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Abstract: Lung cancer is one of the most common malignant tumors worldwide and is characterized by high morbidity and mortality 
rates and a poor prognosis. It is the leading cause of cancer-related death in the United States and worldwide. Most patients with lung 
cancer are treated with chemotherapy, radiotherapy, or surgery; however, effective treatment options remain limited. In this review, we 
aim to provide an overview of clinical trials, ranging from Phase I to III, conducted on drug delivery systems for lung cancer treatment. 
The trials included oral, inhaled, and intravenous administration of therapeutics. Furthermore, the study also talks about the evolving 
paradigm of targeted therapy and immunotherapy providing promising directions for personalized treatment. In addition, we 
summarize the best results and limitations of these drug delivery systems and discuss the potential capacity of nanomedicine. 
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Introduction
Lung cancer is the second most commonly diagnosed cancer worldwide overall, and it is the most commonly detected 
cancer in the male population.1 Moreover, lung cancer has the highest mortality rate among all cancer types, which 
corresponds to 18% of total cancer deaths.2 Thus, lung cancer is a major concern because of the rapid increase in its 
incidence and contribution to a substantial number of cancer cases.3 One of the main challenges in lung cancer is early 
diagnosis. The disease often lacks noticeable symptoms in its early stages and screening techniques are inadequate for 
widespread early detection purposes. Consequently, most patients with lung cancer are diagnosed at a later stage, leading 
to a lower survival rate.4–6 This emphasizes the need for innovative approaches to improve early detection and treatment 
outcomes.

There are different types of lung cancers. The two broad histological subtypes of lung cancer are small cell lung 
cancer (SCLC), which is the cause of 15% cases and non-small cell lung cancer (NSCLC), which accounts for 85% of 
cases. NSCLC is further subdivided into adenocarcinoma (ADC), squamous cell carcinoma (SCC), neuroendocrine 
tumors, large cell carcinoma (LCC).7–10 Small cell lung cancer, although less in common, is highly aggressive.

Lung cancer is also known to metastasize to various organs. In the metastatic process, cancer cells from the lungs can 
spread to distant sites including breasts, colon, or prostate.11 Addressing metastasis proves challenging owing to the 
complex nature, characterized by factors like tumor heterogeneity and the unique tumor microenvironment (TME). The 
challenges posed by metastasis and tumor heterogeneity are further compounded by the distinctive characteristics of the 
tumor microenvironment in comparison to healthy tissues. In the TME, angiogenesis, the formation of new blood vessels, 
is generally chaotic, immature and excessively branched with varying diameters and shunts. This leads to abnormal 
organization, function and structure of these vessels, resulting in heterogeneous and compromised blood flow.12,13 
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Moreover, the rapid growth of tumors outpaces the development of functional vessels, creating regions of hypoxia and 
increased acidity due to altered metabolic processes.14,15 The extracellular matrix (ECM) within the TME undergoes 
modifications, facilitating the invasion of cancer cells into surrounding tissues.16 Furthermore, the TME possess the 
capacity to suppress the immune response enabling cancer cells to evade detection. These unique features of the TME, 
including disorganized vasculature, acidic pH and hypoxic conditions, present a tremendous challenge in terms of 
evaluating and treating cancer. Addressing these challenges requires tailored efforts to develop effective therapies that 
account for these distinct characteristics.

Various treatment approaches are currently available for lung cancer, including surgery, ablation, radiation, che-
motherapy, targeted therapy, and immunotherapy.17 The treatment regimen for lung cancer depends on the patient’s 
health and cancer stage. Surgery is considered the most effective approach for early-stage NSCLC, whereas chemother-
apy is commonly used for advanced-stage lung cancer to prolong survival and improve the quality of life. Surgical 
resection is the primary option with consistently successful results, but it is only feasible for patients with an operable 
region who can receive the proposed surgical intervention.18

Both chemotherapy and chemoradiotherapy can be administered for all stages of small cell lung carcinoma (SCLC); 
however, surgical resection is the most frequent option for stage 1 NSCLC, and other treatment approaches such as 
chemotherapy, chemoradiotherapy, post-surgery, or neoadjuvant chemotherapy must be considered for patients with stage 
2 and 3 NSCLC.19,20 Once diagnosed, patients with locally advanced or metastatic disease can be treated with 
chemotherapy. Generally, patients diagnosed with resected stage IIA/IIIA NSCLC undergo adjuvant chemotherapy.21 

Chemotherapy can be administered alone or in combination with other anticancer agents, and significant progress has 
been made in improving its therapeutic efficacy in recent years.6 While platinum-based or non-platinum-based che-
motherapeutic treatments show good efficacy in patients with stage IV disease, combining more than three cytotoxic 
drugs can cause a high incidence rate of anticancer toxicity without therapeutic improvement.

Nanomedicine is a rapidly growing field that harnesses the power of nanotechnology to prevent and treat diseases. 
Nanomedicine which utilizes nanoscale materials can potentially improve the delivery and effectiveness of anticancer 
drugs.22 Nanoparticles have unique properties that allow them to be suitable drug carriers. They enhance drug solubility, 
prolong circulation half-life, and facilitate targeted drug delivery to tumor tissues.23,24 For example, lipid-based 
liposomes have been used to encapsulate anticancer drugs, such as cisplatin; these nanoparticles specifically accumulate 
in lung tumor tissues, improving drug delivery and reducing toxicity in healthy cells. STEALTH® Liposomal Cisplatin, 
for instance, has shown potential for enhanced efficacy in patients with stage IIIB and IV NSCLC who have failed 
previous platinum-based treatments.25

Nanoparticles can be engineered for passive targeting based on enhanced permeability and retention effects, as well as 
active targeting through specific ligands. Active targeting involves ligands or molecules recognizing unique markers or 
receptors on cancer cells.26 Active and passive targeting are two distinct approaches; these strategies aim to deliver 
therapeutic agents selectively to cancer cells while minimizing damage to healthy tissues. Active targeting involves the 
use of specific ligands or molecules that can recognize and bind to unique markers or receptors present on the surface of 
cancer cells. A significant example of active lung cancer targeting is the selective targeting of Epidermal Growth Factor 
Receptor (EGFR), a protein that is typically overexpressed in Non-Small Cell Lung Cancer (NSCLC). This method 
employs the use of a specifically designed ligand such as the antibody Cetuximab, which binds specifically to EGFR.27,28 

The selected targeting ligand is conjugated to a drug carrier. Upon systemic administration, the ligand on the drug carrier 
recognizes and binds to the overexpressed EGFR on the surface of lung cancer cells, facilitating internalization and 
subsequent drug release within the cancer cells. This approach enhances precision, delivering the therapeutic payload 
directly to cancer cells while minimizing the impact on normal tissues.29,30

On the other hand, Passive targeting relies on the distinctive characteristics of tumor tissues, such as leaky vasculature 
and defective lymphatic drainage, which allow drug carriers to accumulate selectively within the tumor.31 Nano sized 
drugs, such as nanoparticles or liposomes, which are not small enough to be excreted by the kidney or large enough to be 
rapidly recognized and trapped by the RES is tend to accumulate more in tumors due to the enhanced permeability and 
retention (EPR) effect.32 This effect allows these carriers to passively diffuse into the tumor tissue through leaky blood 
vessels and stay trapped there due to poor drainage.33 Passive targeting can be used by formulating drug carriers with the 
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optimal size and surface charge, smarter mechanism for drug release and administration kinetics. The EPR effect entails 
the increased accumulation of nanomaterial accumulation in tumors due to features such as vascular fenestrations, 
inadequate lymphatic drainage and a thick extracellular matrix. This action permits nanoparticles to remain in the tumor 
for a longer period after entering it. Fibronectin and collagen are ECM components that serve as adhesive agents, 
potentially trapping nanoparticles. Tumor-associated macrophages can potentially aid in intratumoral transport. However, 
the EPR impact varies by person, and clinical trials demonstrate significant variation. Nanoparticle accumulation is 
influenced by tumor size, vascular density, and necrotic regions.34

In the battle against lung cancer, both active and passive targeting strategies can be employed in various ways: 
Researchers often combine active and passive targeting to maximize drug delivery to lung cancer cells while minimizing 
off-target effects. Ultimately, the choice between active and passive targeting, or a combination of both, depends on the 
specific characteristics of the patient’s lung cancer and the therapeutic agents being used. These targeting strategies 
represent important tools in the fight against lung cancer, contributing to more effective and less toxic treatments.

Targeted nanoparticle systems have also been developed to specifically deliver therapeutic agents to lung cancer cells, 
thereby increasing treatment effectiveness. One approach involves functionalizing nanoparticles with ligands that bind to 
overexpressed proteins in lung cancer cells, such as the epidermal growth factor receptor (EGFR).30 By incorporating 
ligands or antibodies onto the surface of nanoparticles, they can recognize and bind to unique biomarkers expressed on 
cancer cells within lung metastases. This targeted approach improves drug delivery, enhances therapeutic efficacy, and 
minimizes damage to healthy lung tissue.

The development of PEGylated triangular gold nanoplates functionalized with an anti-EGFR peptide for targeted 
delivery to lung tumors is a promising advancement in the field of nanomedicine.35 This approach leverages the 
overexpression of EGFR, a transmembrane protein, often upregulated in NSCLC,36 as a specific target for drug delivery. 
EGFR plays a key role in cell proliferation, survival, and differentiation.37 Targeting EGFR is exemplified using 
monoclonal antibodies like cetuximab and tyrosine kinase inhibitors such as erlotinib and gefitinib.38 Cetuximab 
effectively inhibits EGFR by blocking its ligand-induced activation,39 while erlotinib inhibits the intracellular tyrosine 
kinase domain of EGFR.40

Another intriguing target is the CXCR4, often overexpressed in various cancers including NSCLC and plays an 
important role in tumor growth and metastasis.41 Drugs like AMD3100 (plerixafor) inhibit the CXCR4 receptor and have 
been investigated for their potential in limiting cancer progression. Notably, AMD3100 has demonstrated efficacy in 
overcoming chemotherapeutic resistance in NSCLC cancer-initiating cells. Furthermore, it has also been observed to 
impede these cells from maintaining their stem-like properties.42

Furthermore, the Luteinizing Hormone-Releasing Hormone (LHRH) receptor is another potential target. LHRH 
receptors are expressed in various cancers and targeting them can be achieved by attaching LHRH analogs to drug 
carriers. This approach aims to leverage the overexpression of LHRH receptors in NSCLC cells for enhanced drug 
delivery. For eg - In the context of lung cancer treatment, the combination of targeted Deslorelin-docetaxel (D-D) 
chemotherapy and RGD-conjugated Flt3k anti-VEGF nanoparticles (RGD-Flt23k-NP) emerges as a promising strategy. 
D-D exhibits superior cytotoxicity by targeting LHRH receptors, while RGD-Flt23k-NP, a gene delivery system, 
enhances therapeutic efficacy. This combined approach demonstrates potent anti-tumor effects, surpassing individual 
therapies or docetaxel alone, suggesting a promising avenue for advanced lung cancer therapy.43

These examples showcase the diversity of receptors that can be targeted in NSCLC, each presenting unique 
opportunities for therapeutic intervention. Combining these targeted strategies with advanced drug delivery systems, 
such as nanoparticles, can further improve the precision and efficacy of lung cancer treatment.

In addition to their therapeutic applications, nanoparticles can serve as diagnostic tools. They can act as contrast 
agents in various imaging techniques including computed tomography, magnetic resonance imaging, and positron 
emission tomography. When functionalized with targeting ligands, they can specifically accumulate in lung tumors, 
aiding their detection and characterization.44

Furthermore, antibody-drug conjugates (ADCs) represent a promising treatment option for lung cancer-targeted 
therapy.45 ADCs combine the specificity of monoclonal antibodies with the cytotoxicity of small-molecule drugs;46 so, 
ADCs can spare healthy cells and improve treatment outcomes.47 Several ADCs targeting specific proteins that are 
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overexpressed in cancer cells are currently undergoing clinical trials for lung cancer treatment. For example, rovalpitu-
zumab tesirine (Rova-T), which specifically targets delta-like protein 3 (DLL3),48 has shown promising results in Phase 2 
clinical trials for patients with SCLC who had previously received two lines of therapy.49

Immunotherapy, particularly with immune checkpoint inhibitors, has revolutionized the field of lung cancer treatment. 
These inhibitors block certain molecules that inhibit the immune response, allowing the immune system to effectively 
target and destroy cancer cells.50,51 Immune checkpoint inhibitors have shown promising results in NSCLC and have 
been approved for clinical use. In 2015, two immune checkpoint inhibitors targeting programmed cell death-1 (PD-1), 
namely nivolumab and pembrolizumab, gained approval for second-line therapy of NSCLC. Subsequently, in 2016, 
another checkpoint inhibitor targeting programmed death-ligand 1 (PD-L1), atezolizumab, was approved for the same 
indication. Furthermore, in 2016, pembrolizumab received approval for first-line NSCLC treatment in patients with high 
PD-L1 expressing tumors. These recent approvals firmly establish immunotherapeutic agents as the preferred second-line 
therapy for NSCLC, sparking increased interest in potential additional clinical applications for these agents.52 However, 
response rates to immunotherapy can vary, and biomarker screening is essential to identify patients suitable for this 
treatment approach.53

The route of administration also plays a significant role in optimizing therapeutic applications and controlling side 
effects associated with the type of anticancer drug. Choosing a specific route of administration, taking into consideration 
the site of action, type of drug, pH, volume, and solubility, is essential to avoid adverse effects and tackle obstacles.54

We summarized the various approaches for lung cancer treatment after searching all clinical trials registered in 
clinicaltrial.gov and conducted from early 1999 to late 2022. This review focuses on recent progress in clinical trials 
involving drug delivery systems for lung cancer treatment via oral, inhaled, and intravenous (IV) administration 
(Figure 1). This study aims to achieve two things: 1) evaluate the efficacy of monotherapy, combination therapy, and 
targeted therapy in lung cancer patients, and 2) highlight the challenges for implementing new drugs and the specific 
considerations for their clinical application and sustainable use in the future. In conclusion, these advancements in 

Figure 1 Schematic representation showing current status of clinical trials of lung cancer through delivery pathway. Created with Biorender.com.
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medicine and therapeutics have provided hope for patients with lung cancer and we hope that further research will 
continue to improve the lives of those affected by this devastating disease.

Biological Barrier for DDS Depending on the Administration Routes
The respiratory system is a complex network of organs that work together to facilitate the exchange of gases between the 
environment and the body. It is divided into two main functional zones: conducting and respiratory. The conduction 
zones are responsible for transporting air to the respiratory zones, whereas the respiratory zones are responsible for the 
actual exchange of gases.55

The conducting zones consist of the trachea, bronchi, and bronchioles, whereas the respiratory zone comprises the 
airways and alveoli (Figure 2). There are approximately 5.6×108 human alveoli with an estimated total surface area of 
approximately 140 m2.56 The pseudostratified epithelium provides a barrier for absorption into the bloodstream and 
differs between distinct parts of the lungs. The airway epithelia constitute gradually thinning columnar epithelium, with 
the bronchial and bronchiolar epithelia having thicknesses of 3.5 mm and 0.5–1 mm, respectively. In contrast, the 
alveolar epithelium is one cell thick, and the distance between the alveolar lumen and the bloodstream is less than 400 
nm. Owing to the large accessible surface area of the alveoli and the close air-blood contact in this region, this zone is 
ideal for gaseous exchange and absorption of inhaled aerosols, including drug delivery systems.57

The continuous development of medical technology in recent decades has led to an in-depth understanding of lung 
function and characteristics. The lung is an ideal organ for drug delivery owing to its large absorptive surface area, 
abundant capillaries, and minimal transport distance. Physiochemical properties such as size, shape, and surface 
characteristics are among the key parameters that should be considered for an efficient drug delivery system for 
a particular therapeutic agent via a specific administration route.24

Pulmonary administration has attracted considerable scientific attention for drug delivery; however, it has some 
limitations.58 The primary disadvantage is that most drugs need to be administered at least three to four times a day, 
owing to the short duration of the resultant clinical effects. Additionally, the rapid absorption of drugs such as 
bronchodilators and corticosteroids from the lung epithelium results in undesirable side effects.59

Understanding the transport and deposition of drugs is fundamentally important for drug administration. Herein, we 
report different administration therapies and their clinical effects, advantages, and limitations.

Oral Administration
Despite the significant advancements in drug delivery via other routes, oral drug delivery remains the most promising and 
popular approach. This is due to the convenience, therapeutic efficacy, controlled and targeted delivery, enhanced 
mucosal immune response, non-invasiveness, and long half-life of solid formulations. Additionally, higher patient 

Figure 2 Diagram representing human lungs and their anatomy. On the left side of the diagram, a set of healthy lungs is shown while on the right side, a pair of diseased lung 
illustrates the effects of lung disease. Created with Biorender.com.
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preference is another factor contributing to its popularity.60,61 Furthermore, controlled drug release is mainly applicable 
to oral administration by designing the drug dosage form at various concentrations.62

Recently, several oral anticancer drugs have been approved and many other developments are underway, with new 
drugs for oral chemotherapy on the horizon. Table 1 summarizes the orally administered drugs that are currently being 
tested and developed in clinical trials for patients with lung cancer.

Table 1 The Synopsis and Results of Clinical Studies on Drugs Administered Orally

Phase/ 
Setting

Cancer Type Treatment Dose Outcome Comments

Stage (III 
B-IV)/ First 

line 

treatment63

NSCLC Gemcitabine - 1000 mg/m2 (I.V) 
VS 

Vinorelbine - 60 mg/m2 (oral) 

On days 1 and 8. Cycle repeated 
every 21 days until disease 

progression/ patient withdrawal

Efficacy - 88.8% 
Less adverse events - 90.7% 

Easily managed - 92.5%

Improved cognitive functioning 
with IV gemcitabine. 

Improved role functioning, 

emotional functioning, emotional 
functioning and social functioning 

with oral vinorelbine.

Stage (III/ 

IV)/ mostly 

pretreated64

NSCLC NVBo (20–50 mg/d) for 21 days of 

each 4-week cycle

Median DoDC - 8.7 months (95% 

CI: 4.9–27.3 months). 

Median TTP - 1.7 months (95% CI: 
1.4–2.1 months) 

Median OS - 5.7 months (95% CI: 

3.5–9.6 months).

Feasible and safe at the 

recommend dose level (30–40 mg/ 

d), but dose-limiting toxicities 
observed at 50 mg/d.

Stage (III B/ 

IV)/ local 
treatment65

NSCLC Cisplatin 80 mg/m2 + NVBiv 

30 mg/m2 on day 1 and NVBo 
80 mg/m2 on day 8 every 3 weeks, 

after a first cycle of NVBiv 25 mg/ 

m2 on day 1 and NVBo 60 mg/ 
m2 on day 8 

VS 

Cisplatin 75 mg/m2 and DCT 
75 mg/m2 on day 1 every 3 weeks, 

for a maximum of six cycles.

Median TTF: NP arm - 3.2 months 

(95% CI: 2.96–4.24), DP arm: 4.11 
(95% CI: 3.45–4.5). 

No significant difference in OS 

between NP and DP arm.

Similar response, time-related 

parameters, and quality of life 
between NVBiv/NVBo- Cisplatin 

and Docetaxel-Cisplatin, but oral 

Vinorelbine was more effective 
than IV Vinorelbine.

Stage III/ 

untreated66

NSCLC Induction chemotherapy 

NVB iv = 25 mg/m2 

NVB oral = 60 mg/ m2 

Cisplatin = 80 mg/m2 

Concomitant chemo-radiotherapy 
(CT-RT) 

NVB oral = 20 mg 

Cisplatin = 80 mg/m2

Median progression-free survival: 

14.58 months (95% CI: 10.97– 
18.75). 

PFS rate at 12 months: 58.6% (95% 

CI: 47.0–70.1). 
Median overall survival: 17.08 

months (95% CI: 13.56–29.57).

Combination of oral Vinorelbine 

with Cisplatin during concomitant 
CT-RT is well tolerated compared 

to I.V Vinorelbine-based 

chemoradiotherapy regimen.

NA67 Lung 

Cancer 
Cachexia

Thalidomide = 150 mg + 

Cinobufagin = 2000 mg 
Vs 

Cinobufagin = 2000 mg

At the end of week 4, EORTC 

QLQ-C30 score (p < 0.001) was 
significantly improved in the trial 

group. 

At the end of week 12, EORTC 
QLQ-C30 score (p < 0.001) and 

grip strength (p < 0.001) were 

significantly improved in the trial 
group.

Cinobufagin combined with 

thalidomide is well tolerated and 
improves the nutritional status and 

quality of life of the patient 

compared to Cinobufagin alone.

(Continued)
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Table 1 (Continued). 

Phase/ 
Setting

Cancer Type Treatment Dose Outcome Comments

NA68 Advanced Lung 
cancer + EGFR 

T790M 

mutation

AZD9291 
20 mg to 240 mg

Overall objective tumor response 
rate was 51% (95% CI: 45–58). 

Patients who confirmed EGFR 

T790M showed 61% response rate 
(95% CI: 52–70). 

Patients without EGFR T790M 

shown 21% response rate (95% CI: 
12–34).

Adverse events observed in 10% 
patients, increased with increasing 

dose.

Phase I/II69 EGFR 
mutated 

NSCLC

Rociletinib 
500 mg daily twice 

625 mg daily twice 

750 mg daily twice

46 patients with centrally 
confirmed T79M positive tumors 

were 59% (95% CI: 45–73). 

Estimated median progression-free 
survival - 13.1 months (95% CI: 

5.4–13.1).

Rociletinib exceeds objective 
response rates of 45% with a dose- 

limiting toxic effect of less than 

33%. 
Treatment-related adverse events 

were mild. Hyperglycemia was only 

observed in a few patients, which 
was controlled by decreasing the 

dose.

Phase I/II 

single 

Arm70

ALK+ NSCLC Brigatinib 

30–300 mg/d

The median and maximum time on 

treatment were 5.5 months and 29 

months.

Side effects were observed

Phase I71 NSCLC Trametinib 

0.5, 1, 1.5, 2, 15, 30 mg

15 patients were treated. 

12 patients among them 
completed trametinib

The combination of cCRT and 

trametinib, with a maximum 
tolerated dose of 1.5 mg was well 

tolerated in locally advanced, 

nonmetastatic, KRAS-mutated 
NSCLC patients, showing 

preliminary outcomes in terms of 

progression-free survival and 
overall survival.

Phase III72 EGFR mutation- 
positive stage 

IIIB/IV lung 

adenocarcinoma

Afatinib 
Cisplatin/pemetrexed

Each study showed an increased 
overall survival rate compared to 

Cisplatin and pemetrexed.

These independent Phase 3 studies 
have demonstrated an improved 

overall survival rate.

Phase III73 Advanced 
NSCLC 

EGFR-activating 

mutations

Dacomitinib 
Gefitinib

During a median follow-up period 
(31.3 months), a lower death rate 

(45.4%) in patients who took 

dacomitinib was shown compared 
to patients who took gefitinib 

(52%).

Dacotinib showed significant 
improvement in overall survival 

rate compared with a standard-of- 

care.

Phase III74 Advanced ALK- 

positive lung 

cancer

Lorlatinib 

Crizotinib

Improved disease progress rates 

were evaluated; 78% (95% 

confidential interval, 70–84) in the 
lorlatinib group Versus 39% (95% 

confidential interval, 30–48) in the 

crizotinib group.

Patients with previously untreated 

advanced ALK-positive NSCLC 

who received lorlatinib had longer 
progression-free survival and 

a higher response.

(Continued)
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With the increasing number of oral agents on the market, we can expect a rapid increase in the use of oral 
chemotherapy in the coming years. Although over 60% of all anticancer drugs are available in oral dosage forms for 
clinical therapy,76 due to limited oral bioavailability, very few of them are used in clinical practice. However, oral agents 
such as vinorelbine, gemcitabine, paclitaxel, and docetaxel are useful and often as effective as their IV formulations,77 

and are widely used in improving therapeutic index.
In this study, Bordonaro et al sought to determine whether oral chemotherapy has an advantage over IV chemother-

apy. They compared oral vinorelbine with IV gemcitabine63 and found no significant difference in efficacy. However, 
patients treated with oral vinorelbine reported significantly improved quality of life, role, emotional, and social 
functioning, whereas cognitive functioning improved with IV gemcitabine. Additionally, oral vinorelbine was well 
tolerated and showed improvements in symptoms such as dyspnea, sore mouth, and chest pain, and the patient 
satisfaction rate was higher than with IV gemcitabine. Therefore, owing to its comparable efficacy and toxicity profiles, 
oral vinorelbine was more effective than IV gemcitabine.

The treatment option for NSCLC is based not only on the stage of cancer, but also on other factors such as the 
patient’s health status, lung function, and specific characteristics of the cancer itself. For example, metronomic 
chemotherapy, which can minimize the toxicity caused by traditional chemotherapeutic agents, involves the close and 
regular administration of chemotherapeutic agents at a less toxic dose over a longer period. Guetz et al reported a phase 
I dose-finding study in patients with advanced NSCLC treated with daily oral vinorelbine at a fixed dose concentration of 
20–50 mg/d.64 The results showed that the recommended dose (30–40 mg/d) of oral vinorelbine (Navelbine®oral, NVBo) 
is feasible and safe, but high concentrations resulted in neutropenia and fever.

A combination of cytotoxic drugs has successfully improved efficacy and led to acceptable toxicity in first- 
and second-line treatments. Cisplatin has been used effectively and actively in combination therapy.65 Tan et al 
investigated the first-line treatment efficacy and compared IV and oral vinorelbine with cisplatin versus docetaxel in 
a cisplatin-based combination for NSCLC.66 This study demonstrated that doublet chemotherapy combinations of NVBiv 
(IV vinorelbine), NVBo (oral vinorelbine), cisplatin, and docetaxel (DCT) achieved similar results in terms of response, 
temporal parameters, and quality of life, with an acceptable tolerability profile. In this study, oral vinorelbine was found 
to be more effective than IV vinorelbine.

Similarly, Lerouge et al conducted a Phase II study to evaluate the efficacy and safety of fractionated oral vinorelbine 
with cisplatin as induction chemotherapy, followed by chemotherapy and radiotherapy. The results showed an overall 
response rate of 50%, disease control rate of 81.42%, and survival rates of 68.6% and 37% at one year and two years, 
respectively.78 Moreover, oral vinorelbine in combination with cisplatin was well tolerated, and had the highest response 
rate compared to IV vinorelbine-based chemoradiotherapy regimens.

Ding et al used apatinib, a tyrosine kinase inhibitor that inhibits vascular endothelial growth factor receptor-2, in daily 
dose of 850 mg, 28 days per cycle to treat two patients with NSCLC after the failure of first- or third-line 
chemotherapy.79 The progression-free survival (PFS) of the first patient increased to 4.6 months after palliative therapy 
with apatinib compared to almost 6 months in the second patient. Although hypertension and hand-foot syndrome are the 
most common side effects of apatinib, its toxicity is controllable and tolerable. Therefore, apatinib may be a treatment 
option for advanced NSCLC after failure of chemotherapy or other targeted therapies.

Table 1 (Continued). 

Phase/ 
Setting

Cancer Type Treatment Dose Outcome Comments

Phase I/II75 ROS1 fusion- 
positive NSCLC

Entrectinib Improved median duration of 
response

Showed active durable disease 
control rate in patient with ROS1 

fusion-positive NSCLC.

Abbreviations: DoDC, Duration of disease control; TTP, time to progression; OS, overall survival; CI, confidence interval; NVBo, Navelbine®oral; TTF, time to treatment 
failure; PFS, progression free survival; DR, duration of response; EORTC QLQ-C30, European organization for research and treatment quality of life questionnaire; EGFR, 
epidermal growth factor receptor; NA, Not available; ALK, Anaplastic lymphoma kinase.
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Cancer cachexia is a weight loss syndrome caused by the loss of fat and muscle due to chronic diseases such as 
cancer. Typically, 50–80% of patients in the terminal stage of cancer show signs of cachexia. Xie et al investigated the 
clinical value of treating lung cancer cachexia using a combination of thalidomide and cinobufagin.67 They compared an 
experimental group that received thalidomide and cinobufagin with a control group that received only cinobufagin. The 
results showed a significant improvement in the nutritional status, quality of life, and survival of patients receiving 
thalidomide and cinobufagin compared to those receiving cinobufagin alone. Additionally, the combination of thalido-
mide and cinobufagin showed better tolerability and efficacy than cinobufagin alone. Therefore, the combination of 
thalidomide and cinobufagin demonstrates a promising combination regarding safety, efficacy, and good tolerance in 
clinical settings and could be used in lung cancer cachexia.

Epidermal growth factor receptor stimulates the growth and differentiation of cancer cells, and EGFR tyrosine kinase 
inhibitors block EGFR activity, further halting or slowing cancer cell growth. Epidermal Growth Factor Receptor 
Tyrosine Kinase Inhibitors (EGFR-TKIs) are an important class of targeted therapies in the treatment of non-small 
cell lung cancer.80 The first-generation EGFR-TKIs, include erlotinib and gefitinib. These drugs inhibit kinase activity by 
competitively interacting with the ATP-binding site of EGFR, preventing auto-phosphorylation and consequently 
inhibiting downstream signaling. This inhibition leads to apoptosis in cells dependent upon EGFR signaling, such as 
those with EGFR mutations. Resistance to first-generation EGFR TKIs has prompted the development of second- 
generation TKIs. These newer inhibitors are designed to circumvent resistance mechanisms and perhaps outperform 
earlier EGFR TKIs such as erlotinib or gefitinib. Second-generation TKIs frequently create irreversible covalent 
connections with the EGFR kinase domain, displaying increased action against other EGFR family members and 
structurally related receptors such as VEGF. Their covalent binding may improve efficacy against resistance-inducing 
mutations like T790M, which are less sensitive to first-generation TKIs. This is an encouraging step forward in the 
treatment of EGFR-mutated malignancies.81 Despite advancements, resistance mechanisms persist, leading to the 
emergence of third-generation EGFR-TKIs like osimertinib. Osimertinib is a very successful third-generation covalent 
inhibitor that targets both EGFR-sensitizing and T790M resistant mutations in advanced non-small cell lung cancer 
patients. When administered as a second-line treatment, clinical studies have shown outstanding overall response rates of 
more than 50%. Common adverse events with a moderate side effect profile.82 The evolution from first-to-third 
generation EGFR-TKIs highlights the dynamic landscape of precision medicine in lung cancer, demonstrating the 
continual efforts to overcome resistance and enhance treatment outcomes for patients with NSCLC. Therefore, the 
development of targeted therapies has progressive implications for the treatment of lung cancer. Tyrosine kinase 
inhibitors are a good example of successful cancer targeting to improve therapeutic efficacy and overcome resistance 
problems. Eg, Gefitinib is an EGFR-TKI and has recently been approved in several countries for use in advanced or 
metastatic NSCLC. The 63-patient trial focuses on individuals who got gefitinib after conventional chemotherapy failed 
or because they were unable to accept conventional treatment. The results show promising results, with a median time to 
progression of 161 days and an overall response rate of 11%, including full remission in 2% of patients and partial 
remission in 9%. Furthermore, 38% of patients had stable disease. Gefitinib indicated anti-tumor efficacy in both 
pretreated and previously untreated NSCLC patients during a median of 311 days of follow-up. Importantly, the medicine 
had a low toxicity profile and was well tolerated, indicating that gefitinib might be a viable treatment option for people 
with NSCLC and promoting its use in clinical trials.83

AZD9291 is an orally administered potent irreversible EGFR tyrosine kinase inhibitor. It is selective for EGFR 
tyrosine kinase inhibitor-sensitizing mutations and T790M resistance mutations. To determine the safety and efficacy of 
AZD9291, Janne et al administered AZD9291 at doses ranging from 20 to 240 mg. They found an overall tumor response 
rate of 61%. Thus, AZD9291 may be highly effective in patients with lung cancer harboring the EGFR T790M 
mutation.68 No limiting toxic effects were observed in patients receiving doses ranging from 20 mg to 40 mg. 
Moreover, only 10% of patients experienced side effects such as diarrhea, rash, and nausea, and the severity of these 
symptoms increased with increasing doses.

Rociletinib is an orally administered EGFR inhibitor that is effective against EGFR-mutated NSCLC with or without 
T790M. To investigate the side effects, pharmacokinetics, and anti-tumor activity in patients with advanced EGFR 
mutated NSCLC, Sequist et al used rociletinib at a dose ranging from 500 mg to 1000 mg and reported a response rate of 
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59% and disease control rate of 93% in T790M- positive tumors, and 29% response rate and 59% disease control rate in 
T790M-negative tumors.69 In this study, Rociletinib did not cause rash, stomatitis, or paronychia, but caused hypergly-
cemia. Although Rociletinib showed tumor response and sustained disease control in patients with EGFR-mutated 
NSCLC, it may not be effective owing to the toxic effects of hyperglycemia. Moreover, Sequist et al investigated the 
response to osimertinib in patients with EGFR mutation-positive lung cancer who had previously received rociletinib.84 

They found that patients with rociletinib resistance benefited from the use of osimertinib.
Brigatinib is an oral tyrosine kinase inhibitor used to treat patients with anaplastic lymphoma Kinase (ALK)+NSCLC. 

Camidge et al found that patients with ALK+ NSCLC showed significant improvements in anti-tumor activity.70 

However, several side effects have been observed in patients after treatment, including nausea, diarrhea, fatigue, 
cough, and headache.

Lin et al evaluated the safety and pharmacokinetics of trametinib in Kirsten rat sarcoma (KRAS)-mutated nonmeta-
static NSCLC71 while its efficacy and safety still need further research, it has been reported that trametinib, when 
combined with dabrafenib, had durable clinical effects over a 5-year survival period in patients with BRAF V600E- 
mutant metastatic NSCLC.85

Yang et al reported improved overall survival rates with afatinib compared to patients who received cisplatin, 
pemetrexed, or gemcitabine.72 In their study, patients with EGFR mutation-positive stage IIIB or IV lung adenocarci-
noma were treated with afatinib or cisplatin plus pemetrexed or gemcitabine. Accordingly, afatinib was approved for 
first-line treatment of metastatic EGFR mutations and non-resistant mutations.

A phase 3 clinical study showed significant improvement in the overall survival rate in patients who received 
dacomitinib and suggested that it could be the standard treatment for patients with advanced NSCLC and activating 
mutations in EGFR. Patients who took dacomitinib showed a lower death rate and improved overall survival rate, which 
was 34.1 months versus 26.8 months with gefitinib.73

In conclusion, the use of oral chemotherapy in the treatment of lung cancer shows promise in improving patient 
outcomes and quality of life. Oral vinorelbine is as effective as IV chemotherapy, with significantly improved quality of 
life and patient satisfaction rates. Metronomic chemotherapy and combination therapy have also been successful in 
improving efficacy and reducing toxicity. Targeted therapies such as EGFR tyrosine kinase inhibitors and ALK inhibitors 
have shown promising results in patients with specific genetic mutations.

For example, Shaw et al initiated a Phase III clinical study and evaluated lorlatinib, a third generation ALK inhibitor 
the authors introduced. In this study, patients with previously untreated advanced ALK-positive NSCLC who received 
lorlatinib had longer PFS and a higher frequency of intracranial response (78% (95% confidence interval [CI], 70–84) in 
the lorlatinib group and 39% (95% CI, 30–48) in the crizotinib group).74

Despite the advantages of oral administration, there are some limitations. The harsh environment of the gastro-
intestinal tract, including digestive enzymes, gastric acids, pH, and poor permeability of the intestinal epithelium, are 
major obstacles to minimizing the therapeutic effects of drugs through oral administration (Figure 3).86,87 Entrectinib is 
a ROS1 inhibitor that effectively penetrates the CNS75 however, due to its poor aqueous solubility, advanced self-nano 
emulsifying drug delivery systems (SNEDDS) have been suggested to improve solubility and emulsification. Reddy et al 
suggested an optimized design to overcome the poor solubility, moderate permeability, and pH-dependent solubility of 
entrectinib.88

Nanomedicine-based drug delivery is an effective approach to overcoming existing challenges in drug 
administration.90 To improve oral administration, a wide range of drug carriers, including vesicles, micelles, solid 
particles, hollow structures, porous materials, tubes, mesoporous and hydrogels (Figure 4) have been intensively 
investigated.91 Each carrier type presents unique advantages and functionalities, contributing to potential application in 
oral drug delivery.

Of all the particle designs, polymeric nanoparticles have been extensively studied and have shown advantages in 
improving barriers encountered during oral delivery, such as enzymatic degradation and poor membrane 
permeability.92,93 For example, Razak et al demonstrated versatile nanotechnological approaches for treating lung 
cancer.94 They summarized various nanocarrier systems, such as nanoparticles, solid lipid nanoparticles, liposomes, 
polymeric nanoparticles, polymeric micelles, lipid-polymer hybrid nanoparticles, carbon nanotubes, mesoporous silica 
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Figure 3 Schematic depiction of the different routes for nanoparticle drug delivery, particularly emphasizing oral administration and interactions within the intestinal 
barrier.89 Figure (a) depicts various routes for nano-drug delivery (b) highlights challenges in oral delivery such as enzymatic degradation (pepsin, lipase, peptidase, amylase), 
mucus entrapment, and pH variations in the gastrointestinal tract. The enterocyte transport mechanisms involve transcytosis, direct passage, and paracellular routes, while 
M cells in the gut associated lymphoid tissue (GALT) play a role in antigen detection for immune response. 
Notes: Reprinted with permission from Vitulo M, Gnodi E, Meneveri R, Barisani D. Interactions between nanoparticles and intestine. International Journal of Molecular 
Sciences. 2022 Apr 14;23(8):4339. Copyright © 2022.89 This image even after increasing resolution words are blurred because it’s the same in original article also.

Figure 4 Illustration of diverse Nanodrug designs for oral administration: A Spectrum of Vesicle, Micelle, Solid, Hollow, Pored microparticles, Tube, Mesoporous and 
Hydrogel Architectures. 
Notes: Reprinted with permission from Homayun, Bahman, Xueting Lin, and Hyo-Jick Choi. Challenges and recent progress in oral drug delivery systems for 
biopharmaceuticals. Pharmaceutics 11.3 (2019): 129. Copyright © 2019.60
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nanoparticles, and gold nanoparticles. As a therapeutic dosage-release system, nanoparticle formulations can reduce drug 
toxicity and enhance drug delivery to tumor sites either passively or actively.

Multidrug resistance (MDR) is a major obstacle to the success of cancer therapy, with one of its primary contributors 
being the overproduction of P-glycoprotein (P-gp), which acts as an efflux pump for various anticancer drugs.95 This 
active efflux mechanism reduced intracellular drug concentrations and thereby impeded accessibility of drugs to their 
sites of action, ultimately leading to reduced susceptibility.96 The clinical implications of P-gp-mediated MDR are 
profound, impacting the efficacy of treatments across various cancer types. Researchers have endeavored to address this 
challenge through strategies such as P-gp inhibitors, nanoparticle-based drug delivery systems to enhance drug 
bioavailability97 and the exploration of alternative treatment modalities like immunotherapy.98 Overcoming P-gp- 
mediated MDR is a critical focus in cancer research, aiming to enhance the success of treatment regimens and improve 
patient outcomes in the face of this complex resistance mechanism.

Low bioavailability is another problem with orally administered drugs, especially anticancer drugs such as paclitaxel 
and docetaxel.99 The low systemic bioavailability of paclitaxel is due to its high affinity for the multidrug efflux pump, 
p-glycoprotein. It is particularly important to bypass p-glycoprotein, which can cause drug resistance. To solve this 
problem, Liqin Jiang et al developed thiolated chitosan-modified PLA-PCL-TPGS (poly (lactide-co ε-caprolactone)-d-α- 
tocopheryl polyethylene glycol 1000 succinate) nanoparticles to increase paclitaxel transport by opening tight junctions 
and bypassing the efflux pump of p-glycoprotein.100,101

Jian Hou et al induced a paclitaxel-loaded mixed micelle (PTX-TP-M) with vitamin E-TPGS (TPGS) and 
Plasdone®S-630 Copovidone (PVPS 630), with vitamin E-TPGS enhancing permeability for intestinal absorption and 
acting as a p-glycoprotein inhibitor.102 The mixed micelles contain paclitaxel inside, with TPGS having a high affinity for 
the membranes of lung cancer cells. Therefore, owing to the enhanced solubility of paclitaxel and absorption moieties 
such as TPGS and PVPS630, the permeability of PTX-TP-M is significantly increased, and efflux pumps are modulated 
through its p-glycoprotein inhibitor activity.

Therefore, nanocarriers such as polymeric nanoparticles and mixed micelles are a promising approach for the oral 
delivery of anticancer drugs. By using these nanocarriers, the bioavailability of drugs can be improved, leading to 
improved efficacy and reduced toxicity.103,104

Administration by Inhalation
Another route for the administration of anticancer drugs is through the respiratory tract, by delivering them directly to the 
lungs through the nose. Pulmonary inhalation has received significant attention because of its large absorptive surface 
area, low epithelial barrier thickness, and good blood supply to the lungs.105 This method offers a noninvasive route of 
drug delivery that facilitates the local delivery of anticancer drugs directly into tumor tissues while bypassing non- 
targeted organs.106 Moreover, chemotherapeutic drugs administered by inhalation help reduce pulmonary side effects and 
reduce the risk of distribution to healthy lung cells.107,108

Compared to oral and IV administration, pulmonary delivery improves drug bioavailability in the lungs owing to 
limited intracellular and extracellular drug-metabolizing enzyme activities in the lungs, unlike in the gastrointestinal tract 
and liver. Inhalation also delivers chemotherapeutic agents directly to tumor tissues, reducing the risk of damage to 
adjacent healthy cells.109,110 For instance, Koushik Os111 et al used nanostructured lipid carriers (NLC) and liposomes as 
model carriers to deliver drugs locally to the lungs. They found that after IV injection, 40–60% of both NLC and 
liposomes accumulated in the liver, whereas less than 25% of the injected dose was found in the lungs. In contrast, the 
same carriers delivered via inhalation accumulated approximately 80% in the lungs, showing better localization after 
inhaled administration.

Storti et al summarized preclinical studies and showed that the inhalation of aerosolized drugs is a promising option 
for treating lung cancer.112 For example, it could reduce the systemic distribution of drugs and patient discomfort, such as 
pain due to needle injection from IV administration. Jyoti et al synthesized cationic small unilamellar niosomes loaded 
with curcumin (Cur-C-SUNS), which exhibited a positive surface charge that enhanced the penetration rate between the 
nanovesicles and the mucosal surface to increase drug stability.113 They demonstrated that the accumulation rate in the 
lungs could be controlled by different surface charges. Assuming they have to bypass filtration in the primary and 
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secondary bronchi and bronchioles, these nanovesicles are optimized to a diameter of 50— 200 nm, and the size of the 
nanobubbles varies according to the drug dose. Cur-C-SUNS accumulated more strongly in A549 cells than non-cationic 
small unilamellar liposomes (Cur-SUNS).

Table 2 summarizes the clinical studies conducted to evaluate the safety and efficacy of inhaled drugs. For example, 
Otterson et al used inhaled doxorubicin in combination with cisplatin and docetaxel to treat patients with NSCLC.114 

Although this therapy was considered safe as expected, no therapeutic effect was achieved.
Paul et al used inhaled carboplatin with a combination of IV infusion and aerosol to treat 60 patients aged 18–70 years 

old admitted with NSCLC. The primary endpoint was the evaluation of efficacy and safety.115 There was a significant 
improvement in patient survival, and this therapy was better than IV infusion alone. Etienne et al investigated the 
biodistribution, pharmacokinetics, safety profile, and feasibility of aerosolized gemcitabine in patients with lung 
carcinoma and found that aerosolized gemcitabine was safe with minimal toxicity.116

Researchers are actively addressing challenges associated with pulmonary drug delivery. In the context of pulmonary 
administration, a significant limitation arises from the potential bolus release of administered drugs, which can pose a risk 
of pulmonary toxicity.116 The bolus release refers to the rapid and concentrated delivery of a drug upon administration. 
This phenomenon can result in localized toxicity within the pulmonary tissues. The abrupt exposure of lung cells to high 
concentration of certain drugs may lead to adverse effects, inflammation, or damage to the delicate respiratory 
structures.117 To address this challenge, researchers are actively exploring controlled- release formulations and advanced 
drug delivery systems that can provide a more sustained and regulated release of therapeutic agents, aiming to enhance 
the safety and efficacy of pulmonary drug delivery for conditions such as lung cancer. This consideration underscores the 
importance of refining administration techniques to mitigate the risk of pulmonary toxicity associated with bolus drug 
release.

However, the effectiveness of inhaled drugs depends on overcoming various immune barriers, including mucociliary 
clearance, alveolar macrophage clearance, enzymatic degradation, rapid systemic absorption, nasal passages, pharynx, 
larynx, and bronchial wall,118–122 that can reduce the delivery efficiency of drugs (Figure 5).

To overcome these challenges and increase efficiency, particulate-based drug delivery systems have been introduced. 
Particulate-based drug delivery offers several advantages, including protecting the drug from enzymatic degradation, 
evading pulmonary clearance, slowing down drug absorption, delivering the drug directly to the target site in the lungs, 
providing controlled drug release, reducing dose frequency, maximizing therapeutic efficacy, and minimizing adverse 
side effects.

Table 2 The Synopsis and Results of Clinical Studies on Drugs Administered Through Respiratory Inhalation

Phase/Setting Histology Treatment 
Arm

Outcome Comments

Phase I, II/ 

untreated 
NSCLC114

NSCLC Inhaled 

doxorubicin 
plus i.v 

docetaxel and 

cisplatin

29% response rate among 24 evaluable 

patients (95% CI: 12.6–51.5%)

Only 24 patients received at least two 

courses and 3 patients had progressive 
disease after the first-course treatment. 

The survival of the 34 patients was quite 

robust.

Phase II/ 

untreated 
primary 

NSCLC115

NSCLC Carboplatin, 

docetaxel 
(Group B: 1/3 

Carboplatin 

inhaled,2/3 via i. 
v administration

Group B showed significant survival 

benefit against control group (carboplatin 
and docetaxel administered via i.v (p < 

0.001).

Group B delivers high concentration of 

chemotherapy regimen to the tumor site, 
lymph nodes and systemic circulation 

simultaneously.

Phase I/with or 
without previous 

chemotherapy116

NSCLC Gemcitabine No significant analysis mentioned One patient experienced bronchospasm 
during the second cycle, and the other 

experienced fatigue, dyspnea, and vomiting.
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To achieve the therapeutic potential of inhaled drugs, several factors, such as the aerodynamic diameter, shape, and 
surface properties of the carriers, should be tailored and optimized. For example, particles smaller than 5–6 µm settle in 
the tracheal-bronchial area, while ultrafine particles with a size of 1–2 µm are deposited in the bronchioles. Nanoparticles 
less than 1 µm in size reach the lower respiratory system. Dendrimers, which are ultra-small nanoparticles measuring less 
than 20 nm, are effective in delivering drugs to the alveoli; however, their retention in the lungs is limited because they 
quickly enter the bloodstream.124,125

Despite these advancements, no clinical trials have confirmed the effectiveness of inhalation as a treatment method. 
The primary challenge in this area is the difficulty of replicating the complex structure and function of human lungs in 
their entirety, especially given the differences in organ size, vital capacity, and circulation between mice and humans. If 
these challenges are addressed, inhalation could become an efficient treatment option for lung cancer and other 
respiratory diseases.

Intravenous Administration
IV administration refers to the direct injection of drugs into the vein using a needle or tube. This method ensures high 
drug concentration and rapid injection into blood vessels, allowing the drug to enter the bloodstream quickly and directly 
without passing through the gastrointestinal tract (Figure 6). It also provides high bioavailability and the fastest capacity 
to overcome physiological barriers to drug absorption.

Table 3 summarizes clinical studies on intravenous drug delivery to patients with lung cancer. Von Pawel et al 
reported that amrubicin, a third-generation anthracycline and topoisomerase inhibitor II that is administered 

Figure 5 Barriers that impact the effectiveness for treating lung infection via pulmonary drug delivery is depicted. (a) Mucociliary clearance (b) biofilm (c) pulmonary 
surfactant and (d) alveolar macrophage clearance. 
Notes: Reprinted with permission from He S, Gui J, Xiong K, Chen M, Gao H, Fu Y. A roadmap to pulmonary delivery strategies for the treatment of infectious lung 
diseases. Journal of nanobiotechnology. 2022 Mar 3;20(1): 101. Copyright © 2022.123
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Intravenously, significantly improved all secondary efficacy endpoints in patients with SCLC.126 Amrubicin demon-
strated efficacy and a safety profile comparable to that of topotecan and showed greater response rates and a 2-week 
survival benefit in patients with refractory illness, a patient category for which there are currently no approved 
treatments.

When combined with chemotherapy, the effect of treatment can change depending on the sequence of drug 
administration. S-1 is an oral anticancer agent consisting of tegafur, 5-chloro-2, 4-dihydroxypyridine, and potassium 
oxonate. In a study by Ichinose et al, combination chemotherapy with oral administration of S-1 and IV administration of 
cisplatin showed promising efficacy with acceptable toxicity rates in patients with advanced NSCLC.127

Blumenschein et al studied the efficacy and safety of combination treatment with IV radiation. Cetuximab is 
a monoclonal antibody that targets EGFR-expressing non-small cell lung cancer and has demonstrated radiosensitive 
properties in preclinical models. Combining cetuximab with chemoradiotherapy (CRT) for unresectable stage III NSCLC 
resulted in a statistically significant improvement in median and overall survival compared to that previously reported by 
the Radiation Therapy Oncology Group.128

Fink et al investigated a new combination of chemotherapies and compared the safety and efficacy of topotecan- 
cisplatin (TP), topotecan-etopside (TE), and cisplatin-etopside (PE) in SCLC with extensive disease (ED-SCLC).128 The 
results showed that the combination of IV topotecan/cisplatin is an active regimen for ED-SCLC and is non-inferior to 
standard PE therapy. TP is associated with a higher percentage of hematological toxicities, resulting in higher transfusion 
rates, particularly for red blood cells. A higher rate of treatment-related deaths was observed; however, this difference 
was not statistically significant. Despite higher response rates and longer progress free survival (PFS), TP will not replace 
the standard PE therapy in the first-line treatment of ED-SCLC owing to its higher toxicity. However, topotecan remains 
the first-line treatment for relapses.

In contrast, researchers who have invented new drugs that can be administered intravenously are focusing on the use 
of viral vectors that express tumor suppressor genes and are limited to intratumoral administration or a single IV dose 

Figure 6 Nanoparticle – guided journey: The microenvironment of (A) healthy and (B) tumor tissues are compared. The chaotic components of the tumor 
microenvironment (hypoxic core, obstructed lymphatic drainage, insufficient pericyte population, disorganized basement membrane, and broad fenestration are used to 
enhance the EPR effect. 
Notes: Reprinted with permission from Ejigah V, Owoseni O, Bataille-Backer P, Ogundipe OD, Fisusi FA, Adesina SK. Approaches to improve macromolecule and 
nanoparticle accumulation in the tumor microenvironment by the enhanced permeability and retention effect. Polymers. 2022 Jun 27;14(13):2601. Copyright © 2022.122
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Table 3 The Synopsis and Results of Clinical Studies on Drugs Were Administrated by Vein

Phase/Setting Histology Treatment Arm Outcome Comments

Phase III/ previously 
treated (second-line 

treatment)126

SCLC Amrubicin vs 
Topotecan

Similar survival: amrubicin 
(7.5 months; 95% CI, 6.8–8.5) 

Topotecan (7.8 months; 95% 

CI, 6.6–8.5).

OS did not differ significantly between 
treatment groups, although an improvement in 

OS was noted in patients with refractory 

disease treated with Amrubicin.

Phase II/ untreated 

NSCLC127

NSCLC S-1 plus Cisplatin Overall response rate - 47% 

(95% CI; 34–61%). 
Median survival time - 11 

months 

1-year survival rate - 45% 
(95% CI; 32–59%) 

2-year survival rate - 17% 

(95% CI; 6–27%).

The incidence of side effects such as 

neutropenia and vomiting appear to be lower 
with the S-1 plus cisplatin combination than 

with platinum-based two-drug combination 

chemotherapy.

Phase II128 Stage IIIA/ 
B NSCLC

Chemoradiotherapy 
using Cetuximab

24-month progression failure 
rate - 55.2% (95% CI; 44.6– 

65.7%). 

24 months survival rate - 
49.3% (95% CI; 38.3–59.3%) 

MS - 22.7 months (95% CI; 

15.3–30.4 months).

The median and overall survival of the 
combination of Cetuximab with 

chemoradiotherapy were longer than 

previously reported by the Radiation Therapy 
Oncology Group.

Phase III/ untreated 

SCLC129

SCLC TP vs TE vs PE PE group: median OS - 40.9 

weeks (95% CI 36.7–46.1) 
TP group: median OS - 44.9 

weeks (955 CI 41.4–48.1)

TP is not inferior to PE in overall survival, but 

hematologic toxicity is slightly higher. The TE 
arm was closed after recommendations by the 

Independent Data Safety Monitoring Board.

Phase I/ previously 

treated130

NSCLC or 

SCLC

DOTAP: chol-TUSC2 Median duration - 5 months 

(95% CI 2.0–7.6) 

Median survival rate - 8.3 
months (95% CI 6.0–10.5) 

Mean survival time - 13.2 

months (95% CI 8.9–17.5)

This was the first trial to test the TUSC2 gene 

therapy approach in humans.

Phase III/ untreated 

NSCLC131

NSCLC Chemoradiotherapy 

using Cisplatin and 
Vinorelbine

Objective response rate - 

82.0% (95% CI 74.5–89.1%) 
Median PFS - 13.4 months 

(95% CI 9.8–16.4) 

Median survival time - 30.0 
months (95% CI 24.5–38.8)

Approximately 15% of patients with stage III 

NSCLC could be cured without severe 
toxicities.

Phase II/ previously 
treated132

NSCLC Pemetrexed Plus 
Bevacizumab

24 patients with 3 months 
PFS - 57% (95% CI–41–72%) 

Median PFS time - 4.0 months 

(95% CI 2.8–4.7)

The study did not meet its primary endpoint 
(3-month PFS).

Phase I/ untreated 

NSCLC133

NSCLC Nivolumab 12 months OS rate - 73% 

(95% CI 59–83%) 
24-week PFS rate - 41% (95% 

CI 27–54%)

First line Nivolumab monotherapy 

demonstrated a tolerable safety profile and 
durable responses in first-line advanced 

NSCLC.

(Continued)
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owing to systemic immune responses.137 Lu et al found that functional TSG (Tumor-Suppressor Genes) can be 
administered intravenously to human cancer cells, which can express mRNA and proteins in cancer cells and mediate 
anti-tumor activity.138 This was the first systemic gene therapy study in humans to administer the tumor suppressor gene 
TUSC2, which is known to mediate the induction of apoptosis and alter relevant pathways in cancer cells.130

Although metal-based anticancer drugs have side effects, ruthenium has been considered a candidate for new 
anticancer drugs owing to its unique properties. These include transferrin transport, activation by reduction, slow ligand- 
exchange kinetics, and DNA binding, which can be applied to ruthenium-derived anticancer drugs.139,140

Leijen et al studied the combination of gemcitabine and a ruthenium-derived anticancer drug, NAMI-A (Novel Anti- 
tumor Metastasis Inhibitor A), which was administered intravenously to patients with NSCLC after first-line 
treatment.141 However, the results showed that the combination of NAMI-A and gemcitabine was only moderately 
tolerated and less effective than gemcitabine alone in patients with NSCLC after first-line treatment. Although NAMI-A 
has demonstrated its potential as an effective agent for treating metastasis in preclinical studies, its toxicity profile and 
efficacy in these settings raise uncertainties about its future role as a treatment option.

Horinouchi et al administered simultaneous chemoradiotherapy with cisplatin and vinorelbine in patients with stage III 
NSCLC and approximately 15% of patients were cured with no severe toxicities observed in the following 10 months.131

Pemetrexed is approved as first-line and second-line therapy for patients with progressive relapsed NSCLC. However, 
its significant toxicity, including myelosuppression, skin rash, mucositis, and fatigue, makes it ineffective when used 
alone.142 Alex et al investigated the use of pemetrexed in combination with bevacizumab injected intravenously every 3 
weeks in patients with NSCLC.131 Although this study did not reach its primary endpoint of 3-month PFS, it confirmed 
4-month survival, which is promising.

In addition, there are many ongoing studies investigating new approaches for the anti-tumor activity and treatment of 
malignancies in various tumor types, including NSCLC. Among the recently approved immune checkpoint inhibitors, 
nivolumab binds to programmed cell death protein 1 (PD-1) receptors expressed in T cells and restores T cell effector function.

Gettinger et al investigated the safety, objective response rate, and PFS rate of nivolumab monotherapy133 and concluded 
that it was well tolerated as first-line therapy for patients with advanced NSCLC and showed a durable response.

Table 3 (Continued). 

Phase/Setting Histology Treatment Arm Outcome Comments

Phase III/ untreated 

SCLC134

SCLC Atezolizumab plus 

Carboplatin and 
Etoposide vs 

Carboplatin plus 

Etoposide

Atezolizumab group: OS rate - 

12.3 months (95% CI 10.8– 
15.9) 

PFS - 5.2 months (95% CI 4.4– 

5.6) 
Placebo group - OS rate 10.3 

months (95% CI 9.3–11.3) 

PFS - 4.3 months (95% CI 4.2– 
4.5)

Combining checkpoint inhibition (atezolizumab 

group) with cytotoxic chemotherapy resulted 
in significantly lower survival and progression- 

free survival than chemotherapy alone.

Phase I/II135 NSCLC APX005M plus 
Nivolumab

One of 4 immunotherapy 
patients had complete 

response (CR) and 2 had 

stable disease (SD)

Binds to CD40 which is an immune-activating 
tumor necrosis factor (TNF) receptor.

Phase III136 SCLC Pembrolizumab plus 

Etoposide and Platinum

Improved PFS; extended PFS 

of 13.6% was estimated 
compared to 3.1% in the 

control group.

Show significantly improved PFS compared 

with placebo plus etoposide and platinum.

Abbreviations: CI, confidence interval; OS, overall survival; S-1, tegafur, 5-chloro-2, 4-dihydroxypyridine, and potassium oxonate; TP, topotecan plus cisplatin; TE, 
topotecan plus etoposide; PE, cisplatin plus etoposide; DOTA P, chol-TUSC2 (cholesterol nanoparticles encapsulating a TUSC2 expression plasmid); PFS, Progression Free 
survival.
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In contrast, atezolizumab and PD-L1 antibodies can restore tumor-specific T cell immunity. In a Phase 1 study 
involving patients with relapsed or refractory small cell lung cancer, vedolizumab monotherapy had acceptable side 
effects and safety profiles.

Horn et al evaluated the efficacy and safety of co-administering atezolizumab or a placebo with carboplatin and 
etoposide, which is the first-line treatment for extensive-stage SCLC.134 The study found that the combination of 
chemotherapy with atezolizumab prolonged overall survival (OS) and PFS in patients with SCLC compared with 
chemotherapy alone. Therefore, this study suggests that the combination of checkpoint inhibition with cytotoxic 
chemotherapy may have a synergistic effect and improve efficacy.

Kluger et al evaluated the efficacy and safety of APX005M in combination with nivolumab in patients with NSCLC. 
In their clinical study, one of four patients who did not receive immunotherapy showed a clinical response (CR), and two 
patients had stable disease.135

Pembrolizumab, known as anti-PD1 (programmed death ligand), was approved for patients who have metastatic NSCLC 
with tumors expressing PD-L1 (TPS (Tumor Proportion Score) ≥1%) with progression, or after platinum-containing 
chemotherapy in 2015, and was allowed as the first-line treatment for patients with stage III NSCLC in 2019.136

IV administration is considered one of the most effective methods of drug delivery for the treatment of lung cancer 
because it allows drugs to enter the bloodstream quickly and directly, bypassing the gastrointestinal tract. When 
combined with other treatment regimens, such as oral administration and radiotherapy, IV administration has shown 
promising results in producing more effective outcomes than single treatment methods, offering the possibility of 
developing a more comprehensive and effective treatment plan for lung cancer patients.143

One of the key advantages of IV administration is its precise control over drug dosage, which can be particularly 
important in treating lung cancer. However, this method of administration carries some risks, such as direct exposure of 
drugs in the systemic circulation, requiring close monitoring by healthcare professionals to ensure proper administration 
and minimize potential complications, which are expensive and painful.144 However, these challenges can be overcome 
using nanomedicines which permit the development of novel platforms for the efficient transport and controlled release 
of drug molecules.145 Efficient nanostructured delivery systems allow for reduced side effects caused by non-optimized 
drug dosages and present a variety of synergistic properties.

One example is Abraxane (nab-paclitaxel). When comparing the conventional approach, which involves using 
Cremophor EL (CrEL) and ethanol as solvents, to nab-paclitaxel, notable differences were observed in the pharmaco-
kinetic and biodistribution properties. Nab-paclitaxel has been shown to display improved anti-tumor efficacy and 
a better safety profile while reducing the risk of prolonged systemic exposure and slow tissue distribution.146

Conclusion and Future Perspective
Lung cancer is a complex and heterogeneous disease with various genetic mutations that necessitate personalized 
treatment plans based on individual circumstances.147 Various systemic treatment options are available, including 
different modes of drug delivery such as oral, IV, and inhalation. However, each mode has limitations and nanomedicines 
have emerged as promising solutions to overcome these challenges.148

Clinical trials using conventional drug delivery systems have shown varying degrees of success, depending on the 
mode of administration and the specific drug being delivered. Oral administration, while convenient, can result in poor 
bioavailability owing to drug degradation in the gastrointestinal tract. Alternatively, IV administration can overcome 
bioavailability issues but carries the risk of adverse reactions and requires skilled personnel. Inhalation offers a non- 
invasive route for targeted drug delivery to tumor tissues; however, obstacles such as mucociliary clearance and 
enzymatic degradation can reduce the delivery efficiency.149

Immunotherapy, especially immune checkpoint inhibitors, has shown remarkable success in directing the body’s 
immune system against lung cancer cells. This presents a promising alternative for advanced-stage patients, offering 
potential for prolonged survival and improved quality of life. Nanomedicines have demonstrated the potential to enhance 
drug delivery efficacy by improving the solubility, stability, absorption, and controlled release of drugs. Personalized 
nanomedicines tailored to an individual’s genetic makeup or disease state offer targeted therapies for specific cells or 
tissues. The nano drug delivery system, which is gaining attention as an emerging therapy, can be customized for each 
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patient’s health condition, which enhances drug efficacy and controls side effects.150 For instance, targeted nanoparticles 
functionalized with specific ligands such as antibodies can selectively bind to cancer cells, enabling precise drug delivery 
to tumors. These nanoparticles can be engineered to respond to specific stimuli, thereby enhancing their specificity and 
effectiveness.

However, despite the potential benefits, developing personalized nanomedicine presents significant challenges in 
terms of safety, efficacy, regulatory approval, and complex technology. The interaction of nanomedicines with the human 
immune system is a critical challenge that needs more understanding and additional research. The inherent complexity of 
scaled-up synthesis, which is necessary for bringing nanomedicines from the laboratories to large-scale manufacturing, 
requires innovative engineering and rigorous techniques. The regulatory framework complicates matters further by 
imposing rigorous guidelines. While these criteria are important for safety, they also serve as restrictions. In order to 
fully exploit the transformative potential of personalized nanomedicine in healthcare, the journey from concept to clinical 
reality requires scientific knowledge, a strategic approach to address safety concerns, rationalization of regulatory 
processes, and overcome technological hurdles.151

To address these challenges, in-depth research into the interactions between nanomedicine and biological systems is 
crucial. Understanding the pharmacokinetics, biodistribution, and cellular uptake of nanocarriers provides insights into 
refining their design and optimizing their behavior within the body. Advancements in nanocarrier design, interdisciplin-
ary collaboration, and continued research efforts will help overcome these challenges and harness the full potential of 
nanomedicine to improve therapeutic efficacy.

One innovative approach to overcome these challenges is the use of microfluidics-based organ on chip models. These 
models offer a powerful tool to access the efficacy and safety of nanomedicines in a more ethical, efficient and 
personalized manner. By mimicking human organ functions and structure, organ-on-a-chip models reduce the reliance 
on animal testing. Their ability to accurately predict drug responses in humans holds the potential to revolutionize 
precision medicine.

In conclusion, while lung cancer treatment options vary based on individual factors, nanomedicine offers a promising 
approach to drug delivery with the potential to enhance therapeutic outcomes and minimize their impact on healthy 
tissues. Addressing these challenges through research, interdisciplinary collaboration and innovative techniques like 
organ-on-a-chip models will bring us closer to realizing the full potential of nanomedicines and their impact on 
healthcare and potential outcomes.
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