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Abstract – Colorectal cancer (CRC) is a major global health concern with a high fatality rate, particularly in its late
stages. Traditional treatments, such as surgery and chemotherapy, have been reported as unsuccessful in some cases due
to adverse side effects, lack of pharmaceutical specificity, and drug resistance. Nanoparticle-mediated delivery of med-
ications has been presented as a unique method for increasing treatment efficacy while reducing systemic toxicity.
Nanoparticles (NPs), which comprise liposomes, polymers, dendrimers, silica nanoparticles, and nanoemulsions, pro-
vide controlled drug release, improved bioavailability, and tumour-specific therapeutic targeting. Their physicochem-
ical properties enable them to be functionalised with greater specificity while reducing off-target effects. This review
combines multiple nanoparticle-based drug delivery techniques for CRC therapy, assessing their merits, shortcomings,
and potential future applications. Though nanomedicine has shown great promise in preclinical and clinical trials, there
are obstacles to optimising targeted approaches and identifying specific molecular biomarkers. Continued research into
nanobioconjugation and multifunctional nanocarriers can pave the road for more effective and personalised CRC treat-
ment.
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Introduction

Colorectal cancer (CRC) ranks among the top causes of can-
cer-related mortality globally in both men and women. [1]. CRC
is a major global health concern, ranking as the third most com-
mon cancer worldwide, with over 1.9 million cases reported in
2022 (1,045,413 in males and 826,706 in females). In India,
CRC is the fourth most common cancer among both sexes, with
64,863 new cases and 38,367 deaths reported in 2022 [2]. In the
United States, it is the third most diagnosed cancer and the third
leading cause of cancer-related deaths in both men and women.
According to the American Cancer Society (ACS), an estimated
154,000 new CRC cases are expected in the U.S. in 2025. Glob-
ally, the lifetime risk of developing CRC is approximately 1 in
24 for men and 1 in 26 for women [3]. The prognosis of col-
orectal cancer largely depends on the stage at which it is diag-
nosed. Early diagnosis, including colonoscopies, creates more
possibilities of survival [4]. However, mortality rates are higher
in less developed countries, predominantly in Asia, Africa,
Latin America and the Caribbean etc., due to limited resources
and inadequate healthcare infrastructure. Colorectal cancer rates
are declining in high-income countries due to effective screen-
ing programmes. Early diagnosis and timely treatment signifi-

cantly improve survival and quality of life (World Health
Organization (WHO), 2023) [5]. Age constitutes one of the
most important risk factors in the development of CRC, with
adolescents (20–39 years according to ACS) and older age
groups being the vulnerable populations [6]. In India, the age-
standardized rate (ASR) is relatively low, at 7.2 per 100,000
males and 5.1 per 100,000 females. Indian cancer registries
have seen an increasing trend with annual percent changes rang-
ing between 20 and 124% [7]. However, the five-year survival
rate for CRC patients in India is less than 40%, ranking low
globally [8].

Nanoparticles have emerged as an important field of study
in targeted medication delivery due to their capacity to deliver
pharmaceuticals to specific places with sustained release while
minimising negative effects in non-targeted areas [9]. NPs are
characterized by at least one dimension under 100 nm and hold
significant promise for drug delivery and medical treatments,
especially in cancer therapy [10, 11].

Nanoparticle-based drug administration provides several
advantages, including a longer circulation half-life, enhanced
pharmacokinetics, the potential to combine high-dose medica-
tions, fewer adverse effects, and precise drug targeting to speci-
fic regions of the body [4]. Nanoparticles have attracted
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attention due to their biocompatibility, high surface-to-volume
ratio, and biodegradability in biological contexts. Their different
physicochemical properties enable conjugation and functionali-
sation for targeted drug delivery. Metals, metal oxides, poly-
mers, and biopolymers are nanoscale materials with improved
nanodrug formulations for targeted therapy. Nanobioconjuga-
tion is essential in targeted cancer therapy because it covalently
binds cancer receptors, antibodies, ligands, and cytotoxic
medicines [12]. This improves drug specificity, reduces side
effects, and increases therapeutic efficacy [13]. Conventional
therapies for CRC, including chemotherapy, radiotherapy and
surgery, prove to be insufficient for successful treatment due
to systemic toxicity, drug non-specificity and drug resistance.
Such restrictions may have adverse effects and result in inade-
quate therapeutic effects. This review focuses on different types
of advanced nanoparticle-based drug delivery systems as a
promising alternative. By enabling targeted delivery, improved
bioavailability, and minimized off-target effects, these systems
aim to enhance the efficacy and safety of colorectal cancer
therapy.

Pathophysiology

Colorectal cancer (CRC) develops through a multistep pro-
cess in which normal colonic epithelium gradually acquires
genetic and epigenetic alterations, leading first to precancerous
adenomatous polyps and ultimately to invasive carcinoma and
becoming malignant by spreading to distant organs, such as
the lungs, liver, and bone marrow, as shown in Figure 1 [14].
This progression is driven by the accumulation of mutations,
either acquired somatically or inherited, that disrupt critical cel-
lular pathways, resulting in uncontrolled cell growth, evasion of

apoptosis, angiogenesis and enhanced metastatic potential [15].
Clinical evidence shows that colorectal cancer frequently arises
from adenomatous polyps, which can persist and accumulate
abnormal cellular changes over a decade or more before becom-
ing malignant [16]. CRC involves dynamic interaction among
various molecular pathways, majorly chromosomal instability
(CIN), characterized by aneuploidy and mutations in genes such
as adenomatous polyposis coli (APC), microsatellite instability
(MSI) due to defective DNA mismatch repair, and the CpG
island methylator phenotype (CIMP), which alters gene expres-
sion through DNA methylation. In sporadic CRC, these changes
typically begin with mutations in APC and KRAS, whereas in
colitis-associated CRC, chronic inflammation plays a central
role by inducing cytokine release and field changes in the colo-
nic mucosa, with earlier acquisition of p53 mutations and later
involvement of APC/KRAS [17].

Colitis-associated CRC is characterized by multifocal dys-
plasia and a unique mutational profile enriched in genes related
to cell communication and adhesion, all of which may be linked
with the dysregulated cytokines and inflammatory mediators
associated with inflammatory bowel disease (IBD) [18]. Over-
all, these diverse molecular mechanisms not only underscore
the heterogeneity of CRC but also highlight the importance of
early polyp detection, personalized surveillance, and targeted
therapeutic strategies based on underlying genetic and inflam-
matory profiles.

Diagnosis

Diagnosis of CRC is performed with a wide range of meth-
ods with varying sensitivity and specificity. Endoscopic meth-
ods, especially colonoscopy and sigmoidoscopy, afford the

Figure 1. Development of colorectal cancer: Initiation, promotion, progression, local progression, metastasis and common metastatic sites
[14].
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most efficient and also valuable diagnostic tools, obtaining
direct visualization of tumours, as well as making it possible
to take tissue biopsies and analyze them histologically.
Although diagnostic, these methods are invasive and potentially
may cause discomfort or complications of incidents such as
haemorrhage and perforation. Other imaging methods, includ-
ing computed tomography (CT), magnetic resonance imaging
(MRI), and positron emission tomography combined with CT
(PET/CT), are also utilized. Among these, PET/CT provides
enhanced prognostic information, particularly valuable for eval-
uating treatment response [19]. Among non-invasive methods,
faecal occult blood testing (FOBT) remains a widely used initial
screening tool, and its sensitivity can be enhanced through
repeated testing or the use of immunochemical-based methods
like the faecal immunochemical test (FIT) [20]. Blood-based
tumour markers, including Carcinoembryonic Antigen (CEA),
Carbohydrate Antigen 19-9 (CA 19-9), Tissue Polypeptide-Spe-
cific Antigen (TPS) and Tumour-Associated Glycoprotein 72
(TAG-72), are also utilized; however, their limited sensitivity
and specificity have prompted ongoing research into novel
biomarkers such as lysosomal exoglycosidases [21]. Although
a per rectum examination represents the simplest initial clinical
approach, its diagnostic yield is considerably lower compared to
endoscopic evaluations. To overcome the limitations of individ-
ual tests, combined screening strategies are recommended to
enhance overall detection rates [22].

Treatment

Treatment modalities for colorectal cancer typically inte-
grate surgery, cryosurgery, chemotherapy, immune-based thera-
pies, radiation therapy, and targeted therapies [23]. The most
prominent strategy in the therapeutic approach of chemotherapy
is using one or a combination of various drugs to halt cancer cell
division. However, in traditional chemotherapy, drugs reach
places other than their targets and produce very harsh side
effects like neutropenia, anaemia, hand-foot syndrome, diar-

rhoea, gastrointestinal toxicity, mucositis, nausea, vomiting, fati-
gue, haematologic disorders, and liver toxicity [24]. Recent
advances in cancer treatment include strategies such as RNA-
based therapies, oncolytic viral therapies, and approaches
guided by specific biomarkers, all of which show considerable
therapeutic promise [25]. However, even with these innova-
tions, clinical outcomes remain suboptimal, largely due to per-
sistent challenges like drug resistance, disease recurrence,
metastasis, and significant adverse effects [26].

In CRC, immune checkpoint inhibition therapy has shown
effectiveness, particularly in patients with tumours exhibiting
high microsatellite instability (MSI-H) [27]. Effective CRC
treatment not only requires controlling tumour cell growth but
also involves pleiotropic mechanisms in the tumour microenvi-
ronment (TME) (Figure 2 and 3) [17, 28–30] to enhance anti-
tumour immunity, thereby improving therapeutic outcomes.

Colorectal cancer poses multiple physiological barriers, like
vascular endothelial pores, heterogeneous blood supply, and an
intricate architecture. The success of cancer therapy majorly
depends upon the drug delivery method. Traditionally, several
anticancer agents have been developed, but often these agents
were unable to target the cancer cells specifically and gave rise
to widespread toxicity and various side effects in the body.
These challenges have become the point of focus for extensive
research conducted to identify molecular biomarkers with both
diagnostic and therapeutic potential. In addition, processes
based on genetics and epigenetics play intertwined roles in driv-
ing cancer progression in colorectal cancer.

Circulation of nanoparticles in tumour
microvessels

Exploring the mechanism of nanoparticle drug delivery
from the vessel to the tumour through vascular extravasation
is very important because this is a critical stage [31]. In general,
Vascular extravasation of NPs in the tumour region can be
mediated by the passive EPR effect. The Enhanced permeability

Figure 2. Schematic representation of the tumour microenvironment and its cellular composition of colorectal cancer [17, 28].
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arises from the large endothelial gaps in tumour vessels that
allow the passage of NPs, and the enhanced retention results
from a collapse of the lymphatic drainage system where
nanocarriers (NCs) cannot be transported away [32].

Nanoparticles can easily pass through tumour microvessels
rather than normal healthy vessels because of the following rea-

sons: i) overexpression of VEGF on tumour cells and ii) abnor-
mal basement membrane lining in tumour microvessels.

i) Overexpression of VEGF on tumour cells: Vascular
endothelial growth factor (VEGF) drives the formation
of abnormal, highly permeable tumour vasculature. By

Figure 3. Pleiotropic mechanisms in the tumour microenvironment (TME). (a) Drug loaded NPs can inhibit the hypoxic tumor vasculature of
colorectal cancer by targeting and reprogramming the multiple mechanisms: i) Myeloid-Derived Suppressor Cells (MDSCs) and T-regulatory
cells (Tregs) inhibit cytotoxic T-lymphocytes (CTL) and drive tumour growth. ii) The conversion of M1 macrophages to M2 macrophages also
leads to tumor growth. iii) TGFb-induced fibroblasts activate Cancer-Associated Fibroblasts (CAFs), which promote tumor progression. iv)
VEGF also stimulates abnormal tumour vasculature and cancer development. Drug loaded NPs can target all of these pathways to suppress
tumour growth. NPs can reprogram M2 macrophages into M1 phenotypes, which reactivate the immune response and inhibit tumour growth.
Drug loaded NPs can also activate mature DCs, leading to the activation of B cells through T cells and the production of antibodies that can
target and eradicate tumour cells. These NP-stimulated pathways can thus overcome the inhibitory effects exerted by MDSCs on mature
dendritic cells (DCs) and the inhibitory effects of Tregs on INF-c, thus killing tumour cells. Additionally, NPs loaded with oxygen can inhibit
the hypoxic tumour vasculature by inducing oxygen, thus reversing hypoxia and limiting tumour growth [29]. (b) Schematic representation of
how drug-loaded nanoparticles modulate tumor-associated macrophages (TAMs) under hypoxic conditions. NPs inhibit TAM2 and promote
TAM1 polarization, leading to increased IL-12 and decreased IL-10 production, which suppresses tumour vasculature and enhances anti-tumor
immunity. Drug-loaded NPs can inhibit the conversion of TAM1 to TAM2 and reduce tumour growth. SiRNA-loaded NPs can also suppress
TAM2 activity [30].
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stimulating angiogenesis, VEGF generates microvessels
with enlarged endothelial gaps (100–400 nm) and defective
basement membranes, which markedly increase the perme-
ability of the tumour’s blood supply. These structural
changes amplify the Enhanced permeability and retention
(EPR) effect, allowing nanoparticles typically 10–200 nm
in diameter to extravasate from the tumour microvessels
to the tumour interstitium. In contrast, normal vessels
maintain low VEGF signalling, tight endothelial junctions
and a continuous basement membrane, which together act
as a stringent barrier that blocks NP extravasation. In addi-
tion to creating leaky vessels, VEGF-induced endothelial
cells to overexpress VEGF receptors (e.g., VEGFR-2), as
shown in Figure 4a. Nanoparticles can be functionalized
with ligands or antibodies that bind these receptors, provid-
ing an active-targeting layer that further concentrates the
carriers at the tumour vasculature and promotes receptor-
mediated endocytosis. Such dual exploitation of VEGF-
mediated vascular permeability and receptor targeting
enhances both the amount of nanoparticle that enters the
tumour and its retention within the malignant tissue [33].

ii) Abnormal basement membrane lining in tumour
microvessels: The basement membrane surrounding
tumour vessels is also markedly different from that of nor-
mal vasculature. In tumours it is often thin, heterogeneous,
or partially degraded, allowing NPs that have crossed the
endothelial gap to become trapped only transiently before
further transvascular transport. Normal vessels have a uni-
form basement membrane in healthy tissue that sequesters
NPs in the subendothelial space and strongly hinders their
passage by forming a perivascular NPs pool, as shown in
Figure 4b. The basement membrane is heterogeneous

across different tumour regions, nanoparticles that can
respond to the local microenvironment (e.g., pH-sensitive
release) are better able to navigate these variable pathways.
The combined effect of a compromised basement mem-
brane and the leaky endothelial gaps generated by
VEGF-driven angiogenesis amplifies the enhanced perme-
ability and retention (EPR) effect, boosting nanoparticle
accumulation within the tumour. Additionally, nanoparti-
cles combined with collagen hydrolases are capable of
degrading the basement membrane to release the trapped
NPs, as shown in Figure 4c, and this may also lead to irre-
versible destruction of the basement membrane and
increase the risk of cancer metastasis [34].

Nanoparticles in drug delivery systems for
colorectal cancer

Nanoparticles were first introduced as drug delivery vehicles
in the mid-1980s, when it was observed that they could prefer-
entially accumulate within tumour tissues through a process
now recognized as the Enhanced Permeability and Retention
(EPR) effect [35]. This passive targeting mechanism marked a
significant advancement in the use of nanoparticles for cancer
treatment [36]. Due to their ability to selectively target tumours,
achieve high levels of accumulation at disease sites, and main-
tain prolonged circulation within the bloodstream, nanoparticles
have become promising tools in the development of cancer ther-
apies [37]. Some of the nanocarriers used in drug delivery sys-
tems on colorectal carcinoma cell lines are represented in
Table 1 [42]. Different types of nanoparticles are available with
various sizes, structures and compositions, as shown in Figure 5
[37]. Some of those NPs are listed below.

Figure 4. Normal microvessels with thick endothelial cells and tumour microvessels with leaky endothelial gaps due to overexpression of
VEGFR (a) [33]. NPs are trapped in the subendothelial void by basement membrane surrounding vessels, forming a perivascular NPs pool that
hinders their extravasation (b). Collagen hydrolase-mediated basement membrane destruction is used to increase NP extravasation (c) [34].
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Liposomes

Liposome-based drug delivery systems are most recognized
nanocarriers used for the treatment of CRC; for example,
Irinotecan and Fluorouracil (5-FU) Co-Encapsulated Liposomal
Formulation (CPX-1), Liposomal Encapsulated SN-38 (LE-
SN38), ThermoDox and several other liposomal formulations
have also entered clinical trials. Irinotecan HCl, for instance,
recently concluded Phase II clinical trials for advanced patients
previously treated with chemotherapy for CRC through the
combination of the latter with floxuridine, a component of the
formulation CPX-1 [43]. LE-SN38, a liposomal formulation
of SN-38, the active metabolite of irinotecan, demonstrated
excellent tumour growth inhibition in preclinical studies. Unfor-
tunately, it failed to demonstrate any meaningful progression-
free survival benefit in its clinical trial on metastatic CRC
patients [44]. Thermodox, a thermally sensitive liposomal for-
mulation of doxorubicin, was studied as an adjuvant therapy
with ultrasound-induced hyperthermia for treating colorectal
liver metastases, and it releases the drug upon mild hyperther-
mia, as shown in Figure 6 [45]. When drug-loaded nanoparticle
delivery is combined with focused ultrasound, it improves drug
delivery and therapeutic effect. Focused ultrasound (FUS) is a
non-invasive technology utilizing targeted ultrasonic waves, cat-

egorized into two types: high-intensity focused ultrasound
(HIFU) and low-intensity focused ultrasound (LIFU) [46]. In
HIFU, according to the International Electrochemical Commis-
sion, in HIFU, a fundamental frequency of 0.8 to 2 MHz, a tem-
poral-average intensity of 400 to 10,000 W cm�2, and a
pressure amplitude of 10 MPa give desirable therapeutic effects
[47]. In HIFU, the ultrasound waves travel through the tissue
and are converted into thermal heat, focusing on a single focal
point and eventually causing necrosis at that focal point. HIFU
causes both mechanical and thermal effects; the mechanical ef-
fect targets tissue by producing ultrasound pressure, which
causes cell death [48]. But thermal effects create physical heat-
ing and deposit energy doses in the targeted tissue. At low-dose
energy deposition (<55 �C) and high-dose energy deposition
(>55 �C), hyperthermia increases cellular permeability, enabling
drug delivery using nanoparticles. In LIFU, a fundamental fre-
quency of 500 kHz, a pulse repetition frequency of 1 kHz, and a
peak temporal-average intensity of 23.87 W/cm2 show desirable
results in targeting the primary somatosensory cortex without
damaging neighbouring healthy tissues [49].

The FDA has approved the liposomal formulation Doxil�,
carrying doxorubicin, since the mid-1990s [50]. Doxil is
approximately 100 nm in diameter and has much less cardiac
and gastrointestinal toxicity. Doxorubicin induces apoptosis by

Figure 5. Different types of nanoparticles for cancer therapy [37].
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targeting both nuclear and mitochondrial pathways, as shown in
Figure 7 [17]. It can cause side effects like skin redness, tender-
ness, and peeling, which may be painful for some patients [51].

Polymeric nanoparticles

Polymeric nanoparticles have been utilized in the treatment
of colon cancer in an encouraging way. They enhance drug
delivery, increase bioavailability, and lessen systemic toxicity
[52]. These nanoparticles can deliver drugs with precision, mak-
ing them highly effective for chemotherapy and combination
therapies. Several studies have investigated their potential to
improve therapeutic outcomes in colon cancer patients. Poly-
meric nanoparticles improve the delivery of the drug by trigger-
ing a response to acidic tumour microenvironments to ensure a
targeted release. This pH-dependent action enhances therapy
with reduced side effects. Furthermore, functionalized nanopar-
ticles have enabled the targeting of drug delivery via ligand
interactions. The carriers are biocompatible carriers composed
of poly(lactic-co-glycolide) (PLGA), surface-functionalized
with polyethylene glycol (PEG) and ligands such as folate
and virus-derived peptides for targeting tumours. The strategy
has been experimentally confirmed by the co-loading of camp-
tothecin and curcumin, showing an improved antitumour effect
[53]. In contrast, carbohydrate-based polymeric nanoparticles
have been applied due to their biodegradability and biocompat-
ibility, offering a favourable approach for colon cancer therapy.
Subudhi et al. (2015) [] showed that pectin was discovered to be
an efficient carrier for medicine delivery systems aimed at the
colon [54]. Eudragit S100-coated Polymeric Nanoparticles (E-
CPNs) were formulated to deliver 5-Fluorouracil (5-FU) for col-
orectal cancer therapy, and their effectiveness was evaluated in
both in vivo and in vitro studies [55]. The nanoparticles effec-
tively delayed the drug's release, avoiding premature release

in the gastrointestinal tract. This function ensures targeted drug
delivery to the colon site [56].

Guar gum (GG) is a promising carrier for colon-specific
medication delivery due to its regulated release and microbial
degradation [40]. Carboxymethyl guar gum-stabilized nanopar-
ticles were synthesised and tested for dose-dependent cytotoxi-
city on NHDF cells [57]. Ganesh et al. (2018), showed that 5-
FU-loaded guar gum-stabilized nanoparticles exhibited a cyto-
toxic IC50 value of 1.25 lg/mL against HT-29 cells [58]. Garg
et al. (2015), showed that 5-FU-loaded guar gum-chitosan
nanoparticles cross-linked with PEG exhibited lower cytotoxic-
ity toward C26 cell lines while sustaining drug release for up to
32 hours. They also demonstrated improved hemocompatibility
[59].

Carbon nanotubes (CNT)

Carbon nanotubes (CNTs) are nanomaterials of high pro-
mise for drug delivery, gene therapy, and diagnostics. These
materials exhibit exceptional optical characteristics, thermal
conductivity, and strong chemical stability, which make them
highly valuable for biomedical uses. Structurally, they consist
of tiny tubular arrangements of carbon atoms forming a honey-
comb-like nanostructure. Depending on the number of layers of
carbon, CNTs are either single-walled (SWCNTs) or multi-
walled (MWCNTs) [44]. Different studies detail the diagnostic
and therapeutic use of CNTs in cancer. CNTs with CpG conju-
gation increase CpG deposition in mouse colon cancer cells and
induce NF-jB signalling. This conjugate also significantly sup-
presses the growth of local xenograft tumours as well as the
spread of cancer to the liver metastasis [60]. Fluorescein-
modified SWCNT/II-NCC hybrids demonstrated enhanced
effectiveness against colon cancer (Caco-2) cells [61]. The func-
tionalised CNTs are more active than their non-functionalized

Figure 6. Schematic diagram of Thermodox mechanism in CRC: (a) CRC tumour, (b) EPR effect enhances nanoparticle accumulation,
(c) Ultrasound-induced local hyperthermia triggers drug release, (d) Tumour undergoes treatment [45].
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counterparts. SWCNTs conjugated to the C225 antibody are
used for targeted therapy against EGFR-expressing CRC cells
[41]. The medication is more selective since it targets recep-
tor-mediated endocytosis.

Silica nanoparticles

Silica nanoparticles (SiNPs) possess beehive-like porous
morphology with cavity diameters ranging from 50 to
300 nm. Pore diameters range from 2 to 6 nm [62], with a high
porous skeleton and good biocompatibility. Low toxicity, pH
sensitivity, and easy functionalization render them ideal for drug
delivery [63]. In a report on a novel drug delivery system
(DDS), colchicine was loaded into spherical mesoporous silica
nanoparticles, functionalized with phosphonate groups and
coated with a chitosan-glycine–folic acid complex for targeted
cancer delivery. The system colchicine-bounded mesoporous
silica nanoparticles with phosphonate groups, and coating with
a chitosan-glycine–folic acid (MSNsPCOL/CG-FA) achieved
complete inhibition of HCT116 colon cancer cells via enhanced
intrinsic apoptosis, stronger tubulin inhibition, increased G2/M
arrest, and greater suppression of anti-apoptotic proteins com-
pared to free colchicine and 5-FU [64]. All these features render
SiNPs highly effective for cancer treatment. A protamine-hya-
luronic acid conjugated mesoporous silica NPs enhances activ-
ity and loading at tumour locations as synergistic targeted
chemo-photothermal therapy [65]. Mesoporous silica nanoparti-
cles (MSNs) offer controlled drug delivery to colorectal cancer
(CRC) cells, with enhanced efficacy through gatekeeper modi-
fications such as stimuli-responsive systems [66]. Fan et al.
(2022) developed a dual-targeting, pH- and redox-sensitive for-

mulation by conjugating a CEA/CD44-targeting nanobody
(11C12) and hyaluronic acid to doxorubicin-loaded MSNs
(DOX@MSNs-HA-11C12). In vitro cytotoxicity studies on
LoVo CRC cells demonstrated the formulation's good biocom-
patibility and safety, along with significantly increased apopto-
sis. The study concluded that this dual-targeted nanocarrier
enhances the precision and therapeutic efficiency of drug deliv-
ery to CRC cells [67].

Nanoemulsion system

A nanoemulsion, a system composed of oil, water, and a
surfactant, is a translucent colloidal solution. These systems
exhibit advantages such as low toxicity, high stability, ther-
mosensitivity, pH responsiveness and improved efficacy [68,
69]. Anti-angiogenic agents, commonly used for CRC, often
cause toxicity, lack target selectivity, and struggle with tumour
penetration. Nanoemulsions help overcome these challenges
by improving drug uptake and enabling deeper penetration into
highly vascularized tumour tissues [70]. Their hydrophobic core
facilitates efficient encapsulation of water-insoluble drugs to
improve therapeutic effects. Antibody conjugation facilitates tar-
geted delivery, while PEGylation improves circulation, retention
and creates a protective hydrophilic layer on the nanoparticle
surface, reducing protein corona formation and immune evasion
[71, 72]. Huang et al. (2015) examined the synergic effect of a
nanoemulsion formulated with Tween 80 as the emulsifier,
incorporating lycopene (LP) and gold nanoparticles (AN). It
was tested on the HT-29 colon cancer cell line, exhibiting an
80 % reduction in cell survival at low concentrations of AN
(0.16 ppm) and LP (0.4 lM) that is significantly higher than

Figure 7. Mechanism of action of Doxil on nucleus and mitochondria induces cell death, (a) colorectal cancer, (b) accumulation of
Doxorubicin in colorectal tumour, (c) molecular mechanism of Doxorubicin in the nucleus, increase of topoisomerase II, causes more DNA
breaking which consequently gives rise to apoptosis but in mitochondria molecular mechanism of Doxorubicin, Fe2+�conjugated Doxorubicin
causes Reactive oxygen species production that induces apoptosis and Doxil inhibits the mitochondrial kinases, consequential in apoptosis
induction and finally leads to cell death [17].
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the 50–60% caused by the co-treatment of AN and LP alone.
Mechanistic studies indicated that the nanoemulsion altered
the expression of apoptosis and signalling proteins by suppress-
ing procaspase-8, procaspase-3, procaspase-9, PARP-1 and Bcl-
2 and increasing Bax expression. Additionally, nanoemulsion
inhibited cell migration and invasion through the upregulation
of E-cadherin and downregulation of Akt and NFjB signaling
pathways, highlighting its potential as a promising therapeutic
strategy for colorectal cancer [72].

Case study

Formulation and Characterization of Doxycycline-
Loaded Polymeric Nanoparticles for Testing Antitumor/
Antiangiogenic Action in Experimental Colon Cancer in
Mice.

In a study on artificially induced colon cancer using 1,2-
dimethylhydrazine, Doxycycline-Loaded Polymeric Nanoparti-
cles (DOX-PRNP) were injected subcutaneously to overcome
limitations of free doxycycline (DOX), such as systemic toxic-
ity, rapid clearance, insufficient tumour-site concentration, and
mitochondrial biogenesis inhibition that affects healthy cells.
Treatment with DOX-PRNP resulted in better histopathological
findings in the colon, including fewer malignant alterations and
decreased tumour burden. This was evidenced by significantly
lower scores for crypt distortion, hyperplasia, loss of goblet
cells, and dysplasia. Additionally, the nanoparticles significantly
reduced angiogenic markers VEGF and CD31 in tumour tis-
sues, indicating the nanocarrier system enhances the therapeutic
efficacy of doxycycline and presents a promising approach for
more effective colon cancer treatment [73].

Conclusion

The development of nanoparticles for targeted drug delivery
has been a major breakthrough in treating patients with CRC, as
they allow for localized, controlled release of anticancer agents
with reduced systemic side effects. This study illustrates the
potential of diverse nanocarriers, such as liposomes, polymeric
nanoparticles, carbon nanotubes, silica nanoparticles, and
nanoemulsions, for surpassing biological barriers, increasing
drug accumulation in tumour tissues, and consequently improv-
ing therapy. Clinically, US FDA-approved formulations such as

Doxil and investigational agents like CPX-1 and LE-SN38
demonstrate the growing potential of nanomedicine in CRC
treatment. Although challenges remain in optimizing delivery
strategies and identifying highly specific molecular biomarkers,
continuous research in nanobioconjugation and multifunctional
delivery systems is paving the way for more effective, person-
alized, and safer therapeutic approaches.

Future prospective

The advancement of nanoparticle-mediated targeted thera-
pies presents a promising future for colorectal cancer (CRC)
treatment, particularly through nanobioconjugation approaches
that enable precise drug delivery with reduced systemic toxicity.
Functionalized nanoparticles offer controlled release, enhanced
therapeutic efficacy, and reduced side effects, making them ideal
candidates for advanced treatment modalities. Emphasis should
now shift toward refining these systems for better pharmacoki-
netics and compatibility with combination therapies. To ensure
clinical translation, it is essential to conduct extensive clinical
trials that assess safety and efficacy across diverse patient pop-
ulations. Ultimately, gaining regulatory approvals such as from
the FDAwill be crucial in integrating these nanomedicine strate-
gies into standard CRC care, driving a shift toward safer and
more effective therapeutic options.
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Table 1. Different types of nanocarriers in drug delivery system for colorectal carcinoma treatment.

Sr. No. Drug Nanocarrier Cell line Findings Reference

1. Irinotecan (IRT) Poly ethylene glyco (PEG)-conjugated
hyaluronic acid nanoparticles

HT29 human
colorectal
carcinoma

IRT-P-HA-NPs exhibited significant
suppression of tumour growth with a

reduced systemic toxicity

[38]

2. Piperlongumine Human serum albumin (HAS)
nanoparticles

HCT 116 Enhanced cytotoxicity and greater
induction of apoptosis compared to free

drug

[7]

3. Curcumin Chitosan-pectinate nanoparticulate
system

HT-29 Increased uptake, anticancer activity
and oral bioavailability

[39]

5. Capecitabine Single-walled carbon nanotubes
(SWCNTs)

Caco-2 Increased intrinsic activity and non-
toxic

[40]

6. Doxorubicin Mesoporous silica nanoparticles
(MSNs)

LoVo cells vIncreased apoptosis and therapeutic
efficacy

[41]

Venturini et al. [42]
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