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Abstract

Cancer continues to be one of the leading causes of death worldwide, with 10 million fatalities and 19.3 million new cases reported in 2020. 
Multidrug resistance (MDR), a formidable issue in chemotherapy, is characterized by the ability of cancer cells to evade cytotoxic drugs 
through mechanisms such as altered drug targets, disrupted DNA repair, and overexpression of ATP-binding cassette (ABC) transporters 
like P-glycoprotein (P-gp, responsible for drug efflux). While older oral chemotherapeutics, including 5-fluorouracil (5-FU) and methotrexate, 
have been effective in certain cancers, their clinical applications are frequently limited by poor bioavailability, dose-limiting toxicities, and drug 
efflux associated with MDR. Recent evidence supports that incorporating old chemotherapeutic agents into nanocarrier systems such as solid 
lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), and mesoporous silica nanoparticles can help overcome key barriers like low 
solubility, rapid metabolism, and P-gp–mediated efflux. Importantly, the co-delivery of these anti-mitotic drugs alongwith phytochemicals such 
as curcumin, resveratrol, and astragaloside IV can downregulate drug-efflux transporters, reverse both intrinsic and acquired resistance and 
increase the efficacy of the chemotherapeutic agents.
Among the nanocarrier systems, Lipid-based nanocarriers have demonstrated especial potential in overcoming MDR, including through co-
delivery. SLNs, for example, have been found to protect drugs from gastrointestinal degradation, facilitate controlled release, and improve oral 
absorption through lymphatic transport. NLCs, with their “imperfect” lipid matrix, permit higher drug loading and offer superior stability. These 
platforms have been successfully utilized to boost the bioavailability of agents such as doxorubicin, paclitaxel, and zerumbone. Polymeric 
micelles, liposomes, and dendrimers have been utilized to co-encapsulate both hydrophilic and hydrophobic compounds, providing additional 
versatility. This strategy  of co-delivery using nanocarriers can be effective not just in disrupting efflux mechanisms and prolonging circulation 
time, but can also facilitate selective targeting of cancer cells by surface modification using ligands.  This integrative approach holds significant 
potential to rejuvenate conventional drugs, and can make cancer treatment more convenient, potent, and patient-friendly.
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INTRODUCTION  

Cancer causes around 10 million deaths a year globally, 
maintaining its position as a major world-wide cause of 
mortality [1]. According to projections by GLOBOCAN 2020, 
“the global cancer burden may rise by 47%, totaling around 
28.4 million cases by the year 2040” [1]. National expenditures 
for cancer care in the United States alone amounted to $150.8 
billion in 2018, and this figure is assumed to rise further as 
newer, more expensive treatments become standard practice. 
Moreover, low- and middle-income countries account for 
approximately 70% of global cancer fatalities.
Multidrug resistance (MDR) remains a significant barrier to 

effective cancer treatment, as it enables cancer cells to evade 
the cytotoxic effects of chemotherapy [2]. Both intrinsic and 
acquired forms of MDR occur, with several mechanisms 
contributing to its development. For example, alterations 
in drug targets such as DNA topoisomerases [3], mutations 
in microtubule-associated proteins and tubulin [4, 5, 6], 
mitotic arrest [5], and disruptions in DNA repair mechanisms 
[7], all contribute to resistance [Figure 1]. Additionally, 
mutations in tumor suppressor genes like p53 [8] and 
defects in apoptotic pathways [9, 10], further facilitate drug 
resistance. A particularly important mechanism involves the 
overexpression of ATP-binding cassette (ABC) transporters, 
such as P-glycoprotein (P-gp/ABCB1), multidrug resistance 
protein 1 (MRP1/ABCC1), and breast cancer resistance 
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protein (BCRP/ABCG2), whose normal function in healthy tissues is detoxification, But  this process gets upregulated during 
chemotherapy, reducing intracellular drug concentrations [11, 12, 13, 14]. Specifically, P-gp expels various chemotherapeutics 
like paclitaxel, doxorubicin, and vinblastine, thereby increasing the likelihood of treatment failure [13, 15]. Similarly, MRP1 
and BCRP actively transport drug conjugates and contribute to resistance, with BCRP notably affecting the efficacy of drugs 
such as mitoxantrone and doxorubicin in breast cancer [13, 16, 17]. Despite progress in understanding these mechanisms, 
developing effective MDR modulators remains a considerable challenge. Early inhibitors like verapamil and cyclosporine A 
were abandoned due to high toxicity and limited efficacy [18], while second-generation agents, although safer, faced issues 
with drug-drug interactions and metabolic enzyme inhibition [19, 20]. Third-generation inhibitors such as tariquidar and 
zosuquidar, despite offering higher potency and reduced toxicity, have not yet achieved clinical success [21, 22]. 

Figure 1. Most conventional anticancer drugs have lost much of their effectiveness due to the emergence of multidrug 
resistance (MDR).

OLD WARRIORS IN THE BATTLE AGAINST CANCER

Among older chemotherapy agents, oral administration is more commonly the norm with 5-Fluorouracil (5-FU) and 
methotrexate, while intravenous routes have traditionally been used for drugs like cisplatin and docetaxel because of poor 
oral bioaccesibility and bioavailability [23]. Thymidylate synthase inhibition and incorporation of faulty metabolites into RNA 
and DNA are known mechanisms by which 5-FU operates, resulting in disrupted essential processes in cancer cells [24]. 
However, enzymes such as dihydropyrimidine dehydrogenase quickly degrade 5-FU in the gut and liver, leading to near-
total inactivation upon oral administration. (25). To overcome this limitation, researchers introduced capecitabine, an orally 
administered prodrug converted specifically into active 5-FU within tumor tissues. Nevertheless, the presence of efflux 
pumps like P-glycoprotein still reduces intracellular concentrations of 5-FU, contributing significantly to multidrug resistance. 
Methotrexate (MTX), an antimetabolite that targets dihydrofolate reductase, is another drug that has been used orally for 
decades. However, its effectiveness has been constrained by variable absorption, dose-dependent side effects, and resistance 
mechanisms like enhanced drug efflux or target enzyme alterations [26]. 
Although DNA crosslinking activity makes cisplatin highly potent, attempts to administer this drug orally have faced 
considerable obstacles due to poor gastrointestinal absorption and significant nephrotoxicity and gastrointestinal side 
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effects. Docetaxel, which stabilizes microtubules and triggers 
mitotic arrest, faces similar challenges, including extensive 
first-pass metabolism, limited solubility, and P-glycoprotein–
mediated drug efflux [27]. The efflux of the drug occurs in the 
absorptive intestinal epithelium itself, by efflux transporters 
distributed at the apical side of the intestinal epithelial cells, 
which actively transport the drug from the enterocytes to the 
intestinal lumen, which leads to extremely poor absorption of 
drugs by oral administration [28). 
Thus, primary barriers, such as rapid metabolism, low 
solubility, and efflux-pump activity have restricted the 
widespread adoption of oral chemotherapy [23]. Innovative 
formulation strategies, such as polymeric nanoparticles, lipid-
based delivery systems, microemulsions, and the concurrent 
administration of phytochemicals, have shown promising 
solutions. By protecting active drugs in the upper GIT (stomach 
and duodenum), enabling tumor-targeted delivery, and 
simultaneously overcoming drug-resistance mechanisms, 
nanoparticle-based technologies could potentially transform 
older chemotherapy agents into convenient, effective oral 
therapies.

PHYTOCHEMICALS AS NATURAL WARRIORS AGAINST 
MDR IN CANCER

Phytochemicals restoring 5-FU Sensitivity in Resistant 
Cancers
Several phytochemicals have demonstrated significant 
potential in overcoming MDR in cancer cells by targeting 
various molecular pathways. For example, Das et al. (2023) 
showed that combining resveratrol with BCNU (Carmustine) 
not only sensitizes 5-FU–resistant colon cancer cells but 
also downregulates key DNA repair proteins (POL-β, POLH, 
FEN1, and DDB2) while upregulating the tumor suppressor 
APC gene (which helps prevent cells from growing and 
dividing uncontrollably) [29]. This dual mechanism markedly 
reduces the effective doses of resveratrol and Carmustine 
in combination,  required to induce apoptosis, underscoring 
the potential of resveratrol as an adjunct therapy in 
resistant cancers. Toden et al. (2015) investigated curcumin’s 
capacity to counteract 5-FU resistance in colorectal cancer 
by modulating epithelial–mesenchymal transition (EMT) 
[30]. Their study revealed that curcumin upregulates EMT-
suppressive microRNAs, which in turn downregulate critical 
EMT-promoting genes such as BMI1, SUZ12, and EZH2. This 
molecular reprogramming resulted in significant tumor 
growth inhibition in xenograft models, supporting the 
use of curcumin as a complementary agent to enhance 
chemotherapeutic efficacy. Furthermore, He et al. (2019) 
demonstrated that curcumin reverses MDR in 5-FU–resistant 
colon cancer cells by significantly lowering the IC50 of 5-FU and 
inducing G0/G1 cell cycle arrest and apoptosis [31]. Notably, 

the comprehensive analyses, including flow cytometry, RT-
PCR, and Western blotting, confirmed that the combination 
treatment suppresses the expression of pivotal MDR markers 
like P-glycoprotein (P-gp) and HSP-27, thereby enhancing 
drug retention within the cells.

Wang et al. (2017) explored the effects of astragaloside IV 
(ASIV), a natural saponin from Astragalus membranaceus (the 
resinous exudate is known as gond katira in Hindi) on reversing 
MDR in 5-FU–resistant hepatic cancer cells [32]. Focusing on 
the JNK/c-Jun/AP-1 signaling pathway, they found that ASIV, 
similar to the JNK inhibitor SP600125, significantly reduces 
the levels of phosphorylated JNK and c-Jun, resulting in the 
downregulation of MDR 1 and P-gp expression. This leads to 
improved intracellular drug accumulation. Additionally, Hu et 
al. (2016) examined Ginkgo biloba exocarp extracts (GBEE) 
for their ability to reverse MDR in S180 tumor cells [33]. Their 
study  outcomes demonstrated that the extracts significantly 
enhanced intracellular drug accumulation and suppressed 
resistance markers such as MDR1 and MRP1. In vivo, GBEE 
combined with cisplatin not only suppressed tumor growth 
but also prolonged survival in mouse models, partly by 
enhancing immune cytokine production (IL-3, IL-18, IFN-γ).

Further, Tang et al. (2017) assessed the efficacy of 
epigallocatechin gallate (EGCG), the predominant polyphenol 
in green tea, for reversing 5-FU resistance in gastric cancer 
[34]. They established 5-FU–resistant cell lines (SGC7901/
FU and MGC803/FU) that exhibited decreased proliferation 
and increased levels of MDR markers such as MDR1 and 
P-gp. EGCG treatment significantly inhibited cell proliferation 
and tumor growth in these resistant cells both in vitro and 
in xenograft models. Mechanistically, EGCG downregulated 
MDR1 and P-gp expression at the mRNA and protein levels 
and suppressed VEGF by inhibiting its upstream regulator, 
TFAP2A. The authors concluded that EGCG combats 5-FU 
resistance through dual mechanisms, reducing drug efflux 
and suppressing pro-angiogenic signaling, thereby serving as 
a promising adjunct to conventional chemotherapy.

Role of nano-formulations in increasing bioavailability in 
co-delivery of 5-FU
Novel nano-formulations play an important role in enhancing 
the bioavailability of conventional anti-cancer drugs. Sethy 
and Kundu et al. (2021) provided a comprehensive review 
on 5-fluorouracil (5-FU) resistance in breast and colorectal 
cancers [35]. They showed how metabolic alterations, 
enhanced DNA repair, and the overexpression of efflux 
transporters contribute to chemoresistance. They suggested 
that combining phytochemicals such as curcumin and 
resveratrol with conventional chemotherapy and delivering 
these combinations via targeted nanoparticle systems 
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could suppress critical oncogenic pathways and MDR transporters, thereby restoring 5-FU sensitivity [Figure 2]. In a related 
study, Ahmad et al. (2022) developed a novel multiple nanoemulsion for oral 5-FU delivery [36]. The developed formulation 
improved drug solubility, enhanced gastrointestinal absorption, and significantly increased bioavailability in preclinical 
models. Meanwhile, Blondy et al. (2020) detailed the multifactorial mechanisms behind 5-FU resistance, emphasizing the roles 
of altered metabolism, EMT, and the tumor microenvironment [37]. Notably, the review further supports the rationale for 
integrating phytochemicals to modulate these resistance pathways. 

Figure 2. Co-delivery of conventional anti-cancer drugs along with phytochemicals by loading these into nano-particles, can 
help overcome drug resistance.

Phytochemicals Reversing Multidrug Resistance to other conventional chemotherapeutic agents
Tu et al. (2016) investigated the potential of theaflavin-3,3’-digallate (TF3), a black tea polyphenol, to overcome cisplatin 
resistance in ovarian cancer using the A2780/CP70 cell line [38]. TF3 exhibited potent antiproliferative effects with an IC50 of 
23.81 µM in cisplatin resistant cells, while normal ovarian epithelial cells were less sensitive. Flow cytometry confirmed that 
TF3 induced apoptosis and caused G2 phase arrest by regulating cyclin B1. Central to its action was the upregulation of p53, 
likely via modulation of the Akt/MDM2 pathway, suggesting that TF3 selectively targets cisplatin-resistant ovarian cancer cells. 

In another study, Sun et al. (2015) examined the synergistic anticancer effects of combining cucurbitacin B with curcumin to 
overcome MDR in human hepatoma cells (BEL7402/5-Fu) and in tumor-bearing mouse models [39]. The results revealed that 
curcumin significantly enhanced cucurbitacin B–induced apoptosis, leading to cell cycle arrest and apoptotic ultrastructural 
changes. Additionally, curcumin reversed MDR by downregulating P-glycoprotein and inducing mitochondrial dysfunction. In 
vivo, the combination reduced tumor volume, stabilized body weight, activated caspase-3, and lowered ATP levels, supporting 
its enhanced tumor suppression activity. Weir et al. (2007) investigated curcumin’s anticancer effects in cisplatin-resistant 
human ovarian cancer cells [40]. They found that curcumin effectively inhibited cell proliferation in both resistant and sensitive 
cells by inducing intracellular superoxide generation and oxidative stress. In resistant cells, curcumin triggered G2/M phase 
cell cycle arrest, increased phosphorylation of p53, and activated apoptotic pathways, as evidenced by caspase-3 activation 
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and PARP degradation. Moreover, curcumin modulated key 
signaling pathways by suppressing Akt phosphorylation 
and enhancing p38 MAPK activation, thereby promoting cell 
death.

Cho et al. (2021) evaluated the efficacy of several 
phytochemicals in overcoming MDR in urinary bladder cancer 
when combined with gemcitabine, using gemcitabine-
resistant T24-GCB cells [41]. They found that capsaicin 
exhibited the strongest synergistic effect with gemcitabine, 
while quercetin, curcumin, and resveratrol produced additive 
effects. Western blot analyses revealed that capsaicin 
and quercetin effectively downregulated the membrane 
transporter ABCC2 and reduced cytoplasmic enzyme levels 
(DCK, TK1, TK2), whereas resveratrol and curcumin had 
more complex effects. In vivo, the capsaicin-gemcitabine 
combination significantly inhibited tumor growth, suggesting 
that capsaicin may serve as a potent adjunct to enhance 
gemcitabine efficacy in resistant bladder cancer.

Furthermore, Zhang et al. (2018) investigated how ursolic 
acid, a natural triterpenoid, enhances oxaliplatin efficacy 
in colorectal cancer [42]. Using HCT8 and SW480 cell lines, 
they demonstrated that the combination therapy markedly 
inhibited cell proliferation, increased apoptosis, and 
elevated ROS generation compared to either agent alone. 
Importantly, the combined treatment downregulated key 
drug resistance genes, suggesting that ursolic acid overcomes 
chemoresistance via ROS-mediated suppression of resistance 
pathways. Additionally, Cao et al. (2015) evaluated CIP-36, a 
novel synthetic derivative of podophyllotoxin, for its ability 
to overcome MDR in human leukemia cells [43]. Their study, 
conducted on both K562 and adriamycin-resistant K562/A02 
cell lines, demonstrated that CIP-36 induced significant growth 
inhibition, apoptosis, and cell cycle arrest. Mechanistically, 
CIP-36 inhibited topoisomerase IIα activity, disrupting DNA 
topology critical for cancer cell survival, especially in MDR 
phenotypes.
These studies highlight the potential role of various 
phytochemicals as adjuncts for overcoming MDR in cancer by 
targeting key resistance mechanisms, thereby enhancing the 
efficacy of conventional chemotherapy.

NANOCARRIER SYSTEMS FOR DRUG DELIVERY

Numerous nanoscale drug delivery systems have been 
devised and studied in detail, each offering unique advantages 
and challenges in regard to efficiency of drug encapsulation, 
release kinetics, and biological performance. Some of these 
efficient nanocarrier systems can be utilized for the co-
delivery of conventional chemotherapy drugs alongwith 
phytochemicals, and offer a key strategy to overcome 

MDR, as these systems improve drug bio- accessibility and 
bioavailability, in addition to enabling targeted delivery to 
cancer cells and even to Cancer Stem Cells (CSC). 

One highly effective nano formulation, introduced in the early 
1990s, is Solid lipid nanoparticles (SLNs), which are lipid-
based colloidal carriers that enhance the pharmacokinetics 
and stability of the  loaded therapeutic agents [44]. Created 
from biocompatible lipids such as glycerides, fatty acids, 
and fatty alcohols, and stabilized by surfactants, the solid 
lipid matrix of SLNs is particularly suitable for encapsulating 
hydrophobic drugs. SLNs provide improved physical stability 
compared to liquid systems like emulsions or liposomes, 
by preventing leakage of drug and fusion of particles. In a 
study on SLNs, Patro et al. (2013) developed doxorubicin-
loaded solid lipid nanoparticles (DOX-SLNs) using a modified 
double-emulsification technique [45]. Pharmacokinetic 
studies in Sprague–Dawley rats revealed that intravenously 
injected DOX-SLNs markedly enhanced the bioavailability 
of doxorubicin, as evidenced by a higher peak plasma 
concentration, a significantly greater area under the curve, 
lower plasma clearance, and a reduced volume of distribution. 
These studies indicate the significant potential of nanocarrier 
systems such as SLNs for the co-delivery and enhanced 
bioavailability of chemotherapeutic agents in cancer therapy.
Further, the strong lipid matrix of SLNs protects encapsulated 
drugs from chemical and enzymatic degradation, a critical 
benefit during gastrointestinal transit [46,47]. In addition, 
SLNs offer sustained release profiles and significantly enhance 
oral bioavailability by promoting lymphatic uptake and 
bypassing first-pass hepatic metabolism, which is especially 
valuable for drugs such as paclitaxel and doxorubicin [47]. 
This liver bypass is possible because the lipidic nanoparticles 
are taken up into lacteals, which are lymphatics present 
inside intestinal villi (Figure 3). The lymph from the lacteals 
drains into the Thoracic duct, and thus the particles do not 
enter the liver through the portal circulation. Furthermore, 
by utilizing SLN encapsulation, even parenterally used drugs 
can be administered orally, with increased bioaccessibility 
and greatly enhanced bioavailability (48,49). Moreover, 
SLNs can be adapted for co-delivery; by encapsulating both 
chemotherapeutic agents and phytochemicals, they may 
inhibit drug-efflux pumps or sensitize resistant cells, leading 
to synergistic anticancer effects [50].
Mesoporous silica nanoparticles (MSNs) represent another 
promising platform for co-delivery of  traditional anti-mitotic 
drugs along with phyto-compounds [51]. Silica nanoparticles 
are characterized by their highly ordered porous structures, 
with tunable pore sizes ranging from 2 to 50 nm, and a 
large surface area that facilitates the simultaneous loading 
of multiple drugs. MSNs can further be functionalized with 
various groups, including PEG coatings or “targeting” ligands 
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such as hyaluronic acid, to enhance tumor specificity. Their ability to independently accommodate both hydrophilic and 
hydrophobic drugs makes them ideal for combination therapies where different solubility profiles are involved [51,52]. The 
significant stability of MSNs in biological fluids ensures efficient drug retention until the nanoparticles reach tumor sites.

Figure 3. Lacteal absorption allows lipid-based nanoparticles to bypass hepatic metabolism and breakdown.

Microemulsions (MEs) are thermodynamically stable systems consisting of oil, water, surfactants, and co-surfactants [53]. 
They combine the advantages of emulsions with those of nanocarriers, offering significant solubility benefits for lipophilic 
chemotherapeutic agents and phytochemicals. MEs enhance gastrointestinal absorption through lymphatic transport, similar 
to SLNs. Co-delivery of both hydrophilic and hydrophobic molecules is achievable in double microemulsions, using specialized 
formulations (e.g., water-in-oil-in-water -w/o/w, or oil-in-water-in-oil -o/w/o multiple emulsions), which create separate 
compartments for different classes of agents [53,54]. However, maintaining the stability of microemulsions can be challenging 
due to their sensitivity to temperature and ionic conditions (Figure 4). 
Optimized surfactant and co-surfactant combinations are essential to stabilize particle size and prevent phase separation. 
Nanoemulsions also offer delivery advantages, as shown by Ganta et al, in 2009, who found that  Flaxseed oil nanoemulsions 
co-delivering paclitaxel and curcumin yielded improved therapeutic outcomes in ovarian cancer cells [55]. 

Several other advanced, but expensive,  nanocarrier systems have also been developed, that demonstrate efficacy in multi-
agent delivery. For example, Wu et al. developed polymeric micelles decorated with phenylboronic acid (which works by 
targeting sialic acid, a molecule overexpressed on the surface of many cancer cells), that achieved extremely high loading 
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efficiencies (>95%) for doxorubicin and irinotecan [56]. These micelles featured reactive oxygen species (ROS)-triggered drug 
release mechanisms, enabling selective payload release within the tumor microenvironment. Also, Torres-Perez et al. reported 
on glycosylated PAMAM dendrimers that effectively targeted triple-negative breast cancer cells using methotrexate [57]. These 
costly Dendrimers can incorporate additional phytochemicals such as resveratrol on their surface, supporting simultaneous 
dual-drug release at tumor sites. 

Figure 4. Double emulsions can be used to load and deliver both hydrophilic and hydrophobic compounds.

Liposomes have long been utilized for co-delivery, since they can effectively encapsulate both hydrophilic and hydrophobic 
drugs. Transferrin-targeted liposomes co-loaded with tetrandrine and vincristine have been shown to reverse MDR, target 
glioma cells, and traverse the blood-brain barrier [58]. Incorporating phytochemical efflux inhibitors such as curcumin into 
these liposomes could further enhance their therapeutic efficacy (Figure 5).

Figure 5. Structurally, liposomes contain both lipid and aqueous phases, hence they can be loaded with both lipophilic and 
hydrophilic compounds.
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Besides, functionalized carbon nanotubes and graphene oxide derivatives can carry multiple drugs via π–π stacking and 
acid-labile linkers, offering multimodal therapeutic delivery that includes photothermal or photodynamic effects alongside 
chemotherapy [59,60]. These nanocarrier systems for the co-delivery of anticancer drugs and phytochemicals present 
a multifaceted approach to overcoming MDR. By protecting the therapeutic cargo, enhancing bioavailability, and enabling 
targeted delivery, these systems can modulate key resistance mechanisms while minimizing systemic toxicity. 
The selection of an appropriate nanocarrier depends on factors such as drug properties, the intended route of administration, 
and the tumor microenvironment, with lipid-based platforms like SLNs frequently emerging as superior choices for oral 
co-delivery applications. Cost of production is also an important factor in developing countries, and SLNs can be produced 
relatively cost-effectively compared to other drug delivery systems like liposomes. Patra et al. (2024) demonstrated that 
GAHBA-modified solid lipid nanoparticles (SLNs) could effectively deliver chlorambucil across the blood-brain barrier, offering 
improved encapsulation and sustained release, which is critical for treating brain tumors [44]. Complementing this approach, 
Ahmed et al. (2023) developed chlorambucil nanoformulations using ultrasonication techniques to enhance anticancer efficacy 
and reduce systemic toxicity in colon cancer models [36].

Nanostructured lipid carriers (NLCs) are structurally a little different from SLNs, by virtue of containing some lipid in liquid 
form (Figure 6). NLCs have also been effectively used to enhance the oral delivery of anticancer drugs. In a study, auraptene-
loaded NLCs (ART-NLCs) were formulated to manage testosterone-induced benign prostatic hyperplasia, showing that ART-
NLC treatment at 5–10 mg/kg significantly inhibited glandular growth and reduced inflammation [61]. Similarly, citral-loaded 
NLCs (CT-NLCs) in a 4T1 breast cancer mouse model notably suppressed local inflammation and prevented metastasis, 
while raloxifene-loaded NLCs enhanced cytotoxicity against MCF-7 cells and achieved approximately a five-fold increase in 
bioavailability compared to conventional suspensions [62,63]. These examples show the versatility of NLCs in improving the 
therapeutic outcomes of oral anticancer therapies.

Figure 6. SLNs and NLCs are both suitable lipoid nano-particles for co-delivery of legacy anti-cancer drugs along with 
phytochemicals.

DISCUSSION

Several chemotherapy drugs have been used for decades, both orally and by intravenous route. Many of these, such as 5- FU 
are given for palliation, when the cancer has metastasized to organs such as the liver and lungs. These drugs are now proving to 
be only minimally effective, and are associated with severe side effects, raising questions on the utility of administering these. 
On the other hand, research conducted in the past few years on the anti-mitotic actions of several phytochemicals has yielded 
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astonishing results, and using these in combination with 
legacy chemotherapy drugs such as 5-FU, has the potential 
to vastly improve the cytotoxic effects of the latter. The 
phytochemicals exert their cytotoxic actions on cancer cells 
using several mechanisms, including down- regulation of  key 
DNA repair proteins, upregulating the tumor suppressor APC 
gene, inhibiting the growth of blood vessels that supply the 
growing cancer cell mass, and enhancing intracellular drug 
accumulation of cytotoxic agent by inhibition of drug-efflux 
transporters. Thus, co-delivery of traditional cytotoxic drugs 
alongwith anti-mitotic phytochemicals results in synergistic 
effects on the destruction of cancer cells. 
Since most  phytochemicals have low bioavailability, the 
latter is a key barrier to the above approach. The solution 
lies in developing an appropriate delivery mechanism, that 
can increase bioavailability, and also target the cancer cells, 
whilst causing minimal side effects. These criteria can be 
achieved by delivering the compounds using nano-structured 
drug carriers of various types, as described in section 6. 
The most appropriate carrier system  may be LBDDS (Lipid 
based drug delivery systems), such as micro emulsions, SLNs, 
liposomes and NLCs (nano-structured lipid carriers), since the 
cell membranes of intestinal mucosa, like all cell membranes 
in the body, are composed mainly of lipids and are able to 
absorb lipidic (hydrophobic) substances avidly. This increases 
bioavailability considerably, and the cancerous cells also 
readily take up the LBDDS particles. Nanoparticle delivery 
also protects the drugs from acid and enzymatic degradation 
in the stomach and upper GIT. Surface modifications using 
specific ligands can help target cancerous cells, and also 
cancer stem cells. Thus, nanoparticle-based technologies have 
the potential to revolutionize older chemotherapy agents by 
safeguarding active drugs in the upper gastrointestinal tract 
(stomach and duodenum), facilitating targeted delivery to 
tumors, and overcoming drug resistance mechanisms, thereby 
enabling more convenient and effective oral therapies.

CONCLUSION

Long-used oral chemotherapy drugs like 5-FU and 
methotrexate, as well as intravenous agents such as Cisplatin 
and docetaxel, may all be administered with more effective 
results, by delivering them within nanoparticle formulations. 
Further, by co-delivering these drugs along with specific 
phytochemicals, such nano-formulations have the potential 
ability to overcome drawbacks such as low oral bioavailability, 
toxicity, and multidrug resistance (MDR). Phytochemicals 
have proved to be powerful agents that can block drug efflux, 
reverse key survival pathways, and boost the cytotoxicity of 
these drugs. Advanced nanocarrier systems such as solid 
lipid nanoparticles (SLNs), nanostructured lipid carriers 
(NLCs), and mesoporous silica nanoparticles (MSNs) which 

significantly improve drug encapsulation, protect drugs 
from metabolic degradation, and enable targeted delivery, 
can be simultaneously loaded with both the cytotoxic drugs 
and phytochemicals, enabling co-delivery. This synergy 
of phytochemical and conventional anti-mitotic drugs 
by co-delivering these using nanoparticle formulations, 
offers potential in restoring the effectiveness of traditional 
chemotherapy while reducing systemic toxicity. Moving 
forward, optimizing the choice of nanocarrier, phytochemical 
combination, and release mechanism for each drug and tumor 
type will be essential, potentially transforming established 
treatments into safer, more convenient, and more effective 
oral therapies that improve patient outcomes and quality of 
life.
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