous processes of filtration, thorough waghiand subsequent desiccation of
the precipitate. The Galactose-PLGA(Gal-PLGA) commb underwent verification
through the utilization of Proton Nuclear MagnetResonance spectroscopy,

specifically the H-NMR technique (60).

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

Gal-PLGANP) and Eudragit-S 100 coating

The adoption of the double emulsion-solvent evajmratechnique has
yielded the creation of pluronic functionalized PNe organic phase consisted of a
0.5 mL volume of ethyl acetate, which contained cdutton of Gal-PLGA and
medicines (CAP+TQ). On the other hand, the aquebase was composed of 2 mL
of double-distilled water, in which PF 127 had bekssolved. The aqueous phase

was subjected to the incorporation of the orgarfiase, subsequently undergoing
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sonication. The solvent is subjected to the proogéss/aporation through the use of
centrifugal force at a speed of 12000 revolutioas minute for 15 minutes. Upon
completing the rinsing process with cold water, supernatant, which contained a

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

The formulation of the enteric coating solution otwed the dissolution of
Eudragit polymer within a composite solution corsjmy polyvinyl alcohol (PVA),
methanol, and NaOH. Gradually, the recuperated & incorporated into the enteric
coating solution. The ultimate suspension undervgemication for 5 minutes. The
cryogenic preservation of the nanosuspension gigestures of -20°C and -80°C was
followed by the lyophilization process, wherein maol was employed as a
cryoprotectant. A hermetically sealed receptacles veanployed to maintain the

desiccation of the powder pending subsequent asd3).

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

(Eud-CAP-TQ-Gal-PLGANP)

2.5.1 Chemical and Physical Analysi4,65)

A) Patrticle size (PS), polydispersibility index (P, and zeta potential (ZP)

The Zetasizer instrument was employed to conductoanprehensive
physicochemical analysis of Eud-CAP-TQ-Gal-PLGANRFhis involved the
determination of various parameters such as thaageesize of particles, the
distribution of particle sizes, and the values Bf Zhese measurements were carried
out using advanced techniques, namely dynamic $igattering (DLS) and M3-phase

analysis light scattering (PALS).

Page 30



Methodol ogy

B) Fourier-transform infrared (FTIR) spectroscopy

The FTIR spectrophotometer was adopted to conduanalysis of various
substances including pure CAP, TQ, Gal-PLGA, PF:127d Eud-CAP-TQ-Gal-
PLGANP. This analysis was carried out using the K8ltet technique, which covers

a spectral range of 4000-400 cm-1.

C) Differential scanning calorimetry (DSC)

The thermal behavior of drugs and their mixtures watermined by DSC
analysis of pure CAP, TQ, Gal-PLGA, PF-127, and -BAP-TQ-Gal-PLGANP by
heating the aluminum pans containing the sampl@s38® °C at 5C/min under

constant Nitrogen supply).

2.5.2 Entrapment Efficiency (EE)

The quantification of CAP and TQ encapsulated witlihe NPs was
ascertained through the process of separatingrtigeldden NPs from the suspension

that contained unbound CAP and TQ, employing thertgjue of centrifugation.

The suspension acquired after the process of dplesaporation was
subjected to centrifugation, wherein the aim waseparate the components based on
their density. Subsequently, the quantity of unlibyharmaceutical substances
present in the resulting liquid portion, known & tsupernatant, was determined
through the utilization of HPLC analysis. The quiécdtion of drug encapsulation
within NPs was determined by subtracting the nundfedrugs employed for the
formulation from the number of drugs present in shipernatant. The calculation of

entrapment efficiency was derived through the sgbset formula:
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A—B
%EE = ——-*100
A
A - is the sum of the CAP and TQ contributionshia PNP, and B is the sum of the

CAP and TQ contributions in the supernatant.

2.5.3 Transmission electron microscopy (TEM) and Smning electron

microscope (SEM)

Both coated (Eud-CAP-TQ-Gal-PLGANP) and uncoatedARaQ-Gal-
PLGANP) np’s were phosphotungstic acid-coated fBMTanalysis of their surface
morphology, then viewed at 40000X magnification @méd microscope. In the SEM
study, a sputter coater was used to apply a tlger laf gold-palladium alloy to the np.
For 90 seconds, a 15 kV accelerating voltage wasl wgith the coater, and the

specimens were examined using a respective electimoscope.
2.5.41n vitro release from coated and uncoated NF

The drug release characteristics of eudragit coasdPLGANP and eudragit
uncoated Gal-PLGANP were compared in simulatedd§ludf varying pH: (a)1-2
hours, pH of 1.2; (b) 3-4 hours, pH 4.5; (c) 5-@uts pH 6.8; (d) 7-24 hours, pH
7.0+30% fetal bovine serum (FBS). The releasedmel5mL) was removed and
replaced at predetermined intervals. Drug concegotr® were determined by
filtering, diluting, and analyzing the obtained gdes 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 subjectdgadphilization and
subsequently stored for 6 months under three disteamperature conditions: -20°C,
4°C, and 25°C, respectively. Subsequently, an ass&s was conducted to gauge the
stability of the samples by closely examining thierations in their PS and EE as

time progressed.

2.6 Targeting CRC usingin vitro Assays

The National Centre of Cell Sciences, Pune, Indigplied HT-29 human
colorectal cancer cell lines. In a g@cubator at 37 °C and 95% humidity, cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM)% FBS, with 1% pen-

step antibiotics.

2.6.11n vitro cytotoxicity assay

The study evaluated various formulations, includmge CAP, pure TQ, pure
CAP+TQ, targeted nanoformulation (T-NF; Eud-CAP-G@Q+PLGANP), and non-
targeted nanoformulation (NT-NF; Eud-CAP-TQ-PLGANP)o assess their
cytotoxicity on HT-29 cancer cell lines. The MTT say, utilizing 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium brodd, was employed for this
purpose. In this experimental setup, HT-29 cellsewseeded a day prior and
subsequently subjected to incubation periods ofa@d 48 hours. Subsequently, a
medium with 20 pL, MTT, and 5 mg/mL phosphate-brgte saline (PBS) was
introduced to the cellular milieu, wherein they wesubjected to a conducive
environment within a C@incubator for 4 hours. The formazan crystal thats wa

produced was effectively dissolved in dimethyl exifle (DMSO) at a volume of 150
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pL per well. The absorbance at 570 nm was quadtifs&gng a microplate reader. The
ICso values of all formulations were also subjecteddmparison with the standard

agent, Doxorubicin (40).
2.6.2 Intracellular Reactive Oxygen Species (ROS) dasurement

The intracellular assessment of ROS was conducsétg unon-fluorescent
Dichloro-dihydro-fluorescein (DCFH-DA). This compuai possesses the ability to
effortlessly penetrate the intracellular matrixcefls. Upon exposure to ROS, DCFH-
DA undergoes oxidation, resulting in the productioof fluorescent
dichlorofluorescein (DCF). Upon introducing the Iseinto a 24-well flat-bottom
microplate, accompanied by the placement of cowessithe aforementioned
assembly was subjected to an environment of cdettalarbon dioxide concentration
within an incubator set at 37°C. This arrangemeas allowed to persist throughout
an entire night. A volume of 200 pl/mL was allochte each sample, encompassing
both the targeted (Eud-CAP-TQ-Gal-PLGANP) and remgé¢ted (Eud-CAP-TQ-
PLGANP) nanoformulation, as well as the pure CAP+TiDpese samples were
subjected to an 8-hour treatment period. Afterdbgignated period of incubation, the
cellular entities were subjected to fixation usag% paraformaldehyde solution for
30 minutes. Subsequently, the specimens were daljéc two rounds of washing
with PBS, 7.4, and were subsequently subjectedn@ysis via a fluorescence

microscope.
2.6.3 Mitochondrial Membrane Potential (MMP) measuement

During the night, the cellular entities were maiméal at 37°C within a
controlled environment known as a £{cubator. This was done after the act of

introducing said cells into a 24-well micro platespessing a flat bottom, which was
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further equipped with coverslips. Every individisgdecimen, namely Eud-CAP-TQ-
Gal-PLGANP, Eud-CAP-TQ-PLGANP, and CAP+TQ, was sclgd to a
concentration of 200 pL/mL and exposed to a treatnuration of 8 hours.
Subsequently, these samples were given a respital@nd immersed in Rh-123 dye
for 30 minutes. The cellular specimens were suegett fixation using a 4% solution
of paraformaldehyde for 30 minutes after a thorougising with PBS (7.4).
Following this preparatory step, the samples welgexted to analysis adopting a

fluorescence microscope.

2.6.4 Caspase-3-activity assay
The efficacy of the medication was assessed thrdhghutilization of a

Caspase-3-activity assay. The cellular specimemes sbjected to staining using the
reagent following the prescribed guidelines prodidy the manufacturer, promptly
after the administration of Autocrine motility fact (AMF). Subsequently, the
specimens were allowed to undergo incubation forn3@utes, adhering to the
intracellular methodology elucidated earlier. Flawytometry was employed to
scrutinize the cellular entities after their inctiba period. The quantification of field
exposure effects was conducted through a comparaialysis of the average
fluorescence intensity exhibited by samples subpedb the AMF and those that
remained within the controlled environment of theubator.

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

During the night, the cellular entities were subgec to a controlled
environment with a temperature of 37°C, within tenfines of a C@incubation
apparatus, after their initial placement within &2ell microplate. Following 48

hours, an assessment was conducted on the effa@ure CAP+TQ, both in
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targeted and non-targeted nanoformulation, whichreweadministered at a
concentration of 200 pul/mL for therapeutic purpogéter the incubation period, the
cellular entities were fixed in a 4% paraformaldédysolution for 30 minutes,
followed by two subsequent washes with PBS. Updijesting a volume of 20 pL of
DAPI to an incubation process at ambient tempeeator 5 minutes, while ensuring
the absence of any light exposure, the resultampawas subsequently visualized
utilizing a fluorescence microscope. The enumenatib cells that have undergone

apoptosis was conducted through microscopic obsenvé7).
2.6.6 Apoptosis assay

Cells were cultured in six-well plates. Followin@4-hour incubation period,
the cells were subjected to treatment with the entrations of the samples (Eud-
CAP-TQ-Gal-PLGANP, Eud-CAP-TQ-PLGANP, CAP+TQ) tleatrresponded to the
half-maximal growth inhibitory (Gb) levels. Following the collection of the cellular
specimens, a duration of 15 minutes was allocatesirdient temperature to apply
Annexin V-fluorescein Isothiocyanate and Propidivuiodide staining to the
aforementioned cells. The specimens were subjecteahalysis employing a flow

cytometer, while the study itself employed the RlovX 10.0.7 software (68).
2.7 Evaluating the developed PN Vivo

The Institutional Animal Ethics Committee (IAEC) dfie esteemed KLE
College of Pharmacy, situated in Belagavi, Indias lgranted its esteemed approval
(approval No: 221/Po/Re/S/2000/CPCSEA) to the aharperimental protocol. This
protocol has also been duly sanctioned by The Cdtmenifor Control and
Supervision of Experiments on Animals (CPCSEA).cbaduct investigations about

acute oral toxicity and anticancer properties, mvllstar rats weighing between 250
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and 300 gm were utilized. The fauna was confinethiwienclosures subject to a
diurnal rhythm of 12 hours of illumination followety 12 hours of darkness.
Additionally, they were granted unrestricted auaility to a nourishing pellet-based
sustenance, maintained at an ambient temperat@®&+08°C, and a relative humidity

ranging from 30% to 70%.
2.7.1 Acute Oral Toxicity Test

Under The Organization for Economic Cooperation and Dawelent
(OECD) standards 423, the effects of an acutedwsé on healthy male Wistar rats
were investigated. The LD50 was calculated by ramg@ssigning 12 healthy rats to
each of four groups (n=3). Doses of CAP+TQ contariN\F were chosen based on
oral toxicity data (2000mg/kg) and were suspendedgormal saline (10ml/kg). In the
current investigation, the high, medium, and lowse® were respectively 1/5th,
1/10th, and 1/20th of the maximum tolerated dos@@M At 1, 2, 4, and 6 hours
post-injection, visual observations, skin/fur/eyterations, The subjects' breathing,
heart rate, blood pressure, autonomic nervous reysgematic motor, and behavioral
patterns were recorded. were documented. Afterossh and again after 14 days of

once-a-day monitoring, the total number of suréwas tallied (69,70).
2.7.21In vivo anticancer research

Following a period of acclimation spanning sevegsdaithin the laboratory
setting, the rats were subsequently allocated fie distinct groups through a
process of randomization. These groups were thdresed to a series of
experiments as outlined below: The experimentalditmms encompassed in this
study include a control group, wherein tumor induttwas not administered.

Additionally, disease control was implemented withe induction of CRC.
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Furthermore, the study explored the effects of ARdliction in combination with
non-targeted therapy, targeted therapy, and a coomig available tablet. Rats in
group | were administered a saline solution foreguivalent duration. To ascertain
the induction of CRC, two rats belonging to Groupwvere subjected to sacrifice
while under the influence of profound ether anesithafter the final administration of
1, 2 dimethyl hydrazine (DMH). Table 3 presentmmprehensive delineation of the
optimal courses of action to be pursued for thedi® subsets of patients. Following
the administration of DMH, subjects belonging tawpw Il and group IV were
subsequently administered NT-NF and T-NF formutajaespectively, at equipotent
dosages of 200 mg/kg CAP and 30 mg/kg TQ, admnedt@rally twice daily via
gavage for two weeks. Group V was administeredctimamercially obtainable CAP
tablet (XELODA, which is equivalent to a dosage50D mg/ kg). The experimental
procedure involved the intraperitoneal administratbf DMH, a chemical compound,
weekly over 20 weeks. This was done to induce CiR@é subjects. The weight of
the subjects' bodies was consistently documentezklywehroughout the treatment,
while simultaneously observing and tracking theingumption of food and water.
Following the prescribed treatment regimen, a mamnfeach experimental group was
selected for sacrifice. The colons of these ratsewmeticulously excised and
subjected to thorough examination to identify amgcernible macroscopic tumors.
The colon was immersed in a solution containing f@#tnalin, after which the
number of aberrant crypt foci (ACF) was quantifiegid optical microscopy. The
guantification of hematological parameters was cetell to assess the effectiveness

of the therapeutic intervention that was adminedg63,71-74).
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Table 3: The Protocol for the in-vivo anticancer research

als

Group Treatment No. of animals  Total no. of anim
I: Normal control Normal saline 6
DMH (15mg/kg) i.p.
Il: Disease control | once a week for 20 8
weeks
[ll: Non-targeted
DMH-induced +NT-
Nanoformulation | NF orally twice daily 8
for 14 days
(NT-NF) 38
IV: Targeted | by induced +T-NF
Nanoformulation orally twice daily for 8
(T-NF) 14 days
- +
V: Marketed cap | DMH-induced + CAP
tablet orally twice 8

tablet

daily for 14 days

2.7.3 Histopathological study

The neoplastic tissues were procured from the eggtiof the male Wistar

rodents and subsequently conserved in a solutintacong 10% formaldehyde upon

the humane termination of the mice at the twenindthweek. Upon careful

examination using a microscope, sections of camsetigsues that had been treated

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

quantification of histopathological toxicity was caenplished through a scoring

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

alteration, (+++) represents a substantial metahu®ig, and (+++++) denotes a

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

Using Design-Expert® software, the developed NF a@tgmized. The data is
presented in the form of the mean value along whih standard deviation (SD),
which has been calculated based on a minimum eketimdependent experiments.
The model and its terms were confirmed to be siediby significant using analysis
of variance (ANOVA). GraphPad Prism (GraphPad Safevinc., CA, USA) was
usedin vitro and in vivo statistical study where experiments were carrietd o
employing a statistical methodology known as caiitk intervals, specifically at a
confidence level of 95%. Through this rigorous gs@&l, notable disparities were
observed and deemed statistically significant wihenlevel 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 pg/ml methanolic drug sols, maximal absorption

was seen for CAP at 305 nm and for TQ at 254 nre. ddtection wavelength of 271
nm, where maximal absorption is seen for both naitins, was chosen as the
isosbestic point based on the UV spectra (FigurdBg retention time of CAP and
TQ, measured in min at 271 nm using HPLC, wererdeted to be 4.87 and 9.43,
respectively. Figure 9 displays the HPLC chromaogrfor CAP and TQ in
methanolic solution and the PNP. It was determihedl the system's appropriateness
parameters, including the relative standard desnadif the peak area (%RSD <2.0%),
the tailing factor (T <2.0), and the number of tteg@al components (N >2000), all
fell within the acceptable ranges. Over a concéntrarange of 0.25 pg/mL -16.0
pa/mL, a linear relationship can be seen betweeR @Ad TQ concentrations in the
calibration curve. The value of the correlationftioent (R2) was determined to be
0.998 (Figure 10). The limits for detecting and rfifging CAP were 0.05 pg/mL and
0.16 pg/mL, respectively, while the limits for TQere 0.12 pg/mL and 0.38 pg/mL,

and 97-100% recovery was achieved in plain drugtisel and 100-102% in PNP.
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Figure 9: CAP and TQ HPLC chromatograms in methanoic (A) and PNP (B)
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Figure 10: Capecitabine (CAP) and Thymoquinone (TQxhromatogram

linearity

4.2 Polymer functionalization, Preparation, optimiation, and characterization of

PNP

H-NMR spectroscopy has effectively confirmed thésence of Gal-PLGA,
an altered iteration of PLGA that has been syn#eekithrough the process of
crosslinking the glucose molecule with PLGA. TheNNIR spectra of PLGA
exhibited chemical shifts at 1.55-1.59 ppm (3H, 3}3H:.8 ppm (2H, -CH2), and 5.2
ppm (1H, -CH). These shifts were also observechénGal-PLGA spectra, with the
inclusion of an additional shift at 4.3 ppm atttibah to the presence of galactose.
Consequently, this substantiates the successfitiheasis 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 thegse of solvent evaporation. The
performance characteristics of PNP, particularlyeims of PS and energy % EE, are
predominantly influenced by the concentration ofl-BleGA and stabilizers. The
optimal formulation was attained through the BBDheTtabular representation
denoted as Table 4 showcases the amalgamationctirdawithin the formulation

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

Dependent Factors Independent Factors*
- GA;|- ; ,:81;27 C: Lparicle X2; Entrap(rg/loe):nt efficiency
batches| PLGA S.onicati.on siée (nm)
(%) (%) time (min) CAP TQ
PNP1 4 3 20 148+1.12f 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+0.81f 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.%5 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+0j12
PNP9 3 2 20 161+1.91| 84.92+0.98 87.01+0J11
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+0.7T3 89.36x0}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, Band C

The synthesized PNP exhibited a mean particleraizging from 139 to 218 nm. The
polynomial equation 1 provided by Design-ExpertGt®are elucidates the intricate
relationship between various factors and their ichjmm the size of particles. As the
concentration of PLGA (A) decreased, a concomitaduction in the levels of PS
(X1) was observed. The discernible manifestatiothefinverse relationship between
PF-127 and PS was evident. The experimental firsd{nserved value) exhibited a
statistically significant alignment with the anpated outcomes, as evidenced by the
data presented in Table 5. The Perbutation placéffely elucidates the individual
contributions of factors A, B, and C to the ovehamg depiction, as visually depicted

in Figure 12.

X1=163.33 — 26.634 — 6.63B — 2.75C + 7.50AB + 4.25AC + 1.25BC +

1.084% + 11.08B? + 4.33C%------- (1)

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

Table 6 displays that the EE for CAP and TQ aréniwithe ranges of 57.37-86.10%
and 61.781-89.36%, respectively. Both the EE of GAR TQ are affected by external

factors, as shown by polynomial equations 2 and 3.

X2(CAP) =85+ 12.62A + 1.62B + 2.50C — 2.25AB — 1.00AC + 1.50BC —

9.374% — 3.87B2 — 6.13C2---—---(2)

X2(TQ) =87.67 + 7.00A — 1.00B + 1.50C — 4.00AB — 0.0000AC — 1.00BC —

11.8342 — 4.83B2 — 4.83C2--—---(3)
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Figure 12 exhibits the profound influence exertgdféictors A, B, and C upon the
overall energy efficiency of both the CAP and TGteyns. Gal-PLGA and PF-127
demonstrated a noteworthy influence on the EE ofPG#d TQ. Conversely, the
duration of sonication exhibited only a minimalesff on the aforementioned outcome.
The quadratic model has been determined to be tis¢ optimal model, as per the data
presented in Table 4. The quadratic formula modal yielded exceedingly elevated
values for a diverse range of correlation indicepecifically the coefficient of
determination (R2). Contour plots exhibit the aethand anticipated magnitudes of
desirability and projected values, as illustratedrigure 13. The measurement of the
signal-to-noise ratio was conducted using ANOVA.eTtesults obtained for the
recommended quadratic model demonstrated a commlenkdsvel of precision, with
values of 21.48 for PS, 12.46 for % EE of CAP, a8d6 for % EE of TQ. It is worth

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

Best suit Adjusted | Predicted
SD R2 Press| P-valug Remark
Models R2 R2

Response 1: Particle size

Quadratic | 4.310.9867| 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
EE of CAP (%) 84.92+0.98 84.09
suggested
EE of TQ (%) 87.01+0.11 86.02
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Figure 12: Perbutation plots demonstrating the effets of independent factors on
responses; A: particle size, B: entrapment efficiecy(CAP) C: entrapment
efficiency(TQ)
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Factor Coding: Actual . Desirability

Partide size (nm)
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B: PF-127 (%)
B2 PF-127 (%)

Actual Factor
C=17.2498
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e Gal-PLGA (%)
EE OF CAP (%)

B:PF-127 (%)
B: PF-127 (%)

Figure 13: Contour plots showing the desirability é factor optimization
4.2.3 Optimized PNP nanoformulation selection

After careful consideration of the imperative tchigwe optimal entrapment
efficacy while minimizing particle size, the select process led to the identification
of the most refined PNP batch from a pool of 1feralative formulations. The
selection of the PNP9 batch, which comprises G&ARlat a concentration of 3%
w/w and PF-127 at a concentration of 2% w/w, waslento conduct subsequent
assessment investigations. This particular batdhibéx the most noteworthy EE
(84.92% for CAP and 87.01% for TQ, respectivelyd gmossesses the smallest
particle size, measuring 163 nm. A comprehensiayars was undertaken on the
PNP9 batch, encompassing the application of Eud&Idi0 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 foh looated (Eud-CAP-TQ-
Gal-PLGANP) and uncoated (CAP-TQ-Gal-PLGANP) NFgufe 14 displays the ZP
and particle size distribution of the optimized PN#atch. All of the generated NPs
showed homogenous particle size distribution, Withs- 0.37 PDI and, the ZP as -

15.37 to -25.71mV.

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

NF batches PS (nm) PDI ZP (mV)

Eud-CAP-TQ-Gal-PLGANP(coated) | 183+1.78| 0.33+1.27 §2+0.31

CAP-TQ-Gal-PLGANP (uncoated) 161+1.91| 0.21+1.05 +430+0.14

Values shown are average +SD (n=3)

t B Bt S Bt B A Bk AR A |
sons
beraty (8
H

w00 360 360 40 6 MO M9 e &0 00

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

CAP's FTIR peak values appeared at 1612,1775, 228, and 3212 cm-1,
correlated to the C=C, C=0, C-H, N-H, and O-H fumtal groups respectively,
while TQ's appeared at 1711, 2877,2969 and 3048, corresponding to the C=0,
CHs, C-H, and CH in =C-H functional groups respectivélize ester group of PLGA
polymer is responsible for the presence of a chariatic peak at 1637 chin the
FT-IR spectrum of Gal-PLGA. The distinctive peakgste OH group of galactose at
3338 cm-1 in the spectrum are also visible, dematisyy that the Gal-PLGA
polymer structure was effectively synthesized. T and C=C functional groups
in PF-127 were located at 1465 and 1342" cespectively. All the key characteristic
peaks were seen in the FTIR spectra of PNP9, witia minimal shifting for Gal-
PLGA and PF-127 indicating no interaction betwebe RV and Pl and these
excipients. Similarly, the typical peaks of CAP anQ were slightly displaced but
diminished in the spectra of PNP9, indicating thath were trapped in the PNP

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

CAP-TQ-Gal-PLGANP (E)
4.3.3 DSC study

The DSC thermograms (Figure 16) indicate that hmihe CAP and TQ
possess crystalline properties, as evidenced by ptesence of well-defined
endothermic peaks at temperatures of 121.39 °C4&eD °C, respectively. These
peaks correspond to the melting temperatures of rédspective substances. An
endothermic peak is observed at a temperature 6f €3 for the Gal-PLGA
compound. Similarly, PF-127 exhibits an endothermpa&ak at a slightly lower
temperature of 185 °C. The conspicuous absencheoflistinguished CAP and TQ
peaks observed in the differential scanning caletiyn(DSC) thermograms of PNP9
serves as compelling evidence of its transformaffom a crystalline state to an
amorphous state. The aforementioned findings stiggemolecular encapsulation

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

Gal-PLGANP

4.3.4 TEM and SEM

The samples, which were coated in a random manaenely Eud-CAP-TQ-
Gal-PLGANPs, underwent analysis employing both aan$mission Electron
Microscope (TEM) and a Scanning Electron Microsc(EM) at a suitable level of
magnification. The observation of a diminished BSioted in the case of uncoated
CAP-TQ-Gal-PLGANPs in contrast to their coated deuywarts, as confirmed
through TEM. The uncoated NPs exhibited a sphenuaphology with a sleek outer
surface, while the Eud-CAP-TQ-Gal-PLGANP displayedghness, as depicted in

Figure 17.
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Eud-CAP-TQ-Gal-
PLGANP
(coated)

CAP-TQ-Gal-
PLGANP (uncoated)

Figure 17: TEM and SEM study of coated and uncoatedanoformulation

4.3.5 Analysis of Drug Release

There were two separate iterations of the nanoftatiam, one featuring a
coating and the other lacking it. The objectivenaking use of a fluid simulator to
replicate a traversal from the oral cavity to tlmdoo was to enhance the level of
realism. The findings indicate that drug releasamfruncoated NF is initiated in an
acidic environment. Specifically, 60% of the drugsmeleased after 8 hours, 70%
after 10 hours, and 75% after 24 hours. The ratelehse increased as the pH level
increased. There was no significant medicationdgakobserved from the coated NF
after 6 hours. However, the release of the drugnesenced at a pH level of 7. After 8
hours, only 22.69% of the drug was observed to heen released. The drug release
percentage after 24 hours was observed to be 882486% (Figure 18). The research
findings for the dissolution of coated NF were gmall using various release kinetic

models.

Page 55



Results

—o—CAP-TQ-Gal-PLGANP —e—Eud-CAP-TQ-Gal-PLGANP
100
90
gao
@ 60 -
<@
© 50
240 - 1-2h:1.2
S 30 2-3h:4.5
g 20 - 4-5h:6.8
g 10 6-24h:7.0+ 30% FBS
€ 0
%-100 1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
) Time (h)

Figure 18: Drug release characteristics of coatednal uncoated nanoformulation

in vitro
4.3.6Colloidal stability

Six months' worth of stable Eud-CAP-TQ-Gal-PLGANBRsxcharacterized for
PS and % EE, at -20°C, 4°C, and 25°C. At ambiemiperature, the parameter PS
exhibited an increase to 254nm, whereas the paesri&t experienced a decrease of
38%. Conversely, when subjected to temperaturgsdegrees and — 20 degrees, no
noteworthy alterations were observed in either PSEER. The stability of the
developed PNP compound was observed under refrége@onditions, exhibiting a
pressure of 183 PS and an EE of 81%. Similarly,eunfleeze conditions, the
compound displayed a pressure of 185 PS and anf BB%. The main takeaways

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

Galactosylated PLGANP

4.4 Targeting CRC usingin vitro Assays

4.4.1 In-vitro cytotoxicity research

A range of concentrations (2.5-100pg/mL) of pure RCAoure TQ, pure
CAP+TQ, targeted nanoformulation (T-NF; Eud-CAP-G@Q+PLGANP), and non-
targeted nanoformulation (NT-NF; Eud-CAP-TQ-PLGAN®Rre adopted in an MTT
experiment to ascertain their individual half maalnmhibitory concentration (1£g)
values. The Ig values for the solutions of pure CAP, pure TQ, pace CAP+TQ
were determined to be 20.95, 25.30, and 12.0, ctispy. In comparison to the
standard drug doxorubicin (4¢5.31), the NT-NF exhibited an $gvalue of 8.81. On
the other hand, the T-NF demonstrated ag Malue of 4.87 and displayed a cell

survival rate of 57% at an extremely low concerdradf 3.215ug/mL (Figure 20).

Page 57



Results

] CAP+TQ [ NT-NFER T-NF [ CAP @O TQ Doxorubicin

ICso

: Cap  2095:0.63
o o Tq 25.30:0.76
- -’:.—J i C+T 12.00:023
fl Al ; NINF  §812020

| TNF 470005

i DOX 6.73£0.09

Cell Viability (%)

60~ | ]
a0 H ||
i1
: | 1
i
:

204

L

5 125 25

=4

3125 6.

Concentration (pg/ml)

Figure 20: HT-29 cell cytotoxicity when exposed to pure drug 8P+TQ, Non-
targeted NF, Targeted NF, Pure CAP, pure TQ, and dxorubicin; significant

levels of probability are defined as follows: p p®, p* <.05; p™, p*™ p*<.01 and

e $88, H#H

p .p <.001 across groups

4.4.2R0OS measurement

Figure 21 illustrates the intracellular level of 80n various experimental
conditions, including the control group; negatianirol(NC), the group treated with
Pure CAP+TQ, the group treated with NT-NF, andghmup treated with T-NF. The
green fluorescence, a discernible marker denotiegeixistence of ROS within the
cellular milieu, was employed as a means to ingastithe level of activity. Both the
NT-NF and T-NF groups exhibit heightened levels reactive oxygen species.
Nevertheless, it was observed that the green ftwerece exhibited amplification in
the context of T-NF, thereby suggesting that thel-EAP-TQ-Gal-PLGANP had

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

targeted nanoformulation; p’<.05, p~ <.01, g <.001
4.4.3 MMP study

The decline in MMP after the process of apoptos@ddd significant
implications as it emerges as a pivotal indicafomdochondrial functionality within
the realm of cancer cells. The Rho-123 dye fatddeahe identification of alterations
in MMP levels within the treated cellular specimefble observed diminishment in
MMP expression, as indicated by the relatively sigatigreen fluorescence intensity
in T-NF in comparison to the other groups, impleesoncomitant acceleration of

apoptosis, as depicted in Figure 22.

Page 59



Results

NC O CAP+TO NT-NF W T-NF

Green Fluorescence Intesity(%)

Concentration at 8 pg/ml

Figure 22: MMP study of pure CAP+TQ, targeted and mon-targeted

nanoformulation; p%*<.01, p* <.01, g <.001
4.4.4 Caspase-3-activity

Caspase-3 assumes a pivotal role as a vital bi@namkthe intricate process
of apoptosis. It emerges as the preeminent protbaseexhibits heightened activity
during cellular demise, thereby orchestrating trauction in cell size, the compaction
of chromatin, and the fragmentation of the nuclalsngside various other distinctive
features characteristic of apoptosis. The resulth® study revealed that apoptosis
was induced in T-NF, as demonstrated by the heiglskeexpression of caspase-3 in

comparison to the other experimental groups (Fig@3)e

Page 60



Results

NC [J CAP+TQ & NT-NF W T-NF

B
e

s
L

Expression CASP-3
t
-
-
-

]
'

T
1

Concentration at 8 pg/ml

Figure 23: Caspase-3-expression of pure CAP+TQ, tgeted and non-targeted

nanoformulation; p**<.01, p~ <.001, g <.001

4.4.5 DAPI study

The distinctive morphology of apoptotic cell nuckeas unveiled through the
application of DAPI staining. In the experimentabgp denoted as the negative
control (NC), the cellular nuclei exhibited an icttamorphology and displayed a
subtle azure hue upon staining. The NT-NF and Tgisups exhibited a higher
degree of blue staining intensity when comparedth® pure CAP+TQ group.
Apoptosis is distinguished by the phenomenon obmlfatin condensation, nuclear
fragmentation, and the generation of apoptotic émdiall of which were

conspicuously observed in T-NF cells (as depiatelgigure 24).
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Figure 24: DAPI assay where condensed chromatin anauclear
attrition/fragmentation are shown by the direction of the arrow; blebbed nuclei

and apoptotic bodies are depicted by circles in regctive groups

4.4.6Apoptosis Assay

Tumorigenesis occurs as a consequence of celleg#@stance to apoptosis, an
intricate mechanism of programmed cell death aimeceliminating aberrant or
impaired cells. The untreated cells in North Caxalexhibited a remarkable survival
rate of 99.2%, with a mere 0.4% undergoing earlgpapsis and a mere 0.17%
undergoing late apoptosis. The cellular specimengested to NT-NF exhibited a
survival rate of 86.7 percent, in contrast to thecémens treated with Pure CAP+TQ,
which displayed a survival rate of 90.3%. With thscalation of early apoptosis
(23.1%) and late apoptosis (2.4%), there was eedidade decline in cell viability,
settling at 73.2%. This observation serassa clear indication of the initiation of cell

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

p*¥<.001, p~ <.001, " <.001
4.51n-vivo study
4.5.1 Acute Oral Toxicity Study

Phosphate buffer saline was administered orallyedoca control group. This
research aimed to assess the safety of a singlelosa of CAP+TQ in NF for 14
days. The NF was given orally at doses equal t0tth/2/10th, and 1/5th of the MTD.
No deaths, abnormalities in motor functions, origrancies were found at any of the

three dose levels tested.
4.5.21n vivo anticancer study

Indications of CRC progression encompass manifesgatsuch as rectal
hemorrhaging and abdominal discomfort. The obsedigparity in body mass index

between the cohort of rats afflicted with colon @anand the control group was

Page 63



Results

evident. The body weights of the rats in the norroahtrol group exhibited a
consistent and gradual increase throughout thie Adnough the groups subjected to
DMH treatment exhibited an initial increase in wsigthis phenomenon was not
sustained beyond the 12-week threshold, therebgererg comparisons with the
normal control group arduous. In contrast to thetwd group administered with
DMH, the rats belonging to groups 3 and 4, whicldamwent the formulation
intervention, exhibited a notable increase in weitfitoughout the treatment. The
colons of the DMH rats, which were induced to depeCRC, exhibited a substantial

quantity of sizable and numerous minuscule tumasgjepicted in Figure 26.

The ACF, which serves as a pivotal metric for tbentification of colon
cancer, was discerned and enumerated. Upon corgpgnaups 3, 4, and 5 with the
DMH control, a significant reduction in the quantdaf ACFs (Figure 27). The ACF
numbers, nonetheless, exhibited no substantiaat@ni between the T-NF and NT-
NF cohorts. Mortality rates were meticulously mor#td across all cohorts under
investigation, save for the standard control groapd subsequently juxtaposed

against previously conducted scholarly inquirieigiFe 28).

Page 64



Figure 26: Dissected rat colon of (A) normal contrh (B) CRC-induced, (C)
treated with targeted nanoformulation, (D) treatedwith 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 40x in the colaic mucosa, viewed
topographically: (A) normal crypts, (B) DMH-treated, treated with (C) non-
targeted nanoformulation (NT-NF), (D) targeted nandormulation (T-NF), and
(E) marketed CAP tablet
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Figure 28: Wistar rat survival rates were evaluatedn five groups: (i) normal
saline, DMH-induced CRC treated with (ii) non-targeed nanoformulation (NT),
(iii) targeted nanoformulation (TN), (iv) commerciaized CAP tablet, and (v)

comparison with published data

4.5.3 Histopathological and Hematological Findings

The animals belonging to Group Il, upon administratof DMH, exhibited
the manifestation of mucosal adenocarcinoma, cteniaed by a well-differentiated
and non-invasive nature, as depicted in Figure ZBt cellular entities that were
found to be close to the glandular structures withie cancerous tissues exhibited a
notable increase in size and intensified chromgticThe occlusion of multiple
glandular orifices was observed. The extent of lgogytic infiltration was confined
to a restricted scope, manifesting solely in ismlatlusters. The level of lymphocytic

infiltration within the tumor was found to be low group Il rats that were treated
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with NT-NF, as depicted in Figure 29C. Following fartnight of therapeutic
intervention, it was observed that animals admemest with T-NF (group V)
exhibited diminished tumor growth and lymph noddastasis in comparison to those
administered with NT-NF (group lll) and a tableaths commercially obtainable
(group V), as depicted in Figure 29 D and E. Whiliere existed a certain degree of
lymphocytic infiltration within the mucosa surroungd the malignant glands, it did
not manifest in a significant or widespread maniiéxe score served as a means of
elucidating histopathological toxicity, as evidedday its inclusion in Table 7. The
evaluation of hematological parameters was condubih before and after the
treatment, as depicted in Figure 30. The admiristraof DMH to the experimental
rats resulted in a notable augmentation in whiteotl cells, platelets, and
granulocytes, while concurrently leading to a reduc in red blood cells,
lymphocytes, and hemoglobin levels. In the curremestigation, the implementation
of Targeted NF exhibited a notable enhancementhm blood parameters in
comparison to the DMH-induced group, thereby sugggs substantial decrease in
the number of tumors. These findings strongly imglseduction in tumor burden. T-

NF, on the other hand, exhibited a more favorabkéopmance.
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Figure 29: Images showing characteristics of hematglin and eosin staining of
cancer tissues from the male Wistar rat CRC modeln (A) normal control, (B)
CRC-induced where yellow, (C) treated with targetednanoformulation, (D)
treated with non-targeted nanoformulation, (E) treged with marketed CAP
tablet. Arrows represent: lymphnode metastasis (Whe); lymphoid follicles

(Black); high-grade dysplasia (Yellow); ACF (Orang¢; mucosal ulcers (Blue)
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Table 7: Histological findings score

_ Targeted Non-Targeted
_ Disease Marketed
Microscopy Nano Nano
Control ) ) Tablet
Formulation Formulation
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 beforand after treatment; p~
<.001(T-NFvs NT-NF), p**<.001(T-NFvs marketed CAP tablet), p$$%.001(T-

NF vs marketed CAP tablet)
4.6 Statistical Evaluation

Experimental results with p-values<aD5 were considered significant.

Results are shown as a mean + SD.
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5. DISCUSSION

5.1 CAP and TQ HPL C Method Development

The concomitant identification of TQ and CAP, désjiis absence in previous
HPLC analyses, necessitated the formulation ofcarigue to accurately quantify
both substances in tandem. Consequently, a piongeétPLC methodology was
devised. The isosbestic point is indicative of weavelength at which the absorption
spectra of two distinct compounds converge, or nmeeisely, the wavelength at
which the molar absorptivity values of the two campds exhibit parity. The
isosbestic point approach is employed for the dimmglous estimation of multiple
substances, albeit its application for the estiomatf CAP and TQ has not been duly
documented. Consequently, the isosbestic point adetbgy enables the convenient
guantification of both CAP and TQ simultaneousihereby facilitating the
subsequent interpretation of the obtained outcomesconcurrently assess both the
critical aggregation concentration (CAP+TQ) a nowP-HPLC technique was
devised, leveraging the concept of isosbestic poifihis method has demonstrated
commendable precision and reliability in its apilid provide accurate measurements.
It has been determined that the values of all aéiteh parameters fall within the

permissible range.

5.2 Optimization by point prediction

Based on a meticulously crafted formulation, it teesur criteria for particles
of moderate size, possesses a pertinent zero-pbarge, and exhibits exceptional
efficiency in encapsulating substances, as evidenbg a desirability value

approaching unity. This observation underscores fthet that the employed
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methodology is both fruitful and highly effectivieleally, the measure of desirability
ought to reside within the numerical range of z&nd one. The discovery of a value
close to 1 implies the utilization of a robust nuethlogy. Upon conducting an
ANOVA on three consecutive responses, denoted aailX2, it was ascertained
that the quadratic model effectively captured tbgeace of the data. This conclusion
was derived from the outcomes presented in Tabldhe optimally designed
formulation, as assessed based on the criterimall S, low PDI, and high EE, has
exhibited a preferability value that approachegyurihis suggests that the method's
robustness has been effectively utilized through ithplementation of a quadratic

model via BBD.

5.3 Galactosylation, PNP synthesis, and Eudragit coating

Gal-PLGA, a compound of considerable scientificeiast, is meticulously
synthesized through a remarkably efficient procedtirat involves the covalent
attachment of D-galactose units to PLGA. This a#te process imparts hydrophilic
properties to the polymer, allowing it to readiliggblve in water under neutral pH
conditions. Prior investigations have elucidatedt tthe recently synthesized Gal-
PLGA exhibits superior performance concerning hgdhability and cell
compatibility when compared to PLGA. While prewowesearch has shown that GC
exhibits a notable improvement in its ability torget hepatocytes compared to
chitosan, this is attributed to the specific intdieans between galactose moieties and
asialoglycoprotein receptors (76). However, theseai scarcity of studies that
investigate the colon-targeting specificity of GAGA. In recent studies, a multitude
of studies have elucidated the potential of galdéded chitosan (GC) in facilitating

the targeted delivery of pharmaceutical agents divated colonic macrophages,
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primarily through the mechanism of galactose remeptediated endocytosis.
Furthermore, a multitude of scientific investigatchave substantiated the notion that
galectins, which comprise a group of 15 galactebideing proteins found in
mammals, exhibit an elevated expression in CRCsé& lgalectins have been found to
possess a pivotal function in governing the integarocesses of cancer development,
progression, and metastasis. Furthermore, it ishamsting that galectins demonstrate
a remarkable propensity for binding to naturall}curing low molecular weight
carbohydrates, specifically galactose and lactdse.the utmost extent of our
understanding, there exists a dearth of studiesrdenting the potential of GC as a
carrier for CRC targeting, employing the esteemenhlwnation of CAP and TQ.
Hydrophilic compounds exhibit suboptimal EE, wherethe double emulsions
technique enables the encapsulation of both hydtgph and hydrophilic
pharmaceutical substances. Moreover, this methedohaven to yield a more stable
synthesis of PNP. The coating agent known as eildsmgves the purpose of
safeguarding the NP system against degradationedaby the highly acidic
environment of the stomach. Furthermore, it faaiéis the controlled release of the
drug specifically within the intestinal-colon patAyy thereby enabling precise
targeting of the colon. NPs possessing an exteneledse profile and an enteric
coating have exhibited noteworthy efficacy in efifesly delivering their cargo to

their designated cellular targets.
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5.4 Char acterization

5.4.1 Particle size and Entrapment efficiency

In the realm of medication administration, the icdte interplay between
cellular absorption, biodistribution, and the defiy process itself necessitates a
meticulous examination of NP size, which emergesagsaramount determinant.
Particles with dimensions less than 300 nm in aiszedeemed to be more desirable.
Based on the findings of the present investigatibimas been determined that the
PNP formulations possessing a particle size bet@athreshold of 300 nm exhibit the

capacity to effectively reach the designated target

It has been observed that a decrease in Gal-PLGWettration leads to a
reduction in particle size expressed as a percentaly weight per volume.
Additionally, it is noted that there is a slightcdease in particle size with increasing
PF-127 concentration expressed as a percentage eghtwper volume. This
phenomenon can potentially be attributed to the flaat a lower concentration of
stabilizer diminishes interfacial stability, theyelbausing NPs to aggregate when
employed in higher concentrations. The presenc€ bhs been observed to exert a
direct and consequential negative impact on thectfoming of PS, potentially

resulting in a decline in its overall performance.

The determination of the impact of a polymer istoayent upon the degree of
miscibility exhibited by the drug within the orgarphase, as well as the nature of the
interaction between the polymer and the drug. Ruthé¢ remarkable emulsification
properties exhibited by the polymer solution, itspesses the capacity to

accommodate the utmost quantity of pharmaceuticabstances within its
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composition. In a parallel manner, the augmentadibtne PF-127 (B) concentration
resulted in a corresponding elevation in the pasggnof EE. As the concentration of
Gal-PLGA (A) was increased, a concomitant increasbe percentage of EE of CAP
and TQ was observed. Moreover, the augmentatidd i@sulted in a notable decline

in %EE, primarily attributable to the concomitairhdhution in PS.

5.4.2ZP and PDI

To ascertain the impact of the charge of the neglgticharged NPs residing
on the surface of a positively charged PNP on Itle¢lir physical stability and their
capacity, an investigation was conducted on thengmenon known as ZP. Due to
the inherent repulsive nature of electric forcesvieen particles of identical charge, it
follows that particles possessing high ZP valudsieiremarkable physical stability
over extended temporal scales. The ZP of the uadof was determined to be
+47.30+£0.14. The findings elucidated that the affitive ZP of CAP-TQ-Gal-
PLGANP could be effectively counteracted througé ithcorporation of Eud S-100,
leading to a resultant value of -25.2+0.31. Thiseslsation indicates that the presence
of a negative charge on Eudragit effectively cotect®e positive charge of CAP-TQ-

Gal-PLGANP, leading to the formation of Eud-CAP-T&d-PLGANP.

54.3TEM and SEM study

Upon examination of uncoated NPs, it was obserbedugh TEM that the
particles exhibited a spherical morphology, chamaréd by their smooth and
polished surfaces. The potential explanation fergtarface roughness observed on the
coated NPs may be attributed to the presence dttideagit coating. The absence of

drug crystals adhering to the surface of the NP beayegarded as an indication of the
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effective entrapment of the drug within the NP mxattUncoated NPs exhibit a
diminished particle size in comparison to theirtedacounterparts, as substantiated

by TEM analysis.

5.44DSC and FTIR

The DSC thermograms of Eud-CAP-TQ-Gal-PLGANP resdahe absence
of distinct endothermic peaks associated with tiner®s amorphous state of the NP.
This observation provides compelling evidence far éntrapment of the drug within
the NPs. FTIR spectrum of a composite comprisiphamaceutical compound and a
polymer exhibits negligible discernible changesisTdiscovery effectively eliminates

the potential for any interactions between drugs golymers.

5.4.5In-vitro drug release

The investigation focused on examining the cumatpercentage of
medication release iboth coated and uncoated pharmaceutical formukatiorder
different pH conditions. A notable observation ¢e@nmade regarding the release of
medication, wherein over 20% of the administeredade was discharged within a
time frame of 1-2 hours under a pH level of 1.2isTfinding suggests that the
disintegration of PLGA in acidic environments, bgbt about by the hydrolysis of
ester groups within the polymer chain, exhibitedesoalated pace as the pH level
increased. This phenomenon was observed spedffitallthe case of uncoated
nanofibers. No discernible traces of medicationpage from the coated NF were
observed within 6 hours. Given the propensity ef ¢arboxyl groups within the Eud-
S100 polymer to undergo ionization in response lterations in pH, it has been

demonstrated that this particular polymer exhibéimarkable efficacy in facilitating
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the targeted delivery of medication to the coloheréby circumventing the
undesirable degradation of said medication witlie gastric milieu. Notably, the
release of the drug commences at a pH of 7, wghadual progression resulting in a
20% release after 8 hours. Following 16 hours,diseharge exhibited a consistent
pattern, persisting for a maximum span of 24 hoacspunting for 86.4% of the total

time.

5.5 Colloidal stability

Following 6 months in storage at a temperatureQ3{C4 it was observed that
the phase separation and visual clarity of the EA®-TQ-PLGANPs remained
unchanged, as depicted in Figure 19. The obserltetht#ons in particle size (PS)
during the freezing stage, specifically from 183ten181nm, can be considered
inconsequential. Furthermore, the %EE consisteetiyained above 75% and within
acceptable limits when stored at temperatures & 4Ad -20°C. However, it is
noteworthy that a negligible change in both PS ®&iitE when stored at 25°C, which
suggests a certain degree of instability in theseditions. Based on the findings of
stability studies, it has been determined that EAR-TQ-Gal-PLGANP exhibited a
remarkable level of stability under varying tempera conditions, specifically
refrigeration at 4°C and freezing at -20°C. Notalslp observable alterations were

detected, indicating the robustness of this comgoun

56 MTT assay

Performing the computation of the siCvalue. lllustration 20 exhibits the
comprehensive array of categorized ratings. As sulreof their exceptional

performance, the research team has chosen CAP+TINA and T-NF as the
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subjects for further investigation and subsequemhparative analysis. An MTT
experiment was conducted on the HT-29 cancer seklIto ascertain the cellular
toxicity of CAP+TQ, NT-NF, and T-NF. The employeatdgeted nano framework has
proven to be efficacious, as exemplified in theigigepresentation depicted in Figure
20. At a concentration of 3.125pg/mL, the compotiAdF exhibited a cell survival
rate of 57%, while both NT-NF and CAP TQ demonstlatomparable efficacy with
survival rates of 64% and 75% respectively. At acemtration of 50ug/ml, the
viability of T-NF cells decreased to less than 30&djcating a significant cytotoxic
impact of the medication derived from NP. This ¢gkic effect has the potential to
enhance the therapeutic efficacy of the treatrmantontrast to non-specific delivery
methods, the targeted administration of drugs tinca galectin-mediated capacity of
T-NF results in enhanced drug accumulation. Thisupported by the observed
augmentation in cellular toxicity of T-NF specifilgain cell lines that overexpress

galectin (77).

56.1ROSand MMP

The cellular concentration of ROS serves as a aivaketerminant in
discerning the successful intracellular penetratbrthe drug via NP delivery. The
untreated group (NC) exhibited minimal amelioratievith any observed progress
being ascribed solely to suboptimal cultural cirstemces. The exposure to NP has
resulted in a discernible enhancement. Tremendduangements were observed in
the T-NF cohort in contrast to the remaining grodps plausible to posit a potential
association between the number of NPs internalizgdcellular entities and the
subsequent escalation in ROS amplification, thereistigating the process of

programmed cell death, known as apoptosis.
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When cellular production of matrix metalloproteiaaseases, it serves as an
initial indication of the onset of apoptosis. Theagtification of MMP depletion
within cellular structures was conducted at a caotregion of 8ug/mL. Subsequently,
the impacts of CAP+TQ, NT-NF, and T-NF were metwudly examined and
evaluated. In contrast to the other experimenthbds, the treated group denoted as
T-NF exhibited a noteworthy decrease in green #soence after an extended period
of incubation, as visually depicted in Figure 2&isTobservation strongly suggests
the occurrence of a collapse in MMP under invesitiga It is widely acknowledged
that the occurrence of mitochondrial dysfunctionegi rise to caspase pathways,
thereby triggering apoptotic cell death. This pssentails the swift depletion of
MMP, expansion of organelles, and the liberatiooydbchrome C.

5.6.2 Caspase -3-activity and DAPI assay

One notable biomarker that warrants attention $pase-3, the protease that is
frequently activated in the intricate process oflut@ apoptosis. Upon being
conjoined with cellular DNA, the aforementioned geat undergoes luminescence
after its activation by caspase within apoptotitkscén stark juxtaposition to the NT-
NF and CAP+TQ cohorts, the empirical evidence preskindicates that the T-NF
group exhibited elevated levels of caspase actiVibjs observation implies that the
administration of antioxidants augments the proaafsapoptosis triggered by the
pharmacological intervention.

DAPI labeling was employed to determine the preseonc absence of
apoptosis induced by T-NF. No discernible modiima$ were observed in the
cellular composition or physical form of the celtgt were not subjected to any form
of treatment. Nevertheless, subsequent exposuréAlB+TQ resulted in a mere

fraction of cells exhibiting chromatin condensatiand cellular shrinkage. In the
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context of comparing NT-NF and T-NF, it is noteviyrtto observe that T-NF
exhibited a greater manifestation of nuclear fraggagon, chromatin condensation,
and blebbing of the nucleus in association withpgieeess of apoptosis.
5.6.3 Apoptosis assay

When a cellular entity undergoes the process dfdssitruction, it exhibits
discernible alterations in both its nuclear andpiasmic components, characterized
by distinct morphological and biochemical modifioas. We employed the Annexin
V-FITC/PI labeling technique to ascertain cellularability and discern the
preliminary and advanced phases of apoptosis, sidadhe occurrence of necrosis.
The observed decrease in cellular viability and éleated occurrence of early and
late apoptosis within the targeted group, in consparto the other treatment groups,
suggests the initiation of cellular demise as aultesf heightened intracellular
absorption and controlled discharge of the drugnfritie NPs. Remarkably, T-NF
exhibited exceptional apoptotic capabilities.
5.7 Rat in-vivo efficacy findings

An investigation into acute oral toxicity promptdde exploration of an
elevated dosage for administration. The disparitpady weight between the CRC-
induced rats and the healthy controls was evidamitywas the observation that the
CRC-induced rats exhibited reduced consumptiomodl fand water in comparison to
both their transgenic and nontransgenic countespdtie animals within the cohort
administered the commercial tablet experienceddaat®on in body mass due to the
deleterious effects associated with the tabletiethe diminishing their prospects of
survival. The graphical representation in Figure 2fowcases the comparative
analysis of survival rates among the five distigadups. Furthermore, the collected

data was juxtaposed with a previous study conduotedhe subject of colorectal
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cancer using CAP-loaded lipid NP (78). All groupstt were induced by DMH
exhibited clear indications of the development @FA Rats that were administered
with DMH exhibited a notable augmentation in thewcence of ACF specifically
within the distal portion of their colon. Upon japosing the cohort of T-NF-treated
rodents with their counterparts who received DMk¢ctions alongside other treated
groups, a discernible decrease in both the geparatid cumulative quantity of ACF
was observed. In the experimental cohort, there avasnspicuous absence of any
discernible manifestation of ACF formation. Notvstanding the observed decrease
in the abundance of ACF, it is noteworthy that #uninistered tablet continued to
elicit a surge in adverse effects among the angubjects, including but not limited
to gastrointestinal distress, emesis, and cutanedlasnmation. The DMH control
group exhibited a notable augmentation in the dtyaat white blood cells (WBCs)
and platelets. However, a marginal decline was rolesein the count of red blood
cells (RBCs), lymphocytes, and the concentratioheshoglobin (Hgb). The potential
presence of carcinogenic oxidative stress withimdiiocytes derived from DMH
could potentially elucidate the underlying causatior the observed hematological
abnormalities. Following a course of therapy inwadythe CAP and TQ, it was
observed that normal values were either attainad thve process of being achieved.
As a consequence of cancer therapy, there is actieduin the number of
lymphocytes observed. Significant enhancementdaadoparameters were noted for
the NT-NF, T-NF, and commercially treated CAP talglehorts, as compared to the
DMH control group. The aforementioned findings pdevfurther support to the in-
vitro cell line investigations, which have demoag#d that T-NF exhibits a notable

capacity to augment oral bioavailability and exarti-colon cancer effects.
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6. SUMMARY

Due to TQ's multitargeting capacity and CAP's ping pharmacological
potential, it is an excellent therapeutic candid&te treating CRC. However,
significant challenges in designing a formulatioerevpresented by its poor solubility,
instability, and oral bioavailability. To improvtheir efficacy in treating CRC,
researchers have considered administering NPs d® @Ad TQ together via oral
administration. This research aimed to create andysthe efficacy of a CAP and
TQ-loaded functionalized NF for the management RCC

Through galactose receptor-mediated endocytosit, F3a8GA can transport
medicines to activated colonic macrophages. For @@&ment, functionalized NF
was developed and tested. Numerous studies indithét galectin is overexpressed
in CRC and regulates its development and spreaausecit has a strong affinity for
natural small sugars like galactose, allowing CR®4 targeted. Also, the absorption
of Poloxamers (PF-127) onto hydrophobic drug cesrows their clearance from
the bloodstream. In the context of precise andopig¢d medication administration,
this is of paramount importance. Hydrophilic sugscwith lower surface charge
created by the adsorption of Poloxamers onto hydbje particles allow for longer
circulation in the plasma by preventing the adsorpof opsonins.

To quantitatively assess CAP and TQ in PNPs, asbestic point-based R-
HPLC method was designed and validated following I€commendations. Using a
solvent evaporation approach followed by probe caiion, drug-loaded NP was
successfully synthesized. To find the optimal PN& employed a factorial design
strategy and analyzed all nine possible iteratisits the help of the Design-Expert

program. The gathered data was used to test madyygooial models, and the best-fit
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model was chosen using several statistical critefiae Design-Expert program
generated contour and response surface plots taghigally displayed the interplay
between the explanatory and dependent variablee Tilghest entrapment
effectiveness and smallest particle size led tost#ection of the optimized batch of
PNP. PS, PDI, and ZP were all measured with a gie&x for the PNP. TEM and
SEM studies verified the PNP’s expected surfacgpsh&TIR and DSC analyses
verified the drug's characterization and its conéay with various excipients. Gal-

PLGA was proven to have formed by HNMR analysise Hudragit-S100 coating on
the optimized PFPNP served to protect the mediainen it was introduced into an
acidic solution. For 6 months, the Eud-CAP-TQ-GhZRANP was stored at 25, 4,
and -20°C, where its particle size, PDI, ZP, antydelease were studied.

The MTT assay determined whether or not the tadgblié was cytotoxic to
HT-29 cell lines in vitro. The combined CAP+TQ amNI-NF showed lower
antitumor activity than T-NF. Both qualitative aodantitative cell uptake studies
corroborated the cytotoxicity findings observedvitro. The nuclear alterations in
treated HT9 cells were seen using a DAPI staindsg t

According to OECD rules 423, acute oral toxicity swdone on T-NF's
composition, and the results showed that it washmmful to male Wistar rats at the
administered dose. Oral administration of the fdated T-NF was found to be safe
in the study. Histopathological analysis of treatetbn tissues of Wistar rats revealed
substantial tumor necrosis following treatment withNF, and the anti-cancer
investigation showed that oral administration oNF-into CRC-induced animals
resulted in tumor regression. Targeted NF has Ipeeposed as a possible targeted
medication delivery strategy via oral administratizased on the results of vitro

andin 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 histopathol ogical
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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medications, for example, chemotherapy, radiation, or surgery.
Many clinical experiments are ongoing to test the use of PDT for
different forms of cancer [23]. The only way to be able to use
nanoparticles as a photo-sensitizing carrier is to meet al | of the
needs of an optimal PDT agent [24]

Laser therapy

Lasers are most widely used for cancers and precancerous
development to shrink or kill. The most prevalent application with
laser therapy is peripheral disorders, including cancer of the skin of
basal cells in the very early stages of multiple cancers, such as non-
small cell lung cancer, vulvar, ovarian, penile, and cervical cancer.
Laser therapy can also mitigate various signs of cancer, such as
bleeding or obstruction In combination with various other
therapies, including surgery, chemotherapy, or radiation therapy,
laser therapy can be used. Furthermore, laser treatment can be used
to scan the lymph vessels to reduce swelling and minimize the
metastasis for tumor cells [25]. Three types of laser are used more
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Fig. 1: Biomedical applications of nanotherapeutics
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presence of pluronic, hydrophobic blocks to ensure the superior
invalvement of drug molecules [111, 112].

Tumor-selective drug targeting with pluronic

The transportation of drug transporters in the extracellular region
from tumor interstitial to target cells can be increased with high-
affinity interactions. This can be achieved by means of ligands, which
display selective binding on cancer cellular surface to an
upregulated molecular target. This technique increases cell
absorption, off-targeting effects and amplifies cdinical benefits by
withdrawing the target cells from within Despite their high
specificity, anti-compound targeting Is limited In large-scale
development due to their large molecular sizes, immunogenic, and
complexity. Its large size hinders carrier trafficking, particularly in
solid tumors [113], On the other hand, low molecular weight
compounds are inexpensive, non-immunogenic, and have superior
regulation of the density on the surface of the carrer. Terminal
hydroxyl groups of pluronic were used to attack ligands in literature
papers [68, 114-116]. The approach involves the immediate binding
of ligands to more volatile aldehyde, carboxylic acids, and primary
amine terminals or the derivation of hydroxyl groups. The latter can
be used to bind molecules sensitive to stimuli and targets.
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|e,-’s|1eli| NPs [.153]. PLGA NPs were rle]ope without the use of a and DTX. A pattern of continuous release of both model drugs has
poisonous organic solvent with the liquidized pluronic F-127 as a been found that the presence of a Pluronic coating on the liposome
solvent. As the pluronic F-12, pluronic-coated PLGA NPs with a core surface mediated the release of the model drug.
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filtering by Millipore Direct-Q®-3 equipment
O CH 3 (Molsheim, France).

Instrumentation: The chromatographic process
CH3 was designed usmng a Shimadzu Prominence

HPLC-20 AT system (Shimadzu, Kyoto, Japan)
with LC Solution software and binary pumps (LC-
H;C 20AD) with a degasser (DGU20AS), UV-Vis
detector, auto-sampler (SIL 20AC HT) and column
O oven (CTO-10AS). The data was mterpreted and
analyzed using Shimadzu LC solution software
(\-'ers:;ian 1.25). Chromatographic aration and

. B

FIG. 1: THYMOQL

ONE STRUCTURE
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TQ (10 mg/ml in methanol) were obtained with TQ  was achieved Table 1, Fig. 3.
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FIG. 2: UV-VIS ABSORPTION SPECTRA OF TQ

FIG. 3: HPLC CHROMATOGRAM OF TQ
TABLE 1: METHOD DEVELOPMENT PARAMETERS
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Assay for Stress Degradation: Table 2 depicts the
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OXFORD

i i

ETorect cancer TERETTs affo%nown as cdlon cancer fhee
it affects the colon, large intestine and rectum, among other
places. A CRC patient’s survival is influenced by recurrence
and distant metastases (1). Chemotherapy is still the most

concerfra C ;
enormous contamination of the rest of the body and it fails
due rto its lack of specificity, which generates toxicological
issues that lead to side effects and medication resistance (2).
Thus, CRC therapy has relied on biodegradable polymeric
nanoparticles as well as organometallic and carbon-based
compounds to address these challenges (3). They might be
used to encapsulate medicines, preserve therapeutic com-
pounds and provide several benefits over bulk materials.
For example, nanoparticles can transport hydrophilic and
hydrophobic drugs with the same level of efficacy and sta-
bility. They also have a large drug-carrying capacity and
controlled release capabilities, as well as the ability to deliver
bath hydrophilic and hydrophobic drugs (4).

Thymoquinone (TQ), a key component of Nigella sativa
seeds’ volanle oil, is used in tradiional and folk medicine
for its anti-inflammatory and antioxidant effects (5). Because
TQ chemosensitizes colon cancer cells and has a synergistic
impact with most anticancer medicines, it was chosen for use
in biodegradable polymeric nanoformulation to combat colon

ancer e, COmMes 3

cancer (6, 7). Figure 1 displays the TQ and capecitabine (CAP)
structures.

The vahdation section determines the suitability of a high-
performance liquid chromatography (HPLC) method. Speci-
ficiry, lineariry, accuracy, precision, limits of detection (LODs)
and limits of quantitation (LOQs) are the main components
of new method validation, according to ICH guidelines (8, 9).
The method for analyzing drugs in nanoformulation should
be sufficiently robust, sensitive and precise; thus, the design of
experiment has been used in this method ro study the effect
of factors iudi\'idua”_\' and in combination. The tlesign of
experiments (DOE) is based on experimental design princi-
ples, mathemarical equarions or models and factor outcomes,
This study focuses on the DOE optimization, development
and validation of a new analytical method (10). The DoE
method is widely used to implement quality by design (QbD)
in both academic and commercial settings, Understanding the

TR @g@n&nﬂgﬂe
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product and process is essential to ensuring quality in the
finished product in QbD (11}. Analytical QbD is a risk-based
scientific paradigm for developing analytical methods thar
aim to achieve enhanced method performance, high robust-
ness, ruggedness and flexibility for continuous improvement
(12). For QbD, HPLC methods, robusmess and ruggedness
should be tested earlier in the development stage to ensure
the method’s efficiency over the product’s lifetime (13). Oth-
erwise, it can take a significant amount of time and efforr to

expermmental designs known as tactorial designs aré typically
very economical in thar they provide a grear deal of useful
information from a limited number of experiments. In a
factorial design, the effects of each experimental factor and
how they interact with one another is looked into concerning
the response(s) (14).

When it comes to evaluating medication formulations, the
analytical approach is crucial. A precise, accurate and effective
analytical approach is essential for a better evaluation of
formulations. Earlier spectrophotometric methods have been
used to estimate CAP and TQ separately in analytical and
bic-analytical samples (15-19). The simultaneous detection
of TQ and CAP, however, has never been documented using
an HPLC method. However, a method that can determine
the stability of CAP and TQ in the nanoparticulate system
has yer to be published. This work, therefore, intended to
create a simple, precise and sensitive reverse-phase RP-HPLC
technique for measuring CAP and TQ in biodegradable poly-
meric nanoformulaton and to verify it by the ICH Q2 R1
criteria (20), The design of experiments is used to explore
the impacts of variables independently and in combination
since an analytical approach must be sensitive and precise.
An experimental design 1s based on mathemarical equations
and models thar take into account a wide range of possible
influences on an experiment (21).

Acetonitrile (ACN) and methanol were bought from Merck,
Mumbai, India, and were of HPLC grade. The nylon filtration
membrane was purchased from Jay Distributors (Mumbai,

India). Throughout the re Iyti ade chemicals

-
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Bath Sonicator (Bransonic Ultrasonic Corporation, USA).
There is a direct-Q3 Millipore Corporation water-purifying
system that uses Milli-Q warer (Millex HV®, Millipore, USA).
An experiment was validated using Design-Expert” software,
version 13 (Star-Ease, Inc., Minneapolis, USA).

Chromatographic conditions
We examined the impact on the separation of CAP and TQ of
several mobile-phase compositions and found thar a combi-

mode. and was run for a total of 12 min. For simultaneous
estimation, the isoshestic point of active pharmaceurical ingre-
dients (API) 271 nm was urilized and the column was kept at
30°C throughour (22).

Preparation of APl standard solutions

The standard stock solution (1000 pg/ml) was made by
weighing 10 £0.1 mg of drug samples and dissolving it in
methano! (10 mL) for 5 min lising a bath sonicator. Dilutions
of the drugs standard stock solution in the prepared mobile
phase resulted in working standard solutions ranging from
0.25 to 16 pg/mL (23, 24).

HPLC technique development and optimization
Different mohile-phase ratios, flow rates and column oven
temperatures were used to create a technique for the simul-
taneous measurement of CAP and TQ. Several mobile-phase
compositions were used to improve the drug’s retention time
(Rt) and theoretical plate count (N, as well as to reduce the
tailing facror (Tf). A peak area, R, N and Tf were evaluated
to optimize the methods of separation for CAP and TQ
25, 26).

The stability of CAP and TQ was assessed by force
degradation studies
CAP and TQ were subjected to forced degradarion testing by

condition: APls solutions kept under normal crcumstances
for zero time and APIs solutions that were to be degraded for
1h{27).
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Oxidative degradation

It took 1 h for the hydrogen peroxide-induced force degra-
dation to take place after mixing 2 mL of 3% wi/v Hy03
solution with 1 mL of CDS (1 mg/mL £ 0.1 mg) in the dark at
room temperature. Afrerward, the marterials were diluted with
methanol and examined using HPLC.

Photolytic degradation

Validation studies
For different parameters, the improved technique was vali-
dated per the ICH requirements (28, 29).

System suitability
The linear regression and correlation coefficients may be

calculgred from 1
R —

solutions of CAP and TQ (10 pg/mL) had been spiked in
triplicates with known quantities of the CDS at low, medium
and high concentrations.

LOD and LOQ

The following formula was used to determine LOD and LOQ
based on the standard deviation () from the y-intercept and
slope mean (S) of the calibration plot (30):

LOD =3.3(a/§) and LOQ = 10{a/8), respectively.

Annexures

g&

A e e

o.an
162 (254mm)

a.anl{| Inosbestc pont (27 Lnm)

l H L 5 i [HH . .
N, and Tt (with two levels and four factors). To find chro-
matographic reactions, DoE software analyzed 16 runs with
two levels of 1 and +1. The analysis of variance (ANOVA)
model was used ro determine the influence of independent
variables (31).

Quantification of CAP and TQ in nanoformulation:
annli ]

;
polydispersity index of the prepared polymeric nanoparticles
were determined using Nanotrac (32).

of Ha0 and AUN, HyO with MeoH (aqueous: organic) and
varied ratios were tried. CAP and TQ were analyzed at both
amax and the isosbestic point (Figure 2). It was decided to
optimize MeoH, ACN and H20 at a ratio of 30:35:30 %v/v
as it produced superior outcomes. N, Tf and Peak areas were
examined and the results are presented in Table Tand |
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Forced degradation studies

The findings of the force degradation investigations are shown
in Table Il. CAP degraded by 18.67 + 0.16% when exposed
to sunlight but remained stable under acidic, alkaline, thermal
and oxidative circumstances with a mean percent recovery
of 94.8 £ 0.82%, 92.67 £ 0.96%, 97.41 = 0.02% and

degrada Cunder oxidative and p

as seen in 3
degradation. According to Figure 4, deteriorated samples had
chromatograms different from the unstressed sample.

Validation of the optimized method

System suitability

To characterize system suitability dara, the percent standard
deviations of RT, peak area, N and Tfwere empln:.'ed_ Accept-
able values were found for all parameters (Table I11A).

Linearity
In the standard calibration p]ut for CAP and TQ, concentra-

tion was found to be linear between 0.25 and 16 pg/mlL.
Results are depicted in Table IIIB,

Accuracy
This study revealed that CAP and TQ had a mean percentage
recovery range of 97.26-100.58% and 99.86-99.82% high
recovery, respectively. This suggests thar the established rech-
nique is highly accurate (Table [TIC).

the acceptance criteria and showed the method was precise
(Supplementary Table I).

LOD and LOQ
The LOD for CAP and TQ was 0.05 and 0.12 pg/mL,
ctively, art the isoshestic point, and the LOQ for CAP

Robustness study

Findings demonstrated that the retention duration was
unchanged, confirming the robustness of the devised HPLC
technique (Supplementary Table II). The impacts of indepen-
dent factors such as mobile-phase composition, wavelength,
flow rate and column oven temperature on different
responses (RT, peak area, Tf10 percent and N} was indicared
in Supplementary Tables Il and IV. Table IV shows the
polynomial equation for each response. To examine the
impact of independent variables on the chromatographic
I'L'S'llllﬂ‘ Thl' pr::gmm “l]’?pl‘[L‘d ]'“.'r!l[r]".ll")“ Pl[lt)' J.”“.’r.'!C[.lU“)'
and Pareto charts as seen in Figures 5 and 6. DoE program
computed the R? coefficient, P-value and relative errors.
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Figure 4. HPLC chromatograms of CAP and TQ that have been forcefully degraded undsr normal acid degradation (A), alkall degradation (B), thermal

The encapsulation efficiency (EE) of CAP and TQ in and physiological fluids using an HPLC method. However,
polymeric nanoparticles was estimated by using the newly ~ TQ and CAP ]I“i"t‘ never been detected together previously
developed HPLC-RP rechnique. Figure 7 shows intense peaks using an HPLC method. For validation, in an isocratic mode,
of CAP and TQ in the HPLC chromatogram of polymeric 2 nmdlf:e_&_i f}"t"]e phase composed of methanol:ACN:water
nanoparticles. CAP had a mean percent EE of 90.18%, while (35:30:35) %viv was emp.Luyud o sep-.lr:tllu the L'(JI'JIFIL'HH'I(.IS
T(Q showed 90.12% EE. For the drug estimate from polymeric with enhanced retention time. CAP and TQ were cluted in
nanoparticles, the accuracy and precision values are shown in 4.87 and 9.43 min, respectively. Since we used water instead

Table V. In this study, the mean percent recoveries for CAP of acetic acid and ammonium acetate in the mobile phase,

and TQ were between 98.49% and 104.09%, and the RSD  our approach is superior to the preceding methed in this
. -+ (7 i3 . F ;

% was less than 2.0, On the other hand, the mean pamicle  respect (7, 22). Stressed and l’““"“-‘“’_d samples were used

size and PDI of the polymeric nanoparticles were determined '8 forced degradation tests to determine the true degrada-

¥ T g 3 ;  tion peak heights of both analy P and TQ were less
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ase in Rt with an increase in D was observed. For TQ
only, a change in B showed a major positive change in the
Rt time (Supplementary Figures 51 and §2), Changes in B, the
mobile-phase flow rate (C) and D have a substantial impact on
the peak area of CAP whereas raising B resulred in the decline
of the peak area and I} showed a positive impact. For TQ, D
showed a negative impact on peak area and a posinve impact
on Tf. Column oven temperature (A) had no effect on peak
area and shows a reduction in N with an increase in B and
for CAP, whereas, for TQ, variations in D and C showed
a major effect on peak area and tailing factor and remained
. B

showed a positive effect for T, Statistica

. v significant
quadratic effects of variables and responses were identified in
robustness experiments using DoE software, The link between
a response variable and predictor variables was examined
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Figure 8. The 3D surface graph for CAP showing the interaction between column oven temperature {A), injection volume (B, mobile-phase flow rate (C)
and % ACN (D) on retention time (R1), peak area R2), theoretical plates (R3) and tailing factor (R4)

iy
using a 3D Surface Plot for both CAP and TQ (Figure 8)  both in bulk and in nanoformulation by using the proposed ?
(Supplementary Figures 53-55). Overlay plots demonstrated  method. &
data dependability by comparing a simulation-based dara set g
to actual data from fielded products (Figure 9). DoE runs
were statistically significant with R* near 1 and low percent .
sl e Conclusion

relative error. The desirability ratings near one suggest that

the approach is extremely reliable even when the components
are out of whack (Supplementary Figure 56). Because of this,
it may be used in any laboratory regularly. Using the sol-
vent evaporation method, CAP and TQ-loaded biodegrad-
able polymeric nanoparticles were produced, and their drug
conmr was m ions did not

To create and refine an RP-HPLC-based analytical technique
for the quantitative estimation of CAP and TQ, a 2* factorial
design was employed. As a result of the ANOVA, the effects
of independent variables were analyzed and recorded using
perturbation plots and Pareto charts. There was no acidic,
a]k:tline or thermal stress on CAP and TQ), which wa

W OE U0 i
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Figure 9. Qverlay plots for TQ (A) and CAP (B)

approach due to the emphasis on risk assessment and manage-
ment. Understanding dependent variables, diverse factors and
their interaction effects on the replies were efficiently studied

as a key component of QbD.
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ABSTRACT KEYWORDS

World Health Organization estimates that 10% of medications are of inferior quality, thus danger- ~ Box-Behnken design;
ous to human health, One way to avoid such a problem is to create an adequate, economical, ~ Capecitabine; densitometry;
and competitive analytical system. As a result, the study’s goal is to create a High-Performance ;P'TLC" nanoformulatiory
Thin Layer Chromatography (HP-TLC) method for determining capecitabine (CAP) and thymoqui- ymagquihang

none (TQ) simultaneously. To the best of our knowledge, no such method for determining CAP

and TQ simultaneously exists today. The method was created by implementing an analytical

quality-by-design approach based on the Box-Behnken design (BBD) to optimize the chromato-

graphic conditions and a combination of factors such as toluene volume (A), solvent front (B), and

chamber saturation time (C), all of which were likely to affect the Ry of CAP and TQ, respectively,

later validated using TLC-silica coated plate 60F;:,. The validated parameters were within an

acceptable range, according to ICH guidelines. BBD design revealed that the volume of toluene

and solvent front had a greater effect on all of the responses studied and thus needs to be con-

trolled. The developed method of the analysis was found to be facile, dependable, expeditious,

cost-effective, and could be used to quantify CAP and TQ in Nanoformulation.

GRAPHICAL ABSTRACT

WP-TLE Denmitmetry wethoid

B o 5
MPTLE qaamilication g l'l ' $

Chptimization by BED prieciple

RESEARCH HIGHLIGHTS

» To determine both the drugs in nanoformulation, an accelerated and expeditious densiometric
HP-TLC method was developed and validated.

» Particle size, zeta potential, entrapment efficiency (EE), Scanning Electron Microscopy (SEM),
and Transmission Electron Microscopy (TEM) analysis were all performed on the prepared
nanoformulation.

» According to ICH guidelines, the developed method has been tested for linearity, range, detec-
tion limit, quantification limit, precision, and robustness.

» A review of the literature reveals that there are several methods for determining CAP and TQ
individually but no HP-TLC method has been reported for simultaneous estimation of CAP and
TQ in the combined dosage form.

* Changes in mobile phase volume and changes in chamber saturation duration showed percent
RSD-within the 2% criterion, confirming the robustness of the developed method.

CONTACT Prasiddhi Raikar &) prasiddhiraikar07@gmail.com @) KLE's College of Pharmacy, KLE Academy of Higher Education and Research (KLE University),
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Introduction

Colorectal cancer (CRC), which arises from the inner wall of
the colorectal epithelium, is the third-most-common malig-
nant tumor affecting people worldwide despite diagnosis and
treatment. Colorectal adenomas and invasive adenocarcinomas
develop as a result of a series of genetic and epigenetic
changes in the normal colonic epithelium. New screening
methods with higher accuracy are required to reduce the mor-
tality burden of colorectal cancer. Medication resistance limits
the use of cytotoxic medication, which has negative side
effects."! Nanoparticle-based formulations may help to detect
cancer earlier and overcome limitations such as hydrophobic
nature, poor biodistribution, and thus low therapeutic index.

pletely absorbed after oral administration and acts on 5flur-
ouracil metabolism within human cancer cells.*!
Thymoquinone (TQ) is a naturally occurring bioactive
constituent derived from Nigella sativa black seed oil
Thymoquinone, the plant’s main constituent, has antitumor,
anti-inflammatory, analgesic, antihypertensive, antidiabetic,
antiulcerogenic, respiratory stimulation, antibacterial, and
antifungal properties.”! Thymoquinone is thought to induce
apoptosis in tumor cells by suppressing the NF-jB and may
be useful as an adjunct to standard chemotherapeutics.*!
However, synergistic combination co-delivery leads to
improved target selectivity, minimizing drug resistance with
overall therapeutic benefit.*! As a result, the primary goal of

methods for determining CAP and TQ individually
(Figure 1), but no HP-TLC method has been reported for
simultaneous estimation of CAP and TQ in the combined
dosage form, which is the research gap to be studied. As a
result, the study’s purpose was to create a facile and robust
HP-TLC method for estimating CAP and TQ in nanoformu-
lation. This two-drug combination might have a synergistic
effect on metabolism and pharmacokinetics. When com-
pared to other analytical methods for determining drugs in
polymeric nanoparticles, HP-TLC methods are best as the
samples can be analyzed quickly and at a low cost. The
developed HP-TLC method may have several benefits in
terms of cost, accuracy, and analysis run time. Therefore, to

[=)
0 CHS HN'JJ\ 0/\/\/CH3

F. =N
| | GHg CH3 | N/go
0.
HgC " ; ; CAP
0

OH OH
Figure 1. Structures of TQ and CAP.
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ensure medication quality, the newly validated method can
be used in laboratory tasks to estimate medicines that con-
tain CAP and TQ simultaneously as active ingredients. The
specific method was optimized and validated following ICH
i dolipoe [6] =a findings "
guidelines.'™ These findings prompted the development of
an HP-TLC method for determining CAP and TQ in very
low concentrations.

Materials and methods
Materials

Sigma Aldrich provided CAP (95%) and TQ (95%). Merck
in Mumbai, India, supplied the Toluene and Methanol. Poly

Instrumentation

Camag"” TLC scanner with linomat 5 (Switzerland) and
vision CATS version 3 software (Camag, Switzerland) were
used. The following specifications were taken into account:
slit dimensions of 4mm and 0.45mm, a scanning speed of
20 mm/s, deuterium lamp as a radiation source, absorbance
mode as scan mode, and chromatogram and integrated peak
area as output. TLC tank (26.5cm height, 27 cm width, and
7 cm diameter; Camag, Switzerland), 20 x 10cm pre-coated
silica gel aluminum plates (60 Fasg, 0.1mm thickness; E.

a maximum speed of 5000 rpm (Sigma 3-30K, Spin control
Comfort, Germany), and a sonicator (Bransonic ultrasonic
corporation, USA) were used.

Synthesis of dual drug-loaded PLGA NPs

An innovative simple thin-film hydration method was used
to create CAP and TQ-loaded PLGA NPs, In a dean and
dry round bottom flask, the drug, PLGA, and Pluronic were
dissolved in 20 mL of acetonitrile (ACN). The organic solv-
ent was then removed using a rotator evaporator.”’ After
solvent evaporation, the thin film was hydrated with phos-
phate buffer (pH 7.4). Filtration through Whatman" filter
paper No 41 (pore size of 20-25pum) removed the non-
encapsulated drug.

Nanoparticle characterization

Zeta potential, mean particle size, and size morphology
The size and zeta potential were determined using the
Malvern Instruments Zetasizer (UK). SEM and HR-TEM
analysis were used to image and confirm the size of the
PLGA nanoparticles, as well as to better understand their
morphology.
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% Drug loading capacity (DLC) and % encapsulation
efficiency (EE)

PLGA-NPs were diluted with 1.0mL of ACN, then bath
sonicated for 10min before being centrifuged at 5000rpm
for 10min""! RP-HPLC Shimadzu Prominence HPLC-20
AT system (Shimadzu, Kyoto, Japan) was used to analyze
the supernatant solution. The following equation was used
to calculate % EE and % DLC."”!

Amount of drug loaded in NPs
Amount of initial drug taken

% encapsulation efficiency =

Amount of drug loaded in NPs

- 1
Total amount of NPs a6

% Drug loading =

Preparation of standard solutions and samples

The standard was 10 mg of CAP and TQ each, and the sam-
ple was CAP and TQ-loaded PLGA NPs. Both were pre-
cisely weighed before being transferred into two separate
volumetric flasks of 10mL each, with methanol serving as
the solvent. To achieve complete drug dissolution, for
15min solutions were placed in an ultrasonic bath and then
filtered through a 45pum membrane before analysis.
Working solutions were prepared from stock by diluting
with methanol to achieve a working standard of 10 pg/mL of
std drugs and drug-loaded NPs as samples.[“’l

Method development using HP-TLC chromatography

Reference standard solutions of CAP and TQ in various

concentrations were made and spotted as bands on a

60F,s,, plate using a Camag Linomat 5 sample applicator

with a bandwidth of §mm and a micro syringe. For plate

development, a twin trough glass chamber was used. Before

developing the plate in the chamber, the mobile phase was
T 2 = ) o M 5 ko

pletely dry, it is analyzed using the TLC scanner 4 and the
chromatograms were used to interpret the results."!! UV-
Range Scanners are used to identify the spectra.

Chromatographic conditions optimization making use
of BBD

A multivariate approach with an experimental design is used
to investigate the concurrent variation effect of the factors
on the responses. Response surface design is the best experi-
mental design approach for modeling and optimization.
BBD was used in the current study to optimize the method’s
chromatographic conditions BBD was selected. Because of

Annexures
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well as at least one center point run, Preliminary experi-
ments were used to select the key factors for optimization.
The preliminary study discovered that changes in various
chromatographic conditions, such as toluene volume, solvent
front, and chamber saturation time, affect the R; value of
compounds. As a result, these variables were identified as
critical parameters influencing the Ry values of the markers.
The optimization factors chosen were mobile phase compos-
ition (volume of toluene) (A), solvent front (B), and cham-
ber saturation time (C). As shown in Table 1, the Ry value
of CAP and TQ were chosen as responses. These three fac-
tors, A, B, and C, had nominal values of 7 mL, 80 mm, and
20 min, respectively. In this context, the volume of toluene
(A) was kept between 6 and 8mL. Similarly, the minimum
and maximum solvent front (B) values were set to 75 and
85 mm, respectively. Similarly, the minimum and maximum
levels for chamber saturation time were set to 15 and
25 min, respwcliveiy.lm

Validation of analytical methods

The analytical methodology was validated following ICH Q2
(R1). Linearity, Precision, range, detection limlit. robustness,
and quantification limit were all validated,!"*'"

Linearity and range

The standard’s range is determined by experimenting with
various concentrations of samples; the range chosen is
determined by the reference’s linearity curve. The wave-
length is chosen to perform the parameters at the chosen
wavelength.

Precision
The method’s system precision was determined by perform-
ing intra-day where the same procedure is carried out three

measurements, wh
< 2%.

according to ICH guidelines should be

Specificity

The nanoformulation and standard are applied to the plate
and allowed to develop in the specificity parameter. The
chromatograms from the developed plates are scanned and
compared for overlapping and the R; value.

Limit of detection

The following formula is used to calculate LOD based on

the slope calculated using linearity and standard deviation.
] u
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Table 1. Design matrix for the Box-Behnken concept.

Annexures

Factor 1 Factor 2 Factor 3 Response 1 Response 2
& Volume of toluene (mL) B: Solvent front (mmj) C: Saturation chamber time (min) # of CAP & of TQ
7 80 085

25 052

054 083

Limit of quantification
The formula used to find the LOQ parameter is calculated
in the same way that it is influenced by the slope and stand-

ard deviation. LOQ = 10 x §.

Robustness

Minor changes in chromatographic conditions such as alter-
ing mobile phase ratio, composition, and duration of cham-
ber saturation were used to evaluate the method.

Quantification

To quantify the CAP and TQ-loaded PLGA NPs, a stock
solution with a concentration of 10 pg/mL with 3 L volume
was prepared and the procedure was repeated three times.

Results
Nanoparticle characterization

Thin-film hydration was used to develop dual drug-loaded
PLGA NPs. Mean particle size and zeta potential were found
to be 200nm and —30.12mv respectively. The results of the
characterization are shown in supplementary table 1 and
supplementary figure 1.

Method development

Spectra were obtained after scanning the standards.
Following several trials, the HP-TLC method was developed
with the solvent system. After many trials, the mobile phase
was finalized to toluene: methanol in the ratio 7.5:2.5 v/v,
which demonstrated improved separation of the sample, ref-
erence, and spectra; as shown in Figure 2,

Chromatographic conditions optimization using BBD

BBD was chosen because of its flexibility, and it can be
used to optimize HPTLC separation by better

understanding the factor’s main and interaction effects.
The toluene volume (A), solvent front (B), and chamber
saturation time were chosen as optimization factors (C).
As responses, the Ry values of the CAP and TQ respect-
ively were chosen. The p-value of the model is less than
0.05, demonstrating that the effect of factors is significant
for responses (retention factor of CAP and TQ). As shown
in Table 2, all of these parameters were within acceptable
limits in the current study.

For a better understanding of the results, the predicted
models are presented as perturbation plots (Figure 3)
which show how the response changes as each factor
move away from its defined reference value, while all
other factors remain constant. A contour plot was used
to examine the relationship between a response variable
and predictor and a desirability rating near 1 indicates
that the approach is extremely reliable (Supplementary
Figure 2). 3D plots showing the effect of A, B, and C on
Response 1 and Response 2 are provided in
Supplementary Figure 3. The results of optimization
using graphical and numerical methods are the same,
indicating that the optimized method based on the BBD
principle is accurate (Figure 4). Predicted response mod-
els and statistical parameters with the lowest predicted
residual error sum of squares (PRESS) value are shown
in Table 3. As a result, it can be used in any laboratory
regularly, Hence, toluene: methanol 7.5:2.5 (v/v)
found to be a satisfactory mobile phase, with the solvent
front 80mm and chamber saturation time of 20 min as
optimized chromatographic conditions.

was

Method validation

Linearity and range

The linearity was found to be in the 1-7ng/band range,
with a coefficient of correlation of 0.95 for CAP and 0.99
for TQ with a coefficient of variation of 0.08% and 0.01%
respectively, as shown in Figure 5 and supplementary
figure 4.
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(a)
(b)
Figure 2. Spectra of (a) thymoquinone and (b) capecitabine.
Table 2. ANOVA table for Response 1 and Response 2.
Source Sum of squares df Mean squares F-value o-Value
Response 1
Model 0.0047 0o0e 756 0.0035 Significant
A-volume of toluene 0.0022 0.0222 1067 0.0061 Not significant
B-solvent front 0.0008 388

0.0008

0.0705
2 s

o

Lack of fit 00023 0.0002 146 04193 Not significant
Pure error 00005 0.0002
Limit of detection and quantification Robustness

LOD for CAP and TQ was determined to be 0.01788 pg/band
and 0.03952 pg/band respectively. After applying the formula,
LOQ for CAP and TQ was determined to be 0.05419 pg/band
and 0.11917 pg/band respectively.

Precision

The developed method’s repeatability and intermediate pre-
cision (Table 4) were given in terms of the peak area’s rela-
tive standard deviation.

Specificity

Track [-std TQ, Track Il-std CAP, Track I[II, and
IV-Nanoformulation, Track V-mobile phase, and Track
Vi-solvent were used for the specificity parameters

application. Following the application of the specificity
parameter, it was discovered that the drug standard
and the nanoparticles had a similar B; value and overlap-
ping position. The chromatograms for the standard and
dual drug-loaded polymeric nanoparticles are shown in
Figure 6.

Following the execution of this parameter, it was discovered
that alterations in the composition of the mobile phase showed
percent RSD of 0.3998% and 0.2331% for CAP and TQQ respeci-
ively. Changes in mobile phase volume and changes in chamber
saturation duration showed percent RSD—within the 2% cri-
terion, confirming the robustness of the developed method
(Table 5 and Figure 7). Track 1 used TQ, track Il used CAP,
and tracks I1T and IV used CAP and TQ-loaded nanoformula-
tion, The Ryvalues for CAP and TQ were discovered to be 0.52
and 0.86, respectively, and the same data could be reproduced
in the CAP and TQ-loaded nanoformulation.

Quantification

The quantification of the drug-loaded PLGA NPs was done
in triplicate. Table 6 displays the information. The obtained
results’ mean and standard deviation were also computed.

Discussion

The thin-film rehydration method is one of the most effect-
ive methods for producing PLGA NPs. The nanoparticles
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Table 3. ANOVA yielded predicted response models and statistical parameters.

Respanse Polynomial equation Madel p-Value PRESS Coeffient of variation (% CV) Standard dewviation
Response 1 +0.5056 +0.0249A — 0.00106 + 0.0097C Linear 0.0008 0.0047 289 001

(R, of CAP)
Response 2 0.8180 + 0.0158A + 0.0090B + 0.0114C Linear 0.0035 0.0047 .77 001

(R, of TQ)

[+

6

[ L}

L

w e
Figure 5. Lineasity graph for CAP and TQ.
Table 4. Intraday and Interday precision study are stabilized in aqueous media using amphiphilic surfactant
Drug Peak area Frvame  molecules. All experiments were carried out in a randomized
J - - . :
Intraday precision order to reduce the effects of uncontrolled variables, which
- - — } =
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Figure 6. Spedficity plates,

Table 5. Robustness study.

Table 6. Drug-loaded PLGA NPs quantification.

Chromatography-incorporated modifications Quantification
Ry value Trials CAP (ug/mi) TQ lug/ml)
Factaors Level CAP TQ 1 98.720 82250
Mobile phase composition +0,1 mL i :;ﬁ gj;g
fRaltie meoncy Mean £ 5D %.733£0011 82240 +0.026

76 +0.1 0523 0.856

0523
0.518
05078

Figure 7. R, values for validated method.

solvent™Troni™ Nas no e % réfefiifon rictor
increases with toluene volume, solvent front, and saturation
chamber time.

At 254nm, the method was developed and the chosen
mobile phase was validated for the following parameters.
Linearity, precision, range, robustness, the limit of detection,
and the limit of quantification were all used to validate the
newly developed method, adhering to the ICH Q2(R1)
guidelines and according to the results, all of the parameters
were found to be within the range and were correctly
validated.

Conclusion

The volume of toluene, solvent front, and chamber satur-
ation time were all optimized at the same time using BBD
response surface design tools, implementing quality by
design principles and it was discovered that the volume of
toluene and chamber saturation time had the greatest effect
on all of the responses studied and thus needs to be con-
trolled. According to the acceptance criteria for chromato-
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results. The method is also robust, specific, simple, easy, and
precise, according to statistical data obtained during valid-
ation. It is concluded that using an experimental design-
making approach is a flexible procedure capable of reducing
the number of experiments, As a result, this HP-TLC
method offers several advantages in terms of amalysis run
time, precision, cost, and robustness. Hence, the newly vali-
dated method can be used in laboratory tasks for medicines
containing CAP and TQ as active ingredients to ensure
medication quality.
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