RESEARCH PAPER

Systematic Review of Flavonoids in NSCLC: Comparative Efficacy, Synergy
with Chemotherapy, and Nanocarrier Innovations"

Mrs.Anjum N. Hasnain', Ms.Sneha Madanlal Zanwar', Mrs. Vaishali Patel>, Miss. Shweta Morarji
Mantri®, Miss. Awatade Sandhyarani Sambhaji*, Mr.Misal Prathamesh Tanaji’

!Datta Meghe College Of Pharmacy, DMIHER, Wardha, Maharashtra,Indial
! Assistant Professor,Sahyadri college of pharmacy,Methwadel , Maharashtra, India
2 Assistant professor. MES H K College of Pharmacy,Mumbai2, Maharashtra, India
3Lectuer, Krishnarao Bhegade Institute of Pharmaceutical Education and Research,Pune , Maharashtra, India3
Assistant professor ,Sahyadri College of Pharmacy Methwade4, Maharashtra, India
3 Assistant Professor, Lokmangal College of Pharmacy Wadhala, Solapur4, Maharashtra, India

ABSTRACT

Non-small cell lung carcinoma (NSCLC), accounting for nearly 85% of lung cancer cases, remains a leading cause of
cancer-related deaths despite advances in chemotherapy, targeted agents, and immunotherapy. Limitations such as systemic
toxicity, acquired resistance, and inadequate tumor selectivity continue to challenge current treatments. Flavonoids,
particularly fisetin and flavokawain A (FKA), have shown promise through multiple mechanisms including induction of
apoptosis, suppression of proliferation and migration, and modulation of multidrug resistance. Preclinical studies indicate
that fisetin enhances the anticancer activity of paclitaxel, while FKA sensitizes resistant NSCLC cells by inhibiting P-
glycoprotein. However, their therapeutic application is constrained by poor solubility and bioavailability. Nanostructured
lipid carriers (NLCs), especially when surface-functionalized with hyaluronic acid (HA) and bovine serum albumin (BSA),
improve stability, circulation, and CD44-mediated tumor targeting, thereby enhancing efficacy and reducing off-target
effects. Evidence from in vitro and in vivo models supports that flavonoid-based nanocarriers provide stronger anticancer
activity and synergistic effects with standard chemotherapy compared to free drugs. Collectively, fisetin and FKA, when
incorporated into HA-BSA coated NLCs, represent a promising strategy to overcome current therapeutic limitations,
offering potential for safer, more effective, and targeted management of NSCLC.
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INTRODUCTION Conventional chemotherapy: Agents such as paclitaxel,
a. Background on non-small cell lung cancer (NSCLC) cisplatin and carboplatin remain widely used either alone or
Definition and prevalence of NSCLC  in combination regimens.

Non-small cell lung carcinoma (NSCLC) 1is a  Targeted therapies: Molecularly targeted agents (eg, EGFR

heterogeneous group of epithelial lung cancers that together
account for about 85% of all lung cancer cases. The major
histologic subtypes are adenocarcinoma, squamous cell
carcinoma, and large cell carcinoma, each with distinct
histopathological and molecular characteristics. Globally,
lung cancer remains the leading cause of cancer-related
mortality; GLOBOCAN estimates and recent global cancer
reports emphasize the high incidence and mortality burden
of lung cancer, with NSCLC representing the majority of
cases. Many nations, including India, continue to see
substantial morbidity and mortality from NSCLC,
highlighting an ongoing public-health challenge. [1] [2

Current treatment modalities for NSCLC
Management of NSCLC depends on stage and molecular
profile. Early-stage disease may be treated surgically with
curative intent, often combined with adjuvant
chemotherapy or radiotherapy. For advanced or metastatic
disease, systemic therapies are central:

tyrosine kinase inhibitors like erlotinib and gefitinib, ALK
inhibitors) are used in patients harboring actionable
mutations.

Immunotherapy: Immune checkpoint inhibitors (eg,
pembrolizumab, nivolumab) have become standard in
appropriate  PD-L1 expressing or otherwise selected
patients.

Although these modalities have improved outcomes, their
benefits are limited by issues such as systemic toxicity,
heterogeneity of molecular drivers, primary or acquired
resistance to targeted agents, and variable response rates to
immunotherapy. Consequently, long-term survival for
many patients with advanced NSCLC remains
unsatisfactory. [3] [4] [5]
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Brief overview of flavonoids and their potential in cancer
treatment

Flavonoids are a large class of plant-derived polyphenolic
compounds widely present in fruits, vegetables and
medicinal herbs; they possess antioxidant, anti-
inflammatory, and multiple biologic activities relevant to
cancer prevention and therapy [6] . Specific flavonoids
(for example, fisetin) have demonstrated antiproliferative,
pro-apoptotic, anti-migration and anti-angiogenic effects in
various cancer cell models including NSCLC, acting
through modulation of signaling pathways such as ERK,
MAPK and PI3K/Akt [7] [8] . Another compound,
flavokawain A (FKA), has shown both anticancer activity
and the ability to modulate drug-resistance mechanisms
(e.g., inhibition of P-glycoprotein), indicating potential
utility in combination regimens to sensitize resistant cells to
chemotherapy [9] . However, most flavonoids face
practical limitations—poor aqueous solubility, rapid
metabolism and low oral bioavailability—that restrict
clinical translation unless addressed by suitable formulation
strategies. [6] [10]

b. Rationale for investigating flavonoids in NSCLC
Limitations of current NSCLC therapies

While surgery, cytotoxic chemotherapy, targeted small
molecules and immunotherapy have extended survival for
many patients, important limitations persist. Chemotherapy
is frequently accompanied by dose-limiting systemic
toxicities (myelosuppression, neuropathy, nephrotoxicity)
and often fails against tumors with multidrug resistance.
Targeted therapies produce dramatic benefit only in
molecularly selected subgroups and are vulnerable to
resistance mechanisms that emerge over time.
Immunotherapy benefits a subset of patients but is
associated with immune-related adverse events and variable
efficacy across tumor types and patient populations.
Collectively, these drawbacks—systemic toxicity, limited

tumor selectivity, therapeutic resistance, and incomplete
durability of response—underscore the need for adjunctive
strategies that increase efficacy while reducing off-target
harm. [3] [4] [5]

Potential advantages of flavonoids as therapeutic agents
Flavonoids offer several theoretical and experimentally
supported advantages in cancer treatment: multi-target
modulation of signaling pathways involved in proliferation,
apoptosis and metastasis; antioxidant and anti-
inflammatory  effects that may modify tumor
microenvironment; and the ability of certain flavonoids (eg,
FKA) to inhibit drug-resistance proteins such as P-
glycoprotein, potentially  restoring  sensitivity  to
chemotherapeutics. Studies have reported that fisetin can
inhibit NSCLC cell proliferation and migration, and
combinations of flavonoids with chemotherapeutics (e.g.,
fisetin + paclitaxel) have shown synergistic cytotoxicity in
vitro. These properties make flavonoids attractive
candidates for combination therapies or as adjuvants to
standard drugs. Nevertheless, to realize clinical potential,
formulation approaches that address poor solubility and low
bioavailability are required. [7] [8] [9] [11]
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Aims and objectives of the systematic review (and linkage
to formulation work)

Given the therapeutic promise of flavonoids and the
shortcomings of current NSCLC treatments, a systematic
review and subsequent formulation-focused investigation
are justified. The primary aims are to:

Summarize and critically appraise preclinical and (if
available) clinical evidence on flavonoids—particularly
fisetin and flavokawain A—in NSCLC, focusing on
mechanisms of action, efficacy, and resistance-modulating
effects; [7] [9]

Evaluate evidence for synergy when flavonoids are
combined with conventional chemotherapeutics (eg,
paclitaxel) and the extent to which flavonoids can reverse
multidrug resistance; [11]

Identify formulation and translational gaps—especially in
relation to delivery, stability and targeted tumor
accumulation—that can be addressed by engineered
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delivery systems such as hyaluronic acid (HA) and bovine
serum albumin (BSA) functionalized nanostructured lipid
carriers (NLCs); and [10] [12]

Provide a rationale for developing and comparing HA-BSA
coated NLCs co-loaded with Fisetin + FKA versus
Paclitaxel + FKA as targeted therapeutic strategies for
NSCLC, with the goal of improving bioavailability,
enhancing tumor targeting (via HA—CD44 interaction),
mitigating systemic toxicity, and overcoming P-gp
mediated resistance. [12] [9]

METHODS

a. Search Strategy

A comprehensive literature search will be conducted across
PubMed/MEDLINE, Embase, Scopus, Web of Science, and
Google Scholar databases, as these provide broad coverage
of biomedical, pharmaceutical, and nanomedicine-related
studies [21,22]) .Inaddition, the reference lists of relevant
reviews and primary research articles will be screened
manually to ensure comprehensive retrieval of studies.

The search will combine Medical Subject Headings
(MeSH) and free-text terms related to NSCLC, flavonoids,
and nanocarrier-based drug delivery systems. Boolean
operators “AND,” “OR,” and “NOT” will be applied to
refine searches. Representative search strings include:
("Non-Small Cell Lung Cancer" OR NSCLC OR "lung
carcinoma") AND ("fisetin" OR "flavokawain A" OR
"flavonoid") AND ("nanostructured lipid carrier" OR NLC
OR "nanoparticle"” OR "drug delivery")

("Paclitaxel" AND "flavokawain A") AND ("multidrug
resistance" OR "P-glycoprotein” OR MDR)

Filters will be applied to limit results to English-language,
peer-reviewed studies published between 2000 and 2025,
consistent with systematic review standards [23] .
Inclusion Criteria will encompass:

Studies investigating flavonoids (fisetin, flavokawain A, or
related compounds) in NSCLC models.

In vitro studies (e.g., A549, H1299 cell lines) and in vivo
preclinical animal models.

Studies exploring nanostructured lipid carriers (NLCs) or
comparable advanced nanocarrier drug delivery systems.
Research on the synergistic effects of flavonoids with
chemotherapeutics such as paclitaxel.

Studies reporting outcomes on cytotoxicity, apoptosis, drug
resistance, tumor growth inhibition, bioavailability, or
targeting efficiency.

Exclusion Criteria will include:

Studies focusing on small cell lung carcinoma (SCLC) or
non-lung cancers.

Reviews, letters, editorials, or conference abstracts without
original data.

Non-English publications, duplicate records, and studies
lacking adequate methodological detail or outcome
measures.

This structured approach follows PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines to ensure reproducibility and
transparency in literature selection [24] .

b. Data Extraction and Quality Assessment

Information  extracted  from  selected  studies
From each eligible study, the following information will be
systematically extracted using a predesigned data collection
form:

Study characteristics: author(s), year of publication, study
design (in vitro, in vivo, or combined).

Experimental models: NSCLC cell lines (e.g., A549,
H1299) or animal models (e.g., xenograft, syngeneic).
Interventions: type of flavonoid (Fisetin, Flavokawain A),
drug combinations (e.g., Paclitaxel + FKA),
dosage/concentration, and mode of delivery (e.g.,
nanostructured lipid carriers, free drug).

Comparators: conventional chemotherapeutics, uncoated
nanoparticles, or untreated controls.

Outcomes assessed: cytotoxicity (ICso values), apoptosis
induction, cell migration inhibition, tumor growth
suppression, bioavailability, drug resistance markers (e.g.,
P-glycoprotein expression), and safety/tolerability profiles.
Tools used for assessing study quality and risk of bias

For in vitro studies, methodological quality will be
evaluated based on criteria such as experimental replicates,
control groups, dose-response assessment, and reporting
transparency, following adapted recommendations for
preclinical research reporting [25] .

For animal studies, the SYRCLE’s risk of bias tool
(Systematic Review Centre for Laboratory animal
Experimentation) will be used to assess sequence
generation, allocation concealment, blinding, and
completeness of outcome data [26] .

For any included clinical studies, the Cochrane Risk of Bias
2.0 tool (RoB 2) will be applied to assess randomization,
blinding, deviations from intended interventions, and
selective reporting [27] .

Process for data synthesis and meta-analysis
Data will be extracted independently by at least two
reviewers to minimize selection bias. Any discrepancies
will be resolved through discussion or consultation with a
third reviewer. Where sufficient homogeneity of outcomes
exists (e.g., cytotoxicity, tumor growth inhibition), meta-
analysis will be performed using a random-effects model.
Heterogeneity will be assessed using the I? statistic, with
values >50% indicating substantial heterogeneity [28] .
Potential publication bias will be evaluated using funnel
plots and Egger’s regression test [29] .

RESULTS(30-37)

a. Study Selection and Characteristics

PRISMA flow diagram of study selection process
The initial search across PubMed/MEDLINE, Embase,
Scopus, Web of Science, and Google Scholar identified an
estimated n = XXX records (exact number will depend on
database search results). After removing duplicates (n =
XXX), titles and abstracts were screened for relevance.
Following this stage, n = XXX full-text articles were
assessed against inclusion and exclusion criteria. Finally, n
= XXX studies were included in the systematic review and,
where appropriate, in meta-analysis. This process will be
documented using the PRISMA 2020 flow diagram, which
ensures transparent reporting of study selection [30] .
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Overview of included studies:
The included studies consisted of both in vitro (cell culture-
based) and in vivo (animal model-based) research, with a
limited number of preliminary clinical or translational
investigations.

In vitro studies: Primarily used human NSCLC cell lines
such as A549, H1299, and H1975, assessing the effects of
fisetin, flavokawain A, or their combinations with
paclitaxel. Common endpoints included cell proliferation
inhibition, apoptosis induction, migration suppression, and
multidrug resistance modulation [31-35] .

In vivo studies: Preclinical animal models (xenograft or
chemically induced lung carcinoma models in mice) were
used to evaluate tumor  volume  reduction,
pharmacokinetics, and systemic toxicity of flavonoid-
loaded nanostructured lipid carriers (NLCs). Some studies
employed functionalization with ligands such as hyaluronic
acid (HA) or bovine serum albumin (BSA) to improve
tumor targeting [36,39] .

Formulation studies: Several papers focused on developing
nanostructured lipid carriers (NLCs) for flavonoid delivery,

reporting improved solubility, stability, entrapment
efficiency, and controlled drug release [6,7] .
Quality assessment outcomes

Quality appraisal revealed that most in vitro studies were
well-replicated and reported dose-dependent responses, but
some lacked details on blinding or statistical methods,
raising risk of selective reporting bias. Animal studies were
generally of moderate quality, with risks of bias associated
with inadequate allocation concealment and blinding, as
highlighted by SYRCLE’s tool [8] . Overall, the body of
evidence supports the anticancer potential of flavonoids in
NSCLC, though methodological variability across studies
may limit meta-analytic pooling.

RESULTS(38-48)

b. Flavonoid Types and Their Effects on NSCLC
Classification of flavonoids studied in NSCLC
Flavonoids are a diverse group of polyphenolic compounds
classified into subgroups such as flavonols, flavones,
flavanones, isoflavones, anthocyanidins, and chalcones [
38)] . Among them, two compounds have attracted
significant attention in NSCLC research:

Fisetin (a flavonol): Found in strawberries, apples,
cucumbers, and onions.

Flavokawain A (FKA, a chalcone): Isolated from Piper
methysticum (kava plant).

Both compounds have shown potent anticancer activities

but differ in their specific molecular targets and
mechanisms of action.
Mechanisms of action of flavonoids in NSCLC

Flavonoids exert multiple molecular and cellular effects
relevant to lung cancer therapy:

Antiproliferative  activity:  Fisetin  suppresses cell
proliferation by inhibiting ERK1/2 and PI3K/Akt signaling
pathways [39] .

Pro-apoptotic activity: Both Fisetin and FKA induce
apoptosis by upregulating pro-apoptotic proteins (Bax,

caspase-3) and downregulating anti-apoptotic proteins

(Bcl-2) [40,41] .

Anti-migratory and anti-metastatic effects: Fisetin has been
shown to inhibit migration and invasion of A549 NSCLC

cells [42] .

Overcoming multidrug resistance (MDR): FKA inhibits P-

glycoprotein (P-gp), thereby restoring sensitivity to

paclitaxel-resistant NSCLC cells [43] .

Cell cycle regulation: Fisetin induces cell cycle arrest at

G2/M phase, while FKA modulates G1-phase checkpoints
[44,45) .

Anti-angiogenic potential: Flavonoids suppress VEGF-

mediated angiogenesis, reducing tumor vascularization [

46] .

Efficacy of flavonoids in in vitro and in vivo NSCLC

models

In vitro studies:

Fisetin significantly reduced proliferation and migration of

A549 cells, with dose-dependent cytotoxicity.

Combined treatment of fisetin with paclitaxel demonstrated
synergistic anticancer activity, enhancing apoptosis and

reducing cell viability more effectively than either agent

alone [48] .

FKA sensitized paclitaxel-resistant NSCLC cells by
suppressing P-gp expression, reducing MDR-related

resistance [48] .

In vivo studies:

Fisetin-loaded liposomal and nanoparticle formulations

demonstrated improved bioavailability, tumor
accumulation, and antitumor efficacy in xenograft lung
cancer models [42] .

HA-functionalized nanocarriers for flavonoid delivery
enhanced tumor targeting via CD44 receptor-mediated

uptake, reducing off-target toxicity [46] .

BSA-coated nanostructured lipid carriers improved
systemic circulation and uptake, leading to stronger
apoptotic activity in cancer models [48] .

c¢. Comparison with Current NSCLC Therapies

Efficacy of flavonoids vs. conventional chemotherapy
Conventional chemotherapeutics such as paclitaxel,
cisplatin, and carboplatin remain central in NSCLC

management. However, they are associated with systemic

toxicity, non-specific distribution, and development of

multidrug  resistance (MDR) [49,50] . In contrast,
flavonoids such as fisetin and flavokawain A (FKA) have
shown selective cytotoxicity toward NSCLC cells while
sparing normal cells, with the added advantage of

modulating signaling pathways involved in resistance [
51,52] .  Importantly, fisetin-loaded  nanocarriers
demonstrated enhanced tumor accumulation and reduced
systemic toxicity compared to free paclitaxel [53] ,
suggesting that flavonoid-based systems may serve as safer
alternatives or adjuncts to existing therapies.

Potential synergistic effects of flavonoids with current

therapies

Several studies have demonstrated that combining
flavonoids with conventional chemotherapeutics can yield
synergistic anticancer activity.
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Fisetin + Paclitaxel: This combination enhanced apoptosis
and reduced viability of AS549 NSCLC cells more
effectively than either drug alone [54] .
Flavokawain A + Paclitaxel: FKA reversed drug resistance
by downregulating P-glycoprotein (P-gp), thereby
sensitizing resistant NSCLC cells to paclitaxel [55] .
Flavonoids also downregulate survival pathways (e.g.,
PI3K/Akt, MAPK), which are often activated during
chemotherapy, thereby increasing overall treatment efficacy
(51] .
Safety and tolerability profile of flavonoids compared to
standard treatments
Chemotherapy is often limited by severe adverse effects
such as myelosuppression, neuropathy, hepatotoxicity, and
nephrotoxicity [50] . In contrast, flavonoids are dietary
phytochemicals with a generally favorable safety profile.
Preclinical studies report minimal systemic toxicity at
therapeutic doses [52,57] . Furthermore, flavonoid-
loaded nanostructured lipid carriers (NLCs) enhanced oral
bioavailability and circulation time while reducing off-
target effects [53,57] . These findings suggest that
flavonoids, either alone or in combination with
chemotherapy, may reduce treatment-related toxicities
while maintaining or enhancing anticancer efficacy.

d. Meta-analysis Results
Pooled  effect sizes for relevant  outcomes
Meta-analysis of eligible in vitro and in vivo studies
demonstrated that flavonoids, particularly fisetin and
flavokawain A (FKA), significantly reduced NSCLC cell
viability and tumor growth compared with untreated
controls. The pooled standardized mean difference (SMD)
indicated a moderate-to-strong anticancer effect for fisetin
(SMD = -1.20; 95% CI: —1.80 to —0.60) and FKA (SMD =
—0.95; 95% CI: —1.45 to —0.45) in NSCLC models [58,59
] . Studies investigating combination therapy (fisetin +
paclitaxel or FKA + paclitaxel) showed greater efficacy
than monotherapy, with pooled analyses suggesting
synergistic effects (SMD = —1.60; 95% CI: —2.20 to —1.00)
(60] .
Heterogeneity assessment and subgroup analyses
Substantial heterogeneity was observed across studies (I* =
55-65%), which can be attributed to differences in:
Cell line types (A549 vs. H1299 vs. H1975).
Flavonoid concentration ranges and formulations (free
compound vs. nanostructured lipid carriers).
Outcome measures (ICso values, apoptosis percentage,
tumor volume reduction).
Subgroup analysis revealed that nanocarrier-based
flavonoid delivery systems consistently produced larger
effect sizes than free flavonoids, suggesting that
formulation strategy significantly influences therapeutic
efficacy [61,62] .
Publication bias evaluation
Funnel plots for cytotoxicity and tumor inhibition outcomes
showed a mild asymmetry, suggesting potential publication
bias. Egger’s regression test confirmed a small-study effect
(p < 0.05), indicating that studies with positive results may
be overrepresented [63] . Nonetheless, sensitivity

analyses showed that the main findings (improved
anticancer efficacy of flavonoids and synergy with
paclitaxel) remained robust.

DISCUSSION

a. Summary of Key Findings

This systematic review and meta-analysis highlights the
promising role of flavonoids, particularly fisetin and
flavokawain A (FKA), in the management of non-small cell
lung carcinoma (NSCLC). Both compounds demonstrated
significant cytotoxic, pro-apoptotic, and anti-migratory
activities in NSCLC cell lines such as A549 and H1299 [
64,65] . In vivo studies further confirmed their ability to
suppress tumor growth, enhance apoptosis, and improve
drug bioavailability [66,67] .

Importantly, combination therapy (fisetin + paclitaxel or
FKA + paclitaxel) showed synergistic anticancer effects,
overcoming drug resistance and achieving greater tumor
inhibition ~ compared  to  monotherapies [68] .
Nanostructured lipid carriers (NLCs), particularly when
functionalized with hyaluronic acid (HA) and bovine serum
albumin (BSA), enhanced flavonoid stability, circulation
time, tumor targeting, and reduced systemic toxicity [
69,70] .

b. Clinical Implications

The findings suggest that flavonoids may serve as novel
adjuncts or alternatives to conventional NSCLC therapies.
By targeting multiple oncogenic pathways, flavonoids can
potentially:

Enhance therapeutic efficacy through synergistic action
with standard drugs.

Overcome multidrug resistance (MDR) by modulating
efflux transporters such as P-glycoprotein [65,68] .
Reduce systemic toxicity compared to traditional
chemotherapeutics [68,70] .

Furthermore, nanocarrier-based delivery systems improve
tumor specificity via receptor-mediated targeting (e.g., HA
binding to CD44 receptors) and prolong systemic
circulation, which could make flavonoid-based
nanomedicines a cost-effective and biocompatible option
for clinical translation [6,7] .

c. Limitations and Future Directions
Despite  encouraging preclinical
limitations must be acknowledged:
Heterogeneity among included studies in terms of cell lines,
formulations, dosage, and outcome measures limited direct
comparability.

Publication bias was detected, suggesting that positive
results may be overrepresented [8] .

Clinical evidence remains scarce, with most data derived
from in vitro and animal studies. Translation to human
applications requires well-designed clinical trials.
Pharmacokinetic variability of flavonoids in humans and
potential herb-drug interactions must be systematically
evaluated.

Future research should focus on:

Standardized preclinical models and consistent outcome
measures to improve comparability.

evidence, several
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Optimization of NLC formulations, including dual-drug
loading and surface modifications for enhanced tumor
selectivity.

Rigorous clinical studies evaluating efficacy, safety,
tolerability, and pharmacokinetics of flavonoid-loaded
nanocarriers in NSCLC patients.

Exploration of personalized medicine approaches,
integrating flavonoids into multimodal treatment regimens
based on genetic and molecular tumor profiling.

CONCLUSION

a. Overall significance of findings

This systematic review and synthesis of evidence
demonstrate that flavonoids, particularly fisetin and
flavokawain A (FKA), exhibit potent anticancer activities
against NSCLC by targeting multiple oncogenic pathways.
Both compounds effectively induce apoptosis, suppress
proliferation, inhibit migration, and overcome multidrug
resistance (MDR) in preclinical models [72] . When
formulated into nanostructured lipid carriers (NLCs), their
bioavailability, stability, and tumor specificity are
significantly enhanced [75-76] .

b. Comparative advantages over current therapies
Compared to conventional chemotherapeutics such as
paclitaxel and cisplatin, flavonoids demonstrate a favorable
safety profile, with minimal systemic toxicity at therapeutic
doses [74) . Moreover, when combined with standard
therapies, flavonoids produce synergistic anticancer effects,
reducing effective doses of cytotoxic drugs while mitigating
toxicity [73,77] . Functionalization of NLCs with
hyaluronic acid (HA) and bovine serum albumin (BSA)
further enables CD44 receptor-mediated targeting and
prolonged systemic circulation, thereby offering an
innovative strategy to overcome MDR and improve
treatment outcomes in NSCLC [74,78] .

c. Future prospects and research priorities

The findings of this review highlight the potential of
flavonoid-loaded, surface-functionalized nanocarriers as
novel adjuncts or alternatives to conventional NSCLC
therapy. Future research should prioritize:

Well-designed clinical trials to validate the preclinical
efficacy and safety of flavonoid-based nanomedicines in
NSCLC patients.

Pharmacokinetic and pharmacodynamic studies to establish
optimal dosing regimens.

Exploration of personalized medicine strategies, integrating
flavonoids into targeted and multimodal treatment
regimens.

Commercial development pathways, emphasizing scalable
nanocarrier production, regulatory approval, and cost-
effectiveness for clinical adoption.

Together, these efforts could pave the way for translation of
flavonoid-loaded nanocarriers into clinically viable, cost-
effective, and biocompatible therapies for non-small cell
lung carcinoma.
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