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2D cell culture provides valuable information on how therapeutic agents act on tumor cells, it cannot quantify how the

tumor microenvironment influences the response to therapy.
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1. Introduction

Lung cancer is one of the most widespread forms of cancer in the world, with high mortality rates and poor prognoses

recorded globally . Of the total number of lung cancer cases reported annually, 85% are non-small cell lung cancer

(NSCLC), while small cell lung cancers (SCLC) account for approximately 13%, and lung carcinoid tumors only represent

2% . The aggressive progression of lung cancers and the low survival rate associated with poor response to therapy or

the appearance of resistance to treatment are due to the rapid metastasis and dissemination of cancer cells to other

organs . This invasive process is the final consequence of communication between cancer cells and the surrounding

tumor microenvironment . Choosing the treatment regimen for lung cancer patients is complicated and depends on

factors such as the tumor’s stage and size, its location in the lungs, to which lymph nodes it has spread, and the patient’s

age and health. In general, patients with lung cancer are diagnosed late when the tumor is already in an advanced stage,

making it challenging to make a favorable treatment decision. Conventional treatments include surgical removal of the

tumor, chemotherapy, radiotherapy, or a combined strategy, but the results obtained and the prognosis are generally poor

.

The limited number of models used in vitro and in vivo for tumor studies hinders the in-depth understanding of cellular

behavior and molecular mechanisms responsible for the evolution of tumor processes . In many research laboratories,

experiments were performed using primary cells isolated directly from tissue or using well-characterized and stabilized cell

lines existing in cell banks such as ATCC (American Type Culture Collection, Manassas, VA, USA) or ECACC (European

Collection of Authenticated Cell Cultures, Salisbury, UK) .

Primary cell cultures have the advantage of mimicking the genetic characteristics of tumors, facilitating functional

experiments. However, obtaining laboratory cultures of tumor cells from tumor tissue can be complex due to the presence

of various types of cells . Creating an artificial environment that contains all the necessary components for cell survival

and proliferation (nutrients, growth hormones, temperature, pH, and culture) is essential to allow the growth of living cells

that are separated from the tumor tissue. Depending on the cancer type, tumor cells can grow in suspension (as in the

case of leukemic cells), or they can be adherent (e.g., tumor cells obtained from solid tumors) (Figure 1). In a 2D culture,

the expansion and propagation of cells in a controlled manner, cell growth, and division occur in a single plane. However,

the major limitation of this primary cell culture is that cells have a finite lifespan . Therefore, to ensure the

reproducibility of experiments, the alternative option is to use stabilized cell lines. All this information provided by 2D cell

cultures opened a new way for 3D culture and microfluidic technology, leading to the creation of highly specialized devices

that can imitate in vitro the in vivo conditions more faithfully, creating the necessary premises for the reconstruction of

human organs and tissues in vitro .
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Figure 1. The 2D or 3D cell culture models were developed in research laboratories to study cancer pathologies. (OOC-

organ-on-chip).

2. In Vitro Models for Cancer and Its Research Evolution: From 2D to 3D
Cell Cultures

The studies described by Harrison RG  show that obtaining and using 2D cell cultures in the laboratory have been

known since the beginning of the 20th century. However, after the 1940s, the importance of cell cultures in the research

laboratory saw a remarkable evolution, which led to the development of vaccines such as the polio vaccine in 1948. In the

years to come, cell cultures were used in the laboratory to obtain as much physiological and biochemical information as

possible. This technique proved to be extremely useful in advancing the field of research and allowed scientists to better

understand the complex workings of the human body. With continued advancements in technology, it is likely that cell

cultures will continue to play a crucial role in scientific discovery and medical breakthroughs . Cell cultures and

animal models represented a valuable tool for research laboratories and constituted the basis for understanding biological

processes at the cellular level and deciphering the mechanisms involved in the pathology of some diseases. In the case of

tumor diseases, numerous studies in vitro use 2D cell cultures to identify specific molecules responsible for the disease’s

evolution and to analyze the response to conventional therapy . To establish the type of radiation treatment or other

medical procedures, numerous research studies have been carried out on 2D cell culture models . Chemotherapy

is the main treatment option to destroy lung cancer cells. Many laboratory studies were carried out on 2D cell cultures

using tumor cell lines to analyze how cytotoxic drugs act on tumor cells. Thus, it was possible to establish the optimal type

and dose of cytotoxic drugs for small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). Also, laboratory

studies have allowed the deciphering of signaling pathways whose activation or inhibition can influence the sensitivity of

tumor cells to chemotherapy . All this allowed the optimization of radio- and chemotherapy schemes before

applying them in clinical trials .

In laboratory studies, the use of 2D cultures does not allow the detection of how the cellular or extracellular environment

contributes to changes in cellular morphology. Also, it cannot be quantified how tumor cells grow and interact with other

cell types or the extracellular environment, processes that can affect the mechanisms involved in the appearance and

evolution of tumors. It is possible that through the repeated use of cell lines in vitro, they lose a series of characteristics

and no longer present the same molecular heterogeneity as that of the primary tumor cell from which they were obtained.

Comparative studies of transcriptomic and/or proteomic profiles of lung cancer patient tumors and cell lines have often

demonstrated the presence of divergent data .

In order to better preserve the molecular characteristics of patient tumors, there has been a particular concern of several

groups of researchers who have attempted to obtain lung tumor cell cultures derived from patient biopsy samples.

Although this is a goal, the success rate in obtaining and using tumor cell cultures from lung biopsies is less than 50% and

is associated with high financial costs .

Using cell lines or primary cell cultures obtained from tumor tissue and animal studies has provided considerable

information on the biology and pathology of various diseases and facilitated the testing of different drug effects (Figure 1).

However, the limitations of these study methods must be accepted regarding the impossibility of accurately reproducing
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the conditions of the cellular microenvironment existing in vivo, as well as numerous ethical aspects. Also, the results of

laboratory studies on animal models or 2D cell cultures on the efficacy of new drugs in treating various diseases have

often been insufficient to allow their use in clinical trials . In addition, in vivo experiments are expensive, require a long

study time, and involve the sacrifice of the animals used in the study. Therefore, the emergence and development of new

research models such as spheroids, organoid, or microfluidic platforms that mimic the existing in vivo conditions have

contributed to the reduction of the number of animals used in the laboratory or to the replacement of animal studies where

possible . All this has contributed to the emergence and development of research models that will enable the

replacement of laboratory studies on animals with studies on 3D structures performed in vitro, but which ensure a

functionality similar to that existing in vivo (Figure 1).

3. 3D Cell Culture Model Revolution: Spheroids and Organoids

To mimic the existing in vivo situation as reproducibly as possible, informations about cell–cell relationships, cell–

extracellular matrix (ECM) interactions, and potential connections with various other cell types were used. Numerous

studies on how to obtain 3D cultures were carried out and published between 1975 and 1990. The first 3D cultures that

attempted to define three-dimensional tissues in vitro using human progenitor cells were described in 1975 by Rheinwatd

and Green . Then, in 1987, Zimmermann  obtained in vitro the 3D cultures from lung tissue, and at the beginning of

the 1990s, Hachitanda and Tsuneyoshi  obtained the 3D cultures derived from neuroblastomas. One of the first

studies to present techniques for obtaining 3D cultures and their advantages for pharmacological studies is Mina Bissell’s

1980 paper .

An essential step in developing new types of cell cultures was using a biocompatible medium/matrix to ensure optimal cell

growth conditions so that their integrity would not be affected during testing. The development of 3D cell culture models

was supported by the performance of technology that made it possible to evaluate the complexity of cell behavior in

tissues and organs, offering a much larger scope of information than that obtained in cells grown in a 2D culture model 

. The evolution from creating the first 3D cultures to generating spheroids and organoids was high-speed after the

2000s.

The three-dimensional architecture is generated in vitro, by culturing or co-cultivating different types of cells existing in the

target tissue/organ structure, with the help of so-called scaffolds that function as matrices to ensure 3D morphological

assembly. The three-dimensional architecture is generated in vitro, by culturing or co-cultivating different types of cells

existing in the target tissue/organ structure, with the help of so-called scaffolds that function as matrices to ensure 3D

morphological assembly.

In the development of 3D cell culture systems that mimic as reproducibly as possible the physiological processes that take

place in vivo, an important role was played by the types of technologies used, starting from multicellular spheroids,

hydrogels, anchorage and scaffold approaches, 3D bioprinting, hanging drop microplates, up to microfluidics/lab-on-chip

technologies. In the processes of generating spheroids and organoids, the use of scaffolds played an essential role

because they provide a supporting structure for cells to grow and differentiate in three dimensions, which in turn helps to

better mimic the in vivo microenvironment and advance the understanding of cellular biology . For spheroids, scaffolds

can be made of various materials, including hydrogels, nanoparticles, and microfabricated devices, and they can be

designed to mimic the mechanical, chemical, and biological properties of the in vivo microenvironment. By providing a

supportive structure, scaffolds allow cells to grow three-dimensionally and regulate cellular behavior, such as cell

migration, proliferation, and differentiation (Figure 2) .
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Figure 2. The scaffold-based and scaffold-free models to obtain 3D cellular structures, such as multicellular tumor-derived

spheroids (MTDS) and organoids [poly(lactic-co-glycolic) acid (PLGA), polycaprolactone (PCL), and polyethylene glycol

(PEG)].

In the creation of organoids, scaffolds are often used to mimic the structural and mechanical properties of the organ of

interest and to provide a supportive environment for organ-specific stem cells or progenitor cells to differentiate into

functional organ-like structures. Using scaffolds in organoid culture allows researchers to better understand the complex

interactions between cells in a three-dimensional context and to develop functional organ-like structures in the laboratory.

Hydrogels are polymers of covalently or noncovalently linked molecules; they show similarities with the natural

extracellular matrix and are of great interest for realizing 3D cell cultures . Initially, the more compatible with 3D cell

culturing were hydrogels derived from collagen, matrigel, and alginate. However, their complex and rigid structures did not

allow the design of 3D models with the characteristics necessary for studies at the cellular level. This has led to the design

of synthetic hydrogels, a series of cross-linked polymer chains used to encapsulate cells, providing an ideal 3D growth

environment. Hydrogels based on poly(ethylene glycol) or polyacrylamide can be easily controlled by changing the density

of the polymer and the molecular weight and allowing the crosslinking conditions that ensure the efficient encapsulation of

proteins and cells to be maintained . The reduced costs for obtaining hydrogels allowed the synthesis of several

types of hydrogels based on polyethylene oxide (PEO), poly(methacrylic acid) (PMMA), polypropylene fumarate-co-

ethylene glycol (P(PF-co-EG)), poly (acrylamide) (PAAm), and poly N-isopropyl acrylamide (PNIPAAm) (Figure 2) .

3D cell culture models provide information about cell structure, tumor microenvironment, and functional processes, such

as cell differentiation and proliferation. Also, 3D cell cultures enable the efficient study of intercellular interactions and

factors responsible for the evolution of tumor processes and allow the analysis of various changes in cellular biochemistry

that can be easily detected, including changes in mRNA splicing and gene expression .

In addition to the valuable information that can be obtained with the help of 3D cell cultures regarding the pathophysiology

of each tumor process, very important studies analyze the toxicity of potential therapeutic agents before they are

introduced into clinical trials.

Over the past two decades, 3D cell cultures have been developed by interlinking multidisciplinary insights from biology,

electronics, informatics, and medicine. The methods used to obtain 3D cellular structures, such as spheroids and

organoids, have been classified into scaffold-based and scaffold-free systems (Figure 2) .

3.1. Spheroids

Tumor spheroids are spherical cell units obtained by performing a 3D cell culture with or without scaffolds. Spheroids are

obtained starting from unicellular suspensions that, under certain conditions, interact with the nearby cells and create

aggregates that float freely. The principle of these methods is based on the process of cell aggregation with the help of

some molecules (integrins and extracellular matrix proteins) involved in creating desmosomes and cellular junctions

responsible for intercellular interactions . Different scaffolds (hydrogels, nanoparticles) can be used to imitate the
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mechanical, chemical, and biological properties of the microenvironment existing in vivo to obtain spheroids . These

scaffolds function as support structures that ensure the growth of cells in a three-dimensional manner and allow the

possibility to regulate processes such as cell migration, proliferation, and differentiation.

Several scaffold-based models for obtaining tumor spheroids have been described, such as extrusion-based bioprinting,

gel embedding, or microfluidic methods.

Extrusion-based bioprinting is a 3D printing technique that creates complex structures, including spheroids, from bio-ink

composed of living cells and a hydrogel matrix. The specific protocols and conditions can vary depending on the type of

cells, hydrogel, and bioprinter used.

Gel embedding needs a 3D platform for cells to grow on and interact with. The first stage involves the cell culture and gel

matrix realization. The cells and the gel matrix are transferred to a sterile culture dish and placed in an incubator with the

appropriate environmental conditions (temperature, humidity, and CO  levels). The spheroids are maintained in culture by

changing the medium according to experimental requirements and monitoring spheroid formation and growth using

microscopy.

Microfluidic methods ensure precise control over the size, composition, and environmental conditions in obtaining

spheroids. The first step is to choose and purchase a suitable microfluidic device for spheroid generation. The designs of

existing microfluidic devices can be of different types: droplet generators, flow-focusing channels, or microwell arrays.

Manufacturing methods may include soft lithography, micro-milling, or 3D printing. Microscopy or other analytical

techniques involving the incorporation of microsensors are used to monitor the growth and behavior of the spheroid over

time.

Also, there are scaffold-free models such as pellet culture systems, hanging drop culture, magnetic levitation, rotary cell

culture, and spinner flask culture.

Pellet culture system is used to create concentrated 3D cell pellets (spherical aggregates) that are obtained by gently

detaching from the walls of tubes (a spheroid tube) after cell suspensions at various concentrations have been centrifuged

and incubated overnight at 37 °C, 5% CO  atmosphere.

Hanging drop culture is a technique used for the formation of 3D cell aggregates or spheroids. It involves placing a small

droplet of cell suspension (usually containing cells and a culture medium) on the underside of a culture dish lid. Due to

gravity, the droplet hangs down from the lid, and cells within the droplet aggregate together in a 3D structure over time.

This method is particularly useful for studying cell–cell interactions and differentiation .

Magnetic levitation method—nanoparticles and cells were cultured together and kept in a magnetic field until cell

spheroids formed were detached from the dish bottom and manipulated with the help of a magnet .

Rotary cell culture system (RCCS)—single-cell suspensions were placed in the rotating chamber at an initial speed of 12

rpm and were placed inside a humidified 37 °C, 5% CO  incubator. This rotator system (Synthecon Inc., Houston, TX,

USA) is connected to external power supplies to the incubator. All procedures were performed in sterile conditions under a

laminar flow hood, and tumor spheroids were obtained in around 15 days .

Spinner flask culture is a method used for the cultivation of cells in suspension. It typically involves a flask equipped with a

magnetic stir bar (or similar agitation mechanism) that keeps the culture medium and cells in suspension. The agitation

provided by the spinner flask ensures even distribution of nutrients and oxygen to the cells and prevents settling. It is

commonly used for scaling up the production of cells, such as in bioprocessing and bioreactor systems .

Different forms of multicellular spheroids are obtained depending on the type and density of tumor cells and the methods

used. Multicellular tumor spheroids (MTS) are mainly generated from tumor cell lines. These cells grow in spherical

colonies in suspension and reproduce tumors’ proliferative and metabolic activity. These spheroid models are relatively

easy to obtain and maintain and, thus, facilitate the realization of testing studies of new drugs . Multicellular tumor-

derived spheroids (MTDS), also called tumorspheres, are prepared from the mechanical or enzymatic dissociation of

tumor tissue into a single-cell suspension .

Although obtained by the same methods used for MTS, tumor spheres (MTDS), being a single-cell suspension of tumor

tissue, are characterized by the abundance of many cancer stem cells (CSCs), which can be highlighted by analyzing the

expression of specific markers such as CD133, CD44, and ALDH. In addition, CSCs have a role in the differentiation

process into tumor tissue-specific cell lines. Thus, the enrichment of MTDS cultures with CSCs facilitates their use for
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deciphering tumor formation in vivo . The studies carried out with the help of MTDSs allowed the investigation of the

response to chemotherapy and especially the establishment of the process of resistance to therapy and the appearance

of tumor metastasis, which seems to be associated with CSCs .

Heterotypic spheroids were obtained using 3D modeling methods by coculturing multiple cell types such as tumor cells,

stromal, and immune cells. Using heterotypic spheroids in research studies tries to recreate the communications between

tumor, stromal, and immune cells similar to the signaling network in vivo solid tumors .

Despite this information, spheroids are simple, spherical aggregates of cells with no distinct tissue layers or specialized

structures. Spheroids are often used for basic research, drug screening, and toxicity testing. They are less specialized

and may not accurately recapitulate the function of specific organs .

Lung cancer is a more aggressive disease characterized by high clonal and morphological heterogeneity of tumors. The

complex multicellular tumor microenvironment characteristic of lung cancer influences essential biological processes that

define tumor growth, metastasis, response and resistance to therapy. Various studies describe the methods used to obtain

spheroids and their role in deciphering the pathological processes pertaining to lung cancer . Tumor-derived

spheroid models allowed the study of heterogeneous cell–cell or cell–ECM interactions and the evaluation of the role of

oncogenes or the immune system in the tumorigenesis of lung cancers . Spheroid models are widely used in

research for lung cancer due to their ability to mimic the in vivo microenvironment of tumors. Some specific applications of

spheroid models in lung cancer research studies are shown in Table 1.

Table 1. The specific applications of spheroid models in lung cancer research.

Spheroid Model
Applications The Objective of the Study Refs.

Tumor biology to analyze the cellular and molecular mechanisms involved in lung tumor formation, growth
and progression

Drug discovery to test the effectiveness of different new drugs on lung cancer cells

Treatment response to predict the response of lung tumor cells to chemotherapy or radiation therapy and to
evaluate the efficacy of other combination therapies in a more realistic environment

Metastasis to study the process of lung cancer metastasis, including the migration and invasion of lung
cancer cells into surrounding tissues

Angiogenesis to study the formation of new blood vessels in lung tumors, critical for tumor growth and
survival

Spheroid models have revolutionized lung cancer research by offering a more physiologically relevant platform for

studying the disease. They have been instrumental in drug discovery, resistance studies, metastasis research, and

personalized medicine approaches, ultimately facilitating the development of new and more effective lung anticancer

strategies .

For example, spheroid models have been used to test the response of lung cancer cells with specific mutations (e.g.,

EGFR mutations) to targeted drugs like EGFR inhibitors (e.g., erlotinib) . Spheroid models have helped assess the

potential of immunotherapies for lung cancer. They allow researchers to study interactions between lung cancer cells and

immune cells within a 3D environment, providing insights into the efficacy of immune checkpoint inhibitors (e.g.,

pembrolizumab) and other immunotherapeutic approaches. Researchers have used spheroids to explore the synergistic

effects of combining different treatment modalities. For instance, they can assess the combination of chemotherapy with

radiation therapy or immunotherapy to determine if these approaches work better together than individually.

The literature mentions that the spheroidal models have certain limitations caused both by the lack of control over the

formation of hetero-spheroids (structures with a different architecture than that existing in the solid tumor can be

generated) and by the difficulty of obtaining consistent and reproducible results because the spheroids obtained under

identical conditions vary both in shape and size . Also, spheroid models can be more expensive and difficult to maintain

than traditional 2D cell cultures due to the need for specialized equipment and reagents. Additionally, not all cell types can

form spheroids or maintain cell functions in a 3D culture model . The advantages and disadvantages of using spheroids

in laboratory experiments are shown in Figure 3.
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Figure 3. Advantages and disadvantages of using spheroids and organoids obtained through 3D techniques in laboratory

studies.

Despite these limitations, spheroid models are valuable tools in medical research, particularly for tumor biology studies

and drug testing. The more realistic microenvironment provided by spheroids can lead to more accurate results and a

better understanding of disease processes than 2D cell cultures.

3.2. Organoids

Studies on organ physiology have provided clues to organogenesis and allowed the development of in vitro tissue growth

techniques, leading to 3D organoids in vitro . Organoids are 3D structures that reproduce tissue-specific

characteristics from the distribution of cell types to the structural organization and function specific to the analyzed tissue

. The size of organoids can vary depending on the specific type of organoid and the methods used to culture them.

Organoids are typically smaller than actual organs but larger than traditional cell cultures. The size of an organoid is

influenced by several factors, including the type of tissue or organ being modeled, the starting material (e.g., stem cells or

tissue fragments), and the culture conditions .

Scaffolds can be used in the formulation of organoids, but their use depends on several factors, including the type of

tissue or organoid being developed and the specific goals of the research or application. Scaffolds are three-dimensional

structures or materials that provide physical support for cells to grow and organize into tissue-like structures. Scaffolds

can replicate a tissue’s natural extracellular matrix (ECM), providing a substrate that encourages cell adhesion, migration,

and differentiation. This is particularly useful for certain types of organoids that rely on cell–cell and cell–ECM interactions

to develop properly . Also, scaffolds can help guide the organization of cells within the organoid, leading to a more

organized and functional tissue structure. However, not all organoid cultures require scaffolds. Some types of organoids,

particularly those derived from stem cells, can self-organize and form tissue-like structures without the need for a scaffold.

In summary, organoids aim to replicate the structural and functional features of a specific organ or tissue. They often

exhibit organized tissue architecture, including epithelial layers, lumens, and sometimes even vascularization, resembling

the organ they model. Organoids are typically generated through more complex and specialized protocols involving

differentiated stem cells or progenitor cells in 3D culture systems. These protocols often require specific growth factors

and culture conditions to guide organoid development. The development of organoids was made possible by advances in

stem cell biology, tissue engineering, and imaging technologies that allowed the study of cellular behavior in three

dimensions. Combining these advanced techniques allowed researchers to better understand complex cell interactions

and create functional organ-like structures in the laboratory .

Over time, organoids have become increasingly sophisticated and are now very useful in studying a variety of organs,

including the gut, liver, pancreas, and brain. They have also become useful tools for studying disease and drug discovery

and provide a more realistic representation of cellular interactions and functions than traditional 2D cell cultures .

For example, the organoids obtained from patients with specific genetic mutations, such as EGFR mutations or ALK

rearrangements, were used to test the efficacy of targeted therapies, such as tyrosine kinase inhibitors, and evaluate the

potential for drug resistance development . Using organoids was possible to investigate the response to

immunotherapies like immune checkpoint inhibitors, assess the immune cell infiltration, and study interactions between
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cancer cells and the immune system . Also, lung cancer organoids provide a platform to study the heterogeneity of

tumors and the role of cancer stem cells .

For research studies, 3D organoids have several advantages: (i) Patient-Specific Modeling—Organoids can be derived

from patient-specific induced pluripotent stem cells (iPSCs), allowing researchers to create disease models that closely

resemble a specific individual’s biology; (ii) Mimicking Organ Structure and Function—3D organoids better replicate the

complex three-dimensional architecture of real organs, allowing researchers to study cell–cell interactions, tissue

organization, and organ-specific functions more accurately; (iii) High-Throughput Screening—Advances in automation and

miniaturization techniques have enabled high-throughput screening of drugs and compounds using organoids, making

drug discovery more efficient; and (iv) they provide a more ethical alternative to animal testing or human trials (Figure 3).

3D organoid models are constantly subject to improvement from one study to another. Currently, some disadvantages can

be pointed out in order to find more viable solutions.

3D organoid models also present some disadvantages: (i) Complexity and Variability—organoid cultures are complex and

heterogeneous, which can make them challenging to work with and analyze; (ii) Limited Lifespan—organoids have a finite

lifespan in culture, making it difficult to study long-term processes or conduct extended experiments; (iii) Lack of

Vascularization—many organoids lack a functional vascular system, limiting their ability to replicate the complex

interactions between tissues and blood vessels found in vivo; (iv) Tissue Specificity—organoids may not fully represent

the diversity of cell types and tissue structures found in actual organs. Some complexity may be lost or oversimplified in

the culture process; and (v) Resource-Intensive—establishing and maintaining organoid cultures can be resource-

intensive and time-consuming (Figure 3).

The 3D organoid models provide a valuable tool for studying lung cancer and advancing the understanding of this

complex disease. The applications of organoid models in cancer research are shown in Table 2.

Table 2. The applications of organoid models in lung cancer research.

Organoid Model
Applications The Objective of the Study Refs.

Studying cancer
biology

to study the underlying biology of lung cancer cells,
such as how they grow, migrate and respond to stimuli

Drug testing to test the efficacy of new drugs; organoids can be treated with different drug compounds
and their effects on disease progression or cellular function can be analyzed

Drug delivery
optimization

can be used to evaluate drug delivery methods and test different drug formulations and
delivery systems to determine which are most effective at reaching and targeting specific

cells or tissues

Screening for drug
resistance can be used to study drug-resistance mechanisms in diseases such as cancer

Target validation can assist in validating drug targets by assessing the impact of genetic modifications or gene
editing on disease phenotypes and drug responses

Personalized
medicine

by testing drugs on organoids derived from a patient’s own cells, clinicians can identify the
most effective treatment options while minimizing potential side effects;

can help to identify specific genetic mutations or other characteristics that drive a patient’s
cancer and suggest personalized treatment strategies

3.3. 3D Bioprinting Model: Evolution and Application in Medicine

The technological advances registered by tissue engineering and regenerative medicine associated with biofabrication

and additive manufacturing have allowed the development of 3D bioprinting . Creating a 3D bioprinting model started

with the general notions of the architecture of tissue, and then the information was introduced about the types of

component cells in the extracellular matrix (ECM), as well as the nature of biochemical signals and the role of growth

factors necessary for the realization of physiological functions . The type of bioreactor used plays a crucial role in

maintaining the microenvironmental conditions and regulating specific mechanical stimulations . Finally, with the help

of computers, it was possible to generate programs and software that can control the generation of biomimetic tissue at

the nano or micro level, corresponding with great accuracy to the existing tissue in vivo .

In cancer research, 3D bioprinting is a rapidly developing field in which cells, tissues and even organs can be created

using a printer . In summary, 3D bioprinting technology involves creating three-dimensional structures by layering bio-
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ink, a material composed of living cells and other biological materials, in a precise and controlled manner.

The 3D bioprinting process can be achieved via distinct steps that are presented in Figure 4. Magnetic Resonance

Imaging (MRI) and Computed Tomography (CT) are medical imaging techniques used to visualize the internal structures

of the human body. While they have similarities, they operate on different principles and provide complementary

information. The scanning results from MRI and CT contribute to creating 3D models, which allow the choice of materials

(cells, bioactive factors, and bio-inks) and the selection of the printer. The second step involves placing the bio-ink in the

printer cartridge and forming the biological constructs on a scaffold layer-by-layer according to the prepared digital model

to obtain a 3D structure. The post-bioprinting phase aims to preserve the biological structure obtained and supply the

required physical or chemical signals for tissue reorganization and growth.

Figure 4. 3D bioprinting process flow.

To achieve 3D bioprinting, the essential factors are surface resolution, cell viability, and biological materials used for

printing . There are several 3D Bioprinting models. Inkjet-based bioprinting functions similarly to a regular inkjet

printer, where droplets of bio-ink are ejected from a printhead onto a substrate . Extrusion-based bioprinting technique

creates complex structures from bio-ink composed of living cells and a hydrogel matrix . Laser-based bioprinting uses

a laser to selectively target and transfer cells or biomaterials from a donor substrate to a receiving substrate .

Stereolithography-based bioprinting uses a laser or UV light to selectively polymerize layers of a photopolymerizable bio-

ink, solidifying it one layer at a time .

One of the main applications of 3D bioprinting in cancer research is creating in vitro tumor models. Researchers can

create a precise replica of the original tumor by printing cells isolated from a patient’s tumor. This allows them to study

cancer in a controlled environment and test the effectiveness of different treatments, such as chemotherapy or

immunotherapy, in a way that closely mimics the in vivo situation .

Another application of 3D bioprinting in cancer research is the creation of personalized cancer vaccines. By 3D bioprinting

using a patient’s tumor cells mixed with immune-stimulating agents, researchers can create a vaccine tailored to the

patient’s cancer. This can significantly improve the effectiveness of cancer vaccines and provide a personalized treatment

approach .

3D bioprinting can revolutionize how the interrelationships between cancer cells and the surrounding tissue can be

analyzed, leading to a better understanding of the mechanisms underlying tumor growth and invasion. It can also create

tissues and organs for transplantation or test new drugs’ effectiveness. Although it is a relatively new technology, it has

shown great promise in medicine and can be used to develop areas of interest such as Tissue Engineering, Drug Testing,

Personalized Medicine, Disease Modeling, Education, and Training.

3.4. 3D bioprinting and Its Applications in Lung Cancer

3D bioprinting is a cutting-edge technology that allows the creation of three-dimensional structures by layering materials

such as cells, proteins and biomaterials . The mechanical, structural, and biological complexity of bioprinting

technologies has made it possible to approach studies on tissues from vital organs such as the liver, pancreas, lung,

heart, or skin .
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The lungs are organs with complex structures and compositions that ensure breathing. In addition, more than 60 types of

cells performing other functions have been described in the lung and alveolar parenchyma. The human lung is made up of

two areas: the conducting area of the lung comprising the trachea, main bronchi, and terminal bronchioles, and the

respiratory region comprising the respiratory bronchioles, alveoli, and alveolar sacs. The complicated architecture of the

lung is associated with complex lung function because the pulmonary veins supply the respiratory zone with

deoxygenated blood, and the bronchial arteries provide the more metabolically active conductive site with oxygenated

blood . However, with the help of 3D bioprinting, it is currently possible to manufacture various lung tissue segments

, but the complete network of the airways from the trachea to the terminal alveolar sacs has yet to be realized.

In this context, in vitro studies are difficult to achieve, and this has led to significant challenges for researchers studying

the appearance and evolution of lung tumors to understand the physiological processes that take place in vivo .

The use of 3D bioprinting in the case of lung tissue was difficult to approach, on the one hand, due to the complex

structure of the lungs and on the other hand, due to the lack of bio-inks that would ensure all the necessary conditions for

the generation of lung tissue . However, in recent years, synthetic and composite polymer hydrogels and micro

and nanostructured biomaterial inks have appeared and developed, favoring lung tissue design and 3D bioprinting 

.

In addition, using these “smart” techniques allows the realization of the 3D bioprinting lung tissue matrix and ensures the

monitoring of the cellular response to different biological signals.

Initially, 3D bioprinting models were designed using cell lines that contributed to selecting and analyzing the effectiveness

of anti-tumor therapy specific to each type of cancer studied. For example, in the case of lung cancer, there are several

studies in which standardized tumor cell lines such as A549 or 95-D lung cancer cells were used to create a tumor-like

lung cancer model with the help of 3D bioprinting. In this regard, the tumor cells were dispersed into a hydrogel of the

alginate–gelatin bio-ink type, and it was observed that cell viability was not affected during the printing process .

However, studies using 3D bioprinted models have demonstrated that the response of tumor cells to therapy can be

influenced by the interaction with other types of cells that belong to the stroma or to the immune system. Therefore,

currently, they are trying to include tumor cells isolated from the patient to create 3D culture models as faithfully as

possible to the model existing in vivo for the most effective testing of antitumor drugs .

In the field of cancer therapy, 3D bioprinting offers a new approach to the treatment of lung cancer. 3D models of lung

tumors obtained by bioprinting technology can be used to study the behavior of cancer cells and to test the effectiveness

of various drugs . Also, this technology can be used to print drug-loaded nanoparticles that can be delivered to the

tumor site, improving the efficacy of the therapy and reducing the side effects . Remarkably, tissue engineering

shows that 3D bioprinting can create lung tissue for transplantation. This technology can be used to print functional lung

tissue that can be used to replace damaged tissue in lung cancer patients . Overall, 3D bioprinting offers promising

opportunities to treat lung cancer, and further research is needed to explore its full potential in this field (Figure 5).
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Figure 5. 3D Bioprinting applicability in medicine.

However, 3D bioprinting models used in vitro cannot be successfully used for drug screening because the vascularization

networks of the obtained tissues or organs are not made . To overcome these limitations, the integration of 3D

bioprinting with microfluidics was attempted, which enabled the fabrication of vascular channels . The advancement of

3D bioprinting techniques has facilitated the growth and progress of microfluidic technology .

3.5. Microfluidic Technology Concept and Its Impact on Improving Cancer Therapy

Microfluidic technology, or lab-on-a-chip technology, involves manipulating and controlling small amounts of fluids

(typically in the microliter or nanoliter range) within miniaturized devices called microfluidic chips. These chips contain

channels, chambers, and other components that enable precise handling, analysis, and manipulation of fluids on the

microscale. These devices can be made from materials such as glass, silicon, or polymers and can be designed to

perform a variety of functions. Microfluidic technology is used to create both organ-on-a-chip and tumor-on-a-chip

systems.

Organ-on-chip (OOC) platforms utilize microfluidic technology to recreate the structure and function of human organs in

vitro. These devices contain microchannels lined with living cells that mimic the complex physiology of organs, allowing for

detailed studies of organ responses to drugs and other stimuli (Figure 6).

Figure 6. Components of functional tumor-on-a-chip system: (a) material selection and microchip fabrication; (b) selection

of biological material; (c) peripheral equipment (Incubators, Pumps for perfusion, Mechanical stimulation, Controls and

sensors, Microscope).

OOC systems have the potential to replace animal models in drug testing and provide insights into organ-level responses

in a more human-relevant manner. Those devices permit studying human physiology and disease more realistically and

accurately than traditional cell cultures or animal models. Some OOC systems are currently used in research and

medicine (Table 3).

Table 3. Types of organ-on-chip models used in research and medicine.

Type of Organs-
on-Chip Application Refs.

Liver-on-chip
model

mimics the complex architecture and function of the liver and is used to study liver diseases,
drug toxicity, and drug metabolism

Heart-on-chip
model

mimics the heart’s contractile activity and electrical properties and is used to study
cardiovascular diseases and the effects of drugs on cardiac tissue

Lung-on-chip
model

mimics the air-blood barrier of the human lung and is used to study respiratory diseases and
the effects of toxins on lung tissue

Kidney-on-chip
model

mimics the structure and function of the nephron and is used to study kidney diseases and
drug toxicity

Intestine-on-chip
model

mimics the structure and function of the intestinal epithelium and is used to study intestinal
diseases and drug absorption
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Type of Organs-
on-Chip Application Refs.

Colon-on-a-chip
model

mimics the human colonic mucus layer structure and function to analyze the role of mucus in
ulcerative colitis and cancer

Brain-on-chip
model

mimics the structure and function of the blood-brain barrier and is used to study neurological
diseases, drug delivery to the brain, and treatment effects

Microfluidics is a technology that allows for the development of highly advanced in vitro tumor models. These models

closely resemble the physiological and structural characteristics of tumors found in the human body. So, tumor-on-chips

are used to study tumor biology and gain insights into tumor behavior, which can ultimately lead to more effective

therapies . The tumor-on-chip creates a system in vitro replicating key aspects of the in vivo tumor microenvironment,

including the mechanical forces, fluid flow, and nutrient gradients the cells experience in the body. Tumors are complex

environments, including various cell types, involving tumor, immune, and stromal cells. By incorporating multiple cell types

into tumor-on-chips, researchers can more accurately replicate the complexity of the in vivo tumor microenvironment and

improve the accuracy of their results. All of these allow researchers to study the behavior of cancer cells in a more realistic

and controlled situation, which can provide new insights into tumor growth and other important aspects of cancer biology.

In medicine, tumor-on-chips can be used to grow and study tumor cells, and researchers use microscale tumor models to

analyze blood or tissue samples for cancer-associated biomarkers or cancer-related gene mutations . Tumor-on-

chips have a multitude of potential applications, including drug discovery, optimizing time-and-dose drug delivery,

assessing the effectiveness of other delivery methods, developing point-of-care diagnostics, and offering the possibility of

approaching personalized medicine to be approached more easily .

Microfluidic technology has several advantages over traditional methods in medicine, such as improved precision,

reduced sample sizes, and increased speed and automation. In medicine, microfluidic technology promises to

revolutionize, especially the field of oncology, by providing real information regarding the tumor microenvironment and the

tumor structure . This technology ensures the creation of microfluidic chips, devices that can provide a better

understanding of the behavior of tumor cells and how they respond to different types of treatment. In addition, advanced

imaging techniques, such as live cell imaging, can be used to monitor the response of cancer cells to therapy in real time.

Using these tools and techniques, researchers can provide new insights into how cancer cells respond to therapy and

optimize treatment strategies.

Microfluidic technology offers unique opportunities for various diagnostic applications, including infectious disease

detection, biomarker monitoring, or the possibility of combining with next-generation sequencing as futuristic genetic

analysis . This technology has the advantage that all analytical steps, such as sample preparation, mixing, and

detection, are integrated into a single platform. Such devices play a crucial role in the development of liquid biopsy

techniques, which involve the analysis of tumor-derived components from body fluids such as blood or urine. The devices

can efficiently capture and isolate circulating tumor cells (CTCs), exosomes, or cell-free DNA from these samples,

providing valuable information about tumor progression and treatment response . Through this technology,

miniaturized, biomimetic environments that mimic the complex conditions in the human body can be created. Microfluidic

chips enable the simultaneous testing of multiple drug candidates, accelerating the discovery and optimization of new

cancer therapies. Furthermore, by incorporating microscale channels, valves, and pumps, microfluidic devices can

precisely control drug release by directly modulating the flow rates, composition, and size of the delivery system at tumor

sites. This technology enables the targeted delivery of chemotherapy drugs directly into the tumor, improving drug

efficacy, minimizing systemic toxicity, and reducing side effects . These technologies can process small sample

volumes, making them ideal for analyzing limited biological material such as circulating tumor cells or rare cell populations

.

Microfluidic technology is a rapidly evolving field that aims to recreate the functions and physiology of human organs on a

microscale device. While it holds immense potential for various applications, it also has advantages and disadvantages

(Figure 6).

This technology presents numerous advantages because it provides a more accurate representation of human organs

than traditional in vitro cell cultures or animal models (mimicking the microenvironment, cellular interactions, and

physiological responses of human organs). It also enables the simultaneous testing of multiple compounds or treatments

and provides valuable screening and rapid evaluation of drug candidates, reducing the costs and time associated with

traditional drug development processes.
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The technology offers an ethical alternative for testing drug efficacy and toxicity, thus minimizing the need for animal

experimentation. A significant advantage is that microfluidic chips can be customized to reproduce specific patient

conditions or genetic profiles, and it opens up possibilities for personalized medicine. Being a state-of-the-art technology,

it incorporates sensors and imaging techniques for real-time monitoring of cellular responses, biochemical markers, and

physiological parameters. All this ensures the obtaining of valuable data about the effects of drugs, the disease’s

progression, and the tissues’ functionality, improving their understanding of the physiology of the organs.

However, several disadvantages of microfluidic technology must be mentioned: the high complexity of designing and

manufacturing devices with precise cellular arrangements and functional integration. Last but not least, the high cost and

the technical challenges of developing and maintaining chip systems can limit their widespread adoption.

This technology has limitations in mimicking human organs’ full complexity and heterogeneity (all the cell types,

vasculature, and intricate organ architecture). In addition, standardization and validation protocols are still being

developed.

While microfluidic technology has several advantages, there are still hurdles to overcome before it becomes a routine tool

in research and clinical settings. However, with ongoing advancements and interdisciplinary efforts, these limitations can

be addressed, leading to more widespread adoption of these technology systems in the future.

Although microfluidic technology and 3D bioprinting are both cutting-edge technologies with applications in both biology

and medicine, a comparative analysis highlights some significant differences. Thus, microfluidic technology primarily

controls and manipulates fluidic systems at the microscale, while 3D bioprinting creates three-dimensional structures

composed of living cells and other biological materials. Microfluidic devices can also be made from various materials,

including plastic, glass, and silicon, while 3D bioprinting typically uses hydrogels, cell suspensions, and other

biocompatible materials to create the printed structures. Microfluidic devices are extremely precise and can be used to

control and manipulate fluids with great precision, while 3D bioprinting is still a developing technology that requires further

refinement to achieve the precision required for some applications. The scope of applicability of microfluidic technology

encompasses a variety of fields, including biochemistry, cell biology, and drug discovery, while 3D bioprinting is mainly

used in the fields of regenerative medicine and tissue engineering.

3.6. Role of Tumor Lung-on-Chip to Improve Cancer Therapy

OOC technology has become a promising tool for studying lung cancer. This technology involves using microfluidic

devices containing tiny 3D structures that mimic human organs’ physical and functional properties. In the case of lung

cancer, tumor organ chips can be used to study the behavior of lung cancer cells in a controlled and reproducible

environment . The development of tumor lung-on-chip technology involves a microfluidic platform that recreates the

complex microenvironment of a tumor in a laboratory setting. It typically involves culturing cancer cells on a chip, which

contains channels or compartments that mimic the structure and function of blood vessels, extracellular matrix, and

surrounding tissues. This technology allows researchers to study tumor growth, invasion, and response to various

treatments in a more controlled and representative environment than traditional cell culture methods .

For example, tumor lung-on-chip devices can be obtained using 3D printing technology such as lithography. These

techniques allow for the precise and reproducible fabrication of microfluidic channels and chambers that mimic the lung

structure . Advances in cell culture techniques, such as induced pluripotent stem cells (iPSCs), have made it possible

to generate lung cells that can be used to model the human lung in vitro. These devices often incorporate sensors and

imaging techniques to monitor the response of lung cells and tissues to different stimuli. For example, fluorescent imaging

can track the movement of cells and molecules within the device. Also, electrical sensors can measure lung cells’

response to mechanical and chemical stimuli .

Tumor lung-on-chip devices rely on microfluidic technology to simulate the flow of air and fluids through the lung cells.

Microfluidic channels and valves are used to control the airflow and fluids through the device and ensure the study of the

response of lung cells and tissues to different environmental conditions .

Tumor lung-on-chip represents a relevant model for studying lung physiology. Until now, two models of the human lung

have been created—the Alveolus Lung-Chip and the Airway Lung-Chip—which facilitate the study of pulmonary

physiopathology and the drug’s effect. After loading the tumor-on-chips with the biological materials, they are connected in

a module responsible for the nutrient media distribution and the control of the dose of the compound. The entire system is

controlled by software that allows users to design tumor-on-chip studies, monitor the process remotely, and analyze the

generated results (Figure 6). Tumor lung-on-chip can be used to test the efficacy of new drugs and assess their toxicity in
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a more physiologically relevant setting. This can provide valuable information for the development of new treatments for

lung cancer. In addition, using tumor lung-on-chips, the interactions between lung cancer cells and other cells and tissues

in the microenvironment can be studied. This can provide essential insights into lung cancer progression mechanisms and

may help identify new therapy targets. There have been several studies utilizing tumor lung-on-chip models to study lung

cancer. For example, researchers have developed a tumor lung-on-chip model that recapitulates the tumor

microenvironment and allows for the testing of various cancer treatments . This model utilizes human lung cancer

cells, stromal cells, and extracellular matrix components to simulate the tumor microenvironment. It has been used to

evaluate the effectiveness of different cancer drugs, including chemotherapeutic agents and targeted therapies 

. Another example is a study that developed a tumor lung-on-chip model to study the interactions between tumor cells

and immune cells in the tumor microenvironment. This model allowed analysis of the dynamics with which immune cells

can infiltrate the tumor site and how they can affect the growth and migration of tumor cells . OOC models have also

been used to study the metastatic process of lung cancer, which is responsible for most lung cancer-related deaths.

Researchers have developed a microfluidic model that mimics the blood vessel walls and allows for studying cancer cell

invasion and migration through the endothelial barrier, creating a microfluidic platform that mimics the in vivo

microenvironment of NSCL cells . This microchip was used to test the cytotoxic effects of the drugs erlotinib

(an EGFR tyrosine kinase inhibitor) and a novel anticancer agent NSC-750212 ([1-[(chlorophenyl)methyl]indol-3-

yl]methanol). A tumor lung-on-chip model was created by Yang et al.  to test the effects of the anticancer drug—

gefitinib (a tyrosine kinase inhibitor) on a co-culture of NSCL cancer cells, lung fibroblasts, and human endothelial cells.

Also, using an organ tumor model, Khalid et al.  tested the effect of doxorubicin (DOX) and docetaxel (an antimitotic

drug) on the apoptosis process in lung tumors. In another experiment, using microfluidic technology, co-cultures between

human lung carcinoma cells and human amniotic membrane-derived mesenchymal stem cells (AMMSC) were performed,

observing how the applied therapy influences the process by the development of tumor spheroids .

These tumor organ chip platforms can be used to develop and apply personalized therapy in different forms of cancer.

Also, these devices allow the analysis of how the tumor microenvironment can influence the delivery of therapeutic

agents, thus facilitating the development of more efficient drug administration systems at the tumor site .

Tumor organ-on-chip technology can be used in lung cancer immunotherapy by providing a platform to study the

interactions between tumor cells and the immune system effectors and the effects of different immunotherapeutic agents

on the tumor microenvironment. Tumor organ-on-chip facilitates the evaluation of the impact of cytokine therapies, which

boost the immune system’s ability to attack cancer cells, and the effects of CAR-T cell therapies, which genetically modify

the patient’s immune cells to target cancer cells . For example, tumor organ-on-chip models can test the efficacy of

checkpoint inhibitors, which block the inhibitory signals of the tumor cells used to evade the immune system. One type of

immunotherapy aims to improve the immune response against cancer cells by blocking programmed cell death protein 1

(PD-1), a protein that induces inhibition of the immune system during the formation of the PD-1/PD-L1 pathway by

targeting PLD1 (programmed cell death ligand1), which is involved in tumor cell growth and survival. Tumor cells are

known to have the ability to escape immune surveillance and continue to proliferate. Thus, in recent years in cancer

therapy, targeting PD-1 and PD-L1 has led to obtaining immune checkpoint inhibitors, such as anti-PD-1 and anti-PD-L1

antibodies, to block the interaction between PD-1 on T cells and PD-L1 on cancer cells .

Recent studies have shown that these inhibitors may significantly increase the treatment benefit of advanced NSCLC,

especially in patients with high levels of PD-L1 expression .

The use of tumor organ-on-chip technology in the study of lung cancer offers the advantage of recreating the complex

microenvironment of lung tumors, including the extracellular matrix, blood vessels, immune cells, and other components.

Also, these devices ensure the simulation of the behavior of immune cells in the tumor microenvironment and allow for the

study of the mechanisms of interaction between immune cells and tumor cells. Studies using tumor organ-on-chip

platforms facilitate drug screening by testing the effectiveness of different immunotherapeutic agents on patient-derived

tumor cells and monitoring the response in real time. The data obtained provide valuable information on the patient’s

responses, offering the possibility of personalized treatment approaches. With the help of microtechnology devices, the

mechanisms underlying tumor-immune cell interactions can be investigated, including the expression of immune

checkpoint proteins and their role in regulating immune responses to facilitate the development of new immunotherapeutic

strategies.

OOCs have an essential role in evaluating the toxicity of immunotherapies on healthy cells within the chip, providing a

controlled environment to assess the safety profiles of different treatment regimens.
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New 3D culture and microfluidic technology approaches are needed to improve lung cancer therapy. Thus, by developing

new and more sophisticated 3D culture models, it is possible to better understand lung tumor cells’ behavior and biology,

leading to improved therapeutic strategies. Using 3D culture models and microfluidic technology to study drug resistance

mechanisms in lung cancer helps identify new therapeutic targets and strategies to overcome this challenge. For the

created models to apply to real clinical situations, a close collaboration between clinicians and researchers from different

fields (medicine, biology, biochemistry, biotechnology) is necessary to obtain better patient results. The combination of

PD-1/PD-L1 inhibitors and tumor organ-on-chip is promising for advancing lung cancer therapy (Table 4). The information

presented here supports the evolving role of 3D cultures in better understanding various aspects of the tumor

microenvironment and its impact on tumor progression, gene and protein expression, pro-oncogenic signaling pathways,

and drug resistance. Also, 3D cultures are a promising platform for developing microfluidic technology, thus ensuring more

exact screening of drugs, including those used in immunotherapy, targeted drug administration, and noninvasive

monitoring. These advances can lead to more effective and personalized treatments for different pathologies, a better

understanding of disease mechanisms, and improved patient outcomes.

Table 4. Potential practical applications of tumor organ-on-chip tests for improving lung cancer treatment.

Tumor-Organ-on-Chip Test Studied Effect Practical Potential Applications Refs.

Testing the physiological
conditions in a realistic tumor

microenvironment

Study of mechanisms of tumor
development and effects of PD-1/PD-L1

blockade on immune cell function

Simulation of physiological
conditions to analyze the infiltration

process of immune cells and the
established interactions with tumor

cells

Testing the efficacy of PD-1/PD-L1
inhibitors

Evaluating the effects induced by
combining immunotherapy with other

types of drugs and identifying potential
synergistic treatments

Finding new drugs and developing
more effective therapeutic

strategies

Investigation of the underlying
mechanisms of therapy resistance

Understanding the mechanisms of
resistance and targeting the molecules
responsible for establishing resistance

to a specific type of treatment

Development of strategies to
overcome the resistance to therapy

Using the patient’s cells in tumor
organ-on-chip to achieve

personalized testing of different
treatment strategies

Identifying the most effective PD-1/PD-
L1 inhibitor may guide treatment
decisions based on the specific

characteristics of an individual’s tumor

Personalized medicine

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424.

2. Herbst, R.S.; Heymach, J.V.; Lippman, S.M. Lung cancer. N. Engl. J. Med. 2008, 359, 1367–1380.

3. Dacic, S. Molecular diagnostics of lung carcinomas. Arch. Pathol. Lab. Med. 2011, 135, 622–629.

4. Alizadeh, A.M.; Shiri, S.; Farsinejad, S. Metastasis review: From bench to bedside. Tumor Biol. J. Int. Soc. Oncodev.
Biol. Med. 2014, 35, 8483–8523.

5. Popper, H.H. Progression and metastasis of lung cancer. Cancer Metastasis Rev. 2016, 35, 75–91.

6. Abbott, A. Cell culture: Biology’s new dimension. Nature 2003, 424, 870–872.

7. Fischer, K.R.; Durrans, A.; Lee, S.; Sheng, J.; Li, F.; Wong, S.; Choi, H.; El Rayes, T.; Ryu, S.; Troeger, J.; et al. EMT is
not required for lung metastasis but contributes to chemoresistance. Nature 2015, 527, 472–476.

8. Molina, J.R.; Yang, P.; Cassivi, S.D.; Schild, S.E.; Adjei, A.A. Non-small cell lung cancer: Epidemiology, risk factors,
treatment, and survivorship. Mayo. Clin. Proc. 2008, 83, 584–594.

9. Bostan, M.; Mihaila, M.; Petrica-Matei, G.G.; Radu, N.; Hainarosie, R.; Stefanescu, C.D.; Roman, V.; Diaconu, C.C.
Resveratrol Modulation of Apoptosis and Cell Cycle Response to Cisplatin in Head and Neck Cancer Cell Lines. Int. J.
Mol. Sci. 2021, 22, 6322.

10. Bostan, M.; Petrica-Matei, G.G.; Radu, N.; Hainarosie, R.; Stefanescu, C.D.; Diaconu, C.C.; Roman, V. The Effect of
Resveratrol or Curcumin on Head and Neck Cancer Cells Sensitivity to the Cytotoxic Effects of Cisplatin. Nutrients
2020, 12, 2596.

[188]

[189]

[190]

[191]

[192]



11. Petrica-Matei, G.G.; Iordache, F.; Hainarosie, R.; Bostan, M. Characterization of the tumor cells from human head and
neck cancer. Rom. J. Morphol. Embryol. 2016, 57 (Suppl. S2), 1–9.

12. Ivascu, A.; Kubbies, M. Rapid Generation of Single-Tumor Spheroids for High-Throughput Cell Function and Toxicity
Analysis. J. Biomol. Screen. 2006, 11, 922–932.

13. Mitra, A.; Mishra, L.; Li, S. Technologies for driving primary tumor cells for use in personalized cancer therapy. Trends.
Biotechnol. 2013, 31, 347–354.

14. Gazdar, A.F.; Girard, L.; Lockwood, W.W.; Lam, W.L.; Minna, J.D. Lung cancer cell lines as tools for biomedical
discovery and research. J. Natl. Cancer Inst. 2010, 102, 1310–1321.

15. Harrison, R.G. The outgrowth of the nerve fiber as a mode of protoplasmic movement. J. Exp. Zool. 1910, 9, 787–846.

16. Jacoby, W.; Pasten, I. Methods in Enzymology: Cell Culture; Academic Press: New York, NY, USA, 1979; Volume 58.

17. Aggarwal, B.; Danda, D.; Gupta, S.; Gehlot, P. Models for prevention and treatment of cancer: Problems vs promises.
Biochem. Pharmacol. 2009, 78, 1083–1094.

18. Kapałczyńska, M.; Kolenda, T.; Przybyła, W.; Zajączkowska, M.; Teresiak, A.; Filas, V.; Ibbs, M.; Bliźniak, R.;
Łuczewski, Ł.; Lamperska, K. 2D and 3D cell cultures–a comparison of different types of cancer cell cultures. Arch.
Med. Sci. 2018, 14, 910–919.

19. Lee, S.; Lim, M.J.; Kim, M.H.; Yu, C.H.; Yun, Y.S.; Ahn, J.; Song, J.Y. An effective strategy for increasing the
radiosensitivity of human lung cancer cells by blocking Nrf2-dependent antioxidant responses. Radic. Biol. Med. 2012,
53, 807–816.

20. Zhao, Q.; Mao, A.; Guo, R.; Zhang, L.; Yan, J.; Sun, C.; Tang, J.; Ye, Y.; Zhang, Y.; Zhang, H. Suppression of radiation-
induced migration of non-small cell lung cancer through inhibition of Nrf2-Notch Axis. Oncotarget 2017, 8, 36603–
36613.

21. Daly, M.E.; Monjazeb, A.M.; Kelly, K. Clinical trials integrating immunotherapy and radiation for non-small-cell lung
cancer. J. Thorac. Oncol. 2015, 10, 1685–1693.

22. Xiao, L.; Mao, Y.; Tong, Z.; Zhao, Y.; Hong, H.; Wang, F. Radiation exposure triggers the malignancy of non-small cell
lung cancer cells through the activation of visfatin/Snail signaling. Oncol. Rep. 2021, 45, 1153–1161.

23. Brognard, J.; Clark, A.S.; Ni, Y.; Dennis, P.A. Akt/Protein Kinase B Is Constitutively Active in Non-Small Cell Lung
Cancer Cells and Promotes Cellular Survival and Resistance to Chemotherapy and Radiation. Cancer Res. 2001, 61,
3986–3997.

24. Kuribayashi, K.; Funaguchi, N.; Nakano, T. Chemotherapy for advanced non-small cell lung cancer with a focus on
squamous cell carcinoma. J. Cancer Res. Ther. 2016, 12, 528–534.

25. Lee, W.; Kim, D.K.; Synn, C.B.; Lee, H.K.; Park, S.; Jung, D.S.; Choi, Y.; Kim, J.H.; Byeon, Y.; Kim, Y.S.; et al.
Incorporation of SKI-G-801, a Novel AXL Inhibitor, With Anti-PD-1 Plus Chemotherapy Improves Anti-Tumor Activity
and Survival by Enhancing T Cell Immunity. Front. Oncol. 2022, 12, 821391.

26. Kelland, L. The resurgence of platinum-based cancer chemotherapy. Nat. Rev. Cancer 2007, 7, 573–584.

27. Hato, S.V.; Khong, A.; de Vries, I.J.; Lesterhuis, W.J. Molecular pathways: The immunogenic effects of platinum-based
chemotherapeutics. Clin. Cancer Res. 2014, 20, 2831–2837.

28. Lesterhuis, W.J.; Punt, C.J.; Hato, S.V.; Eleveld-Trancikova, D.; Jansen, B.J.; Nierkens, S.; Schreibelt, G.; de Boer, A.;
Van Herpen, C.M.; Kaanders, J.H.; et al. Platinum-based drugs disrupt STAT6-mediated suppression of immune
responses against cancer in humans and mice. J. Clin. Investig. 2011, 121, 3100–3108.

29. Rizvi, N.A.; Hellmann, M.D.; Brahmer, J.R.; Juergens, R.A.; Borghaei, H.; Gettinger, S.; Chow, L.Q.; Gerber, D.E.;
Laurie, S.A.; Goldman, J.W.; et al. Nivolumab in combination with platinum-based doublet chemotherapy for first-line
treatment of advanced non-small-cell lung cancer. J. Clin. Oncol. 2016, 34, 2969–2979.

30. Haibe-Kains, B.; El-Hachem, N.; Birkbak, N.J.; Jin, A.C.; Beck, A.H.; Aerts, H.J.; Quackenbush, J. Inconsistency in
large pharmacogenomic studies. Nature 2013, 504, 389–393.

31. Rikova, K.; Guo, A.; Zeng, Q.; Possemato, A.; Yu, J.; Haack, H.; Nardone, J.; Lee, K.; Reeves, C.; Li, Y.; et al. Global
survey of phosphotyrosine signaling identifies oncogenic kinases in lung cancer. Cell 2007, 131, 1190–1203.

32. Wang, D.; Pham, N.A.; Tong, J.; Sakashita, S.; Allo, G.; Kim, L.; Yanagawa, N.; Raghavan, V.; Wei, Y.; To, C.; et al.
Molecular heterogeneity of non-small cell lung carcinoma patient-derived xenografts closely reflect their primary
tumors. Int. J. Cancer 2017, 140, 662–673.

33. Crystal, A.S.; Shaw, A.T.; Sequist, L.V.; Friboulet, L.; Niederst, M.J.; Lockerman, E.L.; Frias, R.L.; Gainor, J.F.;
Amzallag, A.; Greninger, P.; et al. Patient-derived models of acquired resistance can identify effective drug
combinations for cancer. Science 2014, 346, 1480–1486.



34. Liu, X.; Ory, V.; Chapman, S.; Yuan, H.; Albanese, C.; Kallakury, B.; Timofeeva, O.A.; Nealon, C.; Dakic, A.; Simic, V.; et
al. ROCK inhibitor and feeder cells induce the conditional reprogramming of epithelial cells. Am. J. Pathol. 2012, 180,
599–607.

35. Hoarau-Véchot, J.; Rafii, A.; Touboul, C.; Pasquie, J. Halfway between 2D and Animal Models: Are 3D Cultures the
Ideal Tool to Study Cancer-Microenvironment Interactions? Int J Mol Sci. 2018, 19, 181.

36. Kodack, D.P.; Farago, A.F.; Dastur, A.; Held, M.A.; Dardaei, L.; Friboulet, L.; von Flotow, F.; Damon, L.J.; Lee, D.;
Parks, M.; et al. Primary Patient-Derived Cancer Cells and Their Potential for Personalized Cancer Patient Care. Cell
Rep. 2017, 21, 3298–3309.

37. Arrowsmith, J.; Miller, P. Trial watch: Phase II and phase III attrition rates 2011–2012. Nat. Rev. Drug Discov. 2013, 12,
569.

38. Langhans, S.A. Three-dimensional in vitro Cell Culture Models in Drug Discovery and Drug Repositioning. Front.
Pharmacol. 2018, 9, 6.

39. Rheinwatd, J.G.; Green, H. Serial cultivation of strains of human epidermal keratinocytes: The formation keratinizin
colonies from single cell. Cell 1975, 6, 331–343.

40. West, C.; Zimmerman, D. Doing Gender. Gend. Soc. 1987, 1, 125–151.

41. Hachitanda, Y.; Tsuneyoshi, M. Neuroblastoma with a distinct organoid pattern: A clinicopathologic,
immunohistochemical, and ultrastructural study. Hum. Pathol. 1994, 25, 67–72.

42. Bissell, M.J. The differentiated state of normal and malignant cells or how to define a “normal” cell in culture. Int. Rev.
Cytol. 1981, 70, 27–100.

43. Fang, Y.; Eglen, R.M. Three-Dimensional Cell Cultures in Drug Discovery and Development. Slas Discov. 2017, 22,
456–472.

44. Knight, E.; Przyborski, S. Advances in 3D cell culture technologies enabling tissue-like structures to be created in vitro.
J. Anat. 2015, 227, 746–756.

45. Maltman, D.J.; Przyborski, S.A. Developments in three-dimensional cell culture technology aimed at improving the
accuracy of in vitro analyses. Biochem. Soc. Trans. 2010, 38, 1072–1075.

46. Ravi, M.; Paramesh, V.; Kaviya, S.; Anuradha, E.; Solomon, F.P. 3D cell culture systems: Advantages and applications.
J. Cell. Physiol. 2015, 230, 16–26.

47. Edmondson, R.; Broglie, J.J.; Adcock, A.F.; Yang, L. Three-dimensional cell culture systems and their applications in
drug discovery and cell-based biosensors. Assay Drug Dev. Technol. 2014, 12, 207–218.

48. Mironi-Harpaz, I.; Wang, D.Y.; Venkatraman, S.; Seliktar, D. Photopolymerization of Cell-Encapsulating Hydrogels:
Crosslinking Efficiency Versus Cytotoxicity. Acta Biomater. 2012, 8, 1838–1848.

49. Justice, B.A.; Badr, N.A.; Felder, R.A. 3D Cell Culture Opens New Dimensions in Cell-Based Assays. Drug Discov.
Today 2009, 14, 102–107.

50. Thiele, J.; Ma, Y.; Bruekers, S.M.; Ma, S.; Huck, W.T. 25th anniversary article: Designer hydrogels for cell cultures: A
materials selection guide. Adv. Mater. 2014, 26, 125–148.

51. Tse, J.R.; Engler, A.J. Preparation of hydrogel substrates with tunable mechanical properties. Curr. Protoc. Cell Biol.
2010, 47, 10.16.11–10.16.16.

52. Zustiak, S.P.; Leach, J.B. Hydrolytically degradable poly(ethylene glycol) hydrogel scaffolds with tunable degradation
and mechanical properties. Biomacromolecules 2010, 11, 1348–1357.

53. Ajjarapu, S.M.; Tiwari, A.; Kumar, S. Applications and Utility of Three-Dimensional In Vitro Cell Culture for Therapeutics.
Future Pharmacol. 2023, 3, 213–228.

54. Pieri, A.D.; Rochev, Y.; Zeugolis, D. Scaffold-free cell-based tissue engineering therapies: Advances, shortfalls and
forecast. NPJ Regen. Med. 2021, 8, 18.

55. Cai, Z.; Wan, Y.; Becker, M.L.; Long, Y.Z.; Dean, D. Poly(propylene fumarate)-based materials: Synthesis,
functionalization, properties, device fabrication and biomedical applications. Biomaterials 2019, 208, 45–71.

56. El-Sherbiny, I.M.; Yacoub, M.H. Hydrogel scaffolds for tissue engineering: Progress and challenges. Glob. Cardiol. Sci.
Pract. 2013, 2013, 316–342.

57. Halfter, K.; Hoffmann, O.; Ditsch, N.; Ahne, M.; Arnold, F.; Paepke, S.; Grab, D.; Bauerfeind, I.; Mayer, B. Testing
chemotherapy efficacy in HER2 negative breast cancer using patient-derived spheroids. J. Transl. Med. 2016, 14, 1–
14.



58. Gao, B.; Jing, C.; Ng, K.; Pingguan-Murphy, B.; Yang, Q. Fabrication of three-dimensional islet models by the
geometry-controlled hanging-drop method. Acta Mech. Syn. 2019, 35, 329–337.

59. Huang, S.W.; Tzeng, S.C.; Chen, J.K.; Sun, J.S.; Lin, F.H. A dynamic hanging-drop system for mesenchymal stem cell
culture. Int. J. Mol. Sci. 2020, 21, 4298.

60. Caleffi, J.T.; Aal, M.C.E.; Gallindo, H.d.O.M.; Caxali, G.H.; Crulhas, B.P.; Ribeiro, A.O.; Souza, G.R.; Delella, F.K.
Magnetic 3D cell culture: State of the art and current advances. Life Sci. 2021, 286, 120028.

61. Gupta, P.; Ismadi, M.Z.; Verma, P.J.; Fouras, A.; Jadhav, S.; Bellare, J.; Hourigan, K. Optimization of agitation speed in
spinner flask for microcarrier structural integrity and expansion of induced pluripotent stem cells. Cytotechnology 2016,
68, 45–59.

62. Tang, Y.; Xu, Y.; Xiao, Z.; Zhao, Y.; Li, J.; Han, S.; Chen, L.; Dai, B.; Wang, L.; Chen, B. The combination of three-
dimensional and rotary cell culture systems promotes the proliferation and maintains the differentiation potential of rat
BMSCs. Sci. Rep. 2017, 7, 192.

63. Raghavan, S.; Mehta, P.; Horst, E.N.; Ward, M.R.; Rowley, K.R.; Mehta, G. Comparative analysis of tumor spheroid
generation techniques for differential in vitro drug toxicity. Oncotarget 2016, 7, 16948–16961.

64. Zanoni, M.; Cortesi, M.; Zamagni, A.; Arienti, C.; Pignatta, S.; Tese, A. Modeling neoplastic disease with spheroids and
organoids. J. Hematol. Oncol. 2020, 13, 97.

65. Carragher, N.; Piccinini, F.; Tesei, A.; Trask, O.J.; Bickle, M.; Horvath, P. Concerns, challenges and promises of high-
content analysis of 3D cellular models. Nat. Rev. Drug Discov. 2018, 17, 606.

66. Ma, X.L.; Sun, Y.F.; Wang, B.L.; Shen, M.N.; Zhou, Y.; Chen, J.W.; Hu, B.; Gong, Z.J.; Zhang, X.; Cao, Y.; et al. Sphere-
forming culture enriches liver cancer stem cells and reveals Stearoyl-CoA desaturase 1 as a potential therapeutic
target. BMC Cancer 2019, 19, 760.

67. Arima, Y.; Nobusue, H.; Saya, H. Targeting of cancer stem cells by diferentiation therapy. Cancer Sci. 2020, 111, 2689–
2695.

68. Franco, S.; Szczesna, K.; Iliou, M.S.; Al-Qahtani, M.; Mobasheri, A.; Kobolák, J.; Dinnyés, A. In vitro models of cancer
stem cells and clinical applications. BMC Cancer 2016, 16, 738.

69. Hoffmann, O.I.; Ilmberger, C.; Magosch, S.; Joka, M.; Jauch, K.W.; Mayer, B. Impact of the spheroid model complexity
on drug response. J. Biotechnol. 2015, 205, 14–23.

70. Weiswald, L.-B.; Bellet, D.; Dangles-Marie, V. Spherical Cancer Models in Tumor Biology. Neoplasia 2015, 17, 1–15.

71. Castiaux, A.D.; Spence, D.M.; Martin, R.S. Review of 3D cell culture with analysis in microfluidic systems. Anal.
Methods 2019, 11, 4220–4232.

72. Zanoni, M.; Pignatta, S.; Arienti, C.; Bonafè, M.; Tesei, A. Anticancer drug discovery using multicellular tumor spheroid
models. Expert Opin. Drug Discov. 2019, 14, 289–301.

73. Lee, S.W.; Hong, S.; Jung, B.; Jeong, S.Y.; Byeon, J.H.; Jeong, G.S.; Choi, J.; Hwang, C. In vitro lung cancer
multicellular tumor spheroid formation using a microfluidic device. Biotechnol. Bioeng. 2019, 116, 3041–3052.

74. Della Corte, C.M.; Barra, G.; Ciaramella, V.; Di Liello, R.; Vicidomini, G.; Zappavigna, S.; Luce, A.; Abate, M.; Fiorelli,
A.; Caraglia, M.; et al. Antitumor activity of dual blockade of PD-L1 and MEK in NSCLC patients derived three-
dimensional spheroid cultures. J. Exp. Clin. Cancer Res. 2019, 38, 253.

75. Lamichhane, S.P.; Arya, N.; Kohler, E.; Xiang, S.; Christensen, J.; Shastri, V.P. Recapitulating epithelial tumor
microenvironment in vitro using three-dimensional tri-culture of human epithelial, endothelial, and mesenchymal cells.
BMC Cancer 2016, 16, 581.

76. Thakuri, P.S.; Gupta, M.; Plaster, M.; Tavana, H. Quantitative size-based analysis of tumor spheroids and responses to
therapeutics. Assay Drug Dev. Technol. 2019, 17, 140–149.

77. Rozenberg, J.M.; Filkov, G.I.; Trofimenko, A.V.; Karpulevich, E.A.; Parshin, V.D.; Royuk, V.V.; Sekacheva, M.I.;
Durymanov, M.O. Biomedical Applications of Non-Small Cell Lung Cancer Spheroids. Front. Oncol. 2021, 11, 791069.

78. Habanjar, O.; Diab-Assaf, M.; Caldefie-Chezet, F.; Delort, L. 3D cell culture systems: Tumor application, advantages,
and disadvantages. Int J Mol Sci. 2021, 22, 12200.

79. Rossi, M.; Blasi, P. Multicellular Tumor Spheroids in Nanomedicine Research: A Perspective. Front. Med. Technol.
2022, 15, 909943.

80. Ko, J.; Ahn, J.; Kim, S.; Lee, Y.; Lee, J.; Park, D.; Jeon, N.L. Tumor spheroid-on-a-chip: A standardized microfluidic
culture platform for investigating tumor angiogenesis. Lab Chip 2019, 19, 2822–2833.



81. Ryu, N.E.; Lee, S.H.; Park, H. Spheroid Culture System Methods and Applications for Mesenchymal Stem Cells. Cells
2019, 8, 1620.

82. Nunes, A.S.; Barros, A.S.; Costa, E.C.; Moreira, A.F.; Correia, I.J. 3d Tumor Spheroids as in vitro Models to Mimic in
vivo Human Solid Tumors Resistance to Therapeutic Drugs. Biotechnol. Bioeng. 2018, 116, 206–226.

83. Lee, H.K.; Noh, M.H.; Hong, S.W.; Kim, S.M.; Kim, S.H.; Kim, Y.S.; Broaddus, V.C.; Hur, D.Y. Erlotinib Activates
Different Cell Death Pathways in EGFR-mutant Lung Cancer Cells Grown in 3D Versus 2D Culture Systems.
Anticancer Res. 2021, 41, 1261–1269.

84. Guo, Q.R.; Zhang, L.; Liu, J.F.; Li, Z.; Li, J.J.; Zhou, W.M.; Wang, H.; Li, J.Q.; Liu, D.Y.; Yu, X.Y.; et al. Multifunctional
microfluidic chip for cancer diagnosis and treatment. Nanotheranostics 2021, 5, 73–89.

85. Moshksayan, K.; Kashaninejad, N.; Warkiani, M.E.; Lock, J.; Moghadas, H.; Firoozabadi, B.; Saidi, M.S.; Nguyen, N.-T.
Spheroidson-a-Chip: Recent Advances and Design Considerations in Microfluidic Platforms for Spheroid Formation
and Culture. Sens. Actuators B Chem. 2018, 263, 151–176.

86. Raghavan, S.; Mehta, P.; Ward, M.R.; Bregenzer, M.E.; Fleck, E.M.A.; Tan, L.; McLean, K.; Buckanovich, R.J.; Mehta,
G. Personalized Medicine–Based Approach to Model Patterns of Chemoresistance and Tumor Recurrence Using
Ovarian Cancer Stem Cell Spheroids. Clin. Cancer Res. 2017, 23, 6934–6945.

87. Han, S.J.; Kwon, S.; Kim, K.S. Challenges of Applying Multicellular Tumor Spheroids in Preclinical Phase. Cancer Cell
Int. 2021, 21, 152.

88. Clevers, H. Modeling development and disease with organoids. Cell 2016, 165, 1586–1597.

89. Park, S.E.; Georgescu, A.; Huh, D. Organoids-on-a-chip. Science 2019, 364, 960–965.

90. Drost, J.; Clevers, H. Organoids in cancer research. Nat. Rev. Cancer 2018, 18, 407–418.

91. Tuveson, D.; Clevers, H. Cancer modeling meets human organoid technology. Science 2019, 364, 952–955.

92. Kim, J.; Koo, B.K.; Knoblich, J.A. Human organoids: Model systems for human biology and medicine. Nat. Rev. Mol.
Cell Biol. 2020, 21, 571–584.

93. Bogoslowski, A.; An, M.; Penninger, J.M. Incorporating Immune Cells into Organoid Models: Essential for Studying
Human Disease. Organoids 2023, 2, 140–155.

94. Silva-Pedrosa, R.; Salgado, A.J.; Ferreira, P.E. Revolutionizing Disease Modeling: The Emergence of Organoids in
Cellular Systems. Cells 2023, 12, 930.

95. Zarogoulidis, P.; Lampaki, S.; Chinelis, P.; Lazaridis, G.; Baka, S.; Rapti, A. Tyrosine Kinase Inhibitors for Non-Small
Cell Lung Cancer and Eye Metastasis: Disease Relapse or a New Entity? Med. Hypothesis Discov. Innov. Ophthalmol.
2016, 5, 132–135.

96. Scognamiglio, G.; De Chiara, A.; Parafioriti, A.; Armiraglio, A.; Fazioli, F.; Gallo, M.; Aversa, L.; Camerlingo, R.;
Cacciatore, F.; Colella, G.; et al. Patient-derived organoids as a potential model to predict response to PD-1/PD-L1
checkpoint inhibitors. Br. J. Cancer 2019, 121, 979–982.

97. Herbst, R.S.; Baas, P.; Kim, D.W.; Felip, E.; Pérez-Gracia, J.L.; Han, J.Y.; Molina, J.; Kim, J.H.; Arvis, C.D.; Ahn, M.J.;
et al. Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced non-small-cell lung cancer
(KEYNOTE-010): A randomized controlled trial. Lancet 2016, 387, 1540–1550.

98. Lee, D.; Kim, Y.; Chung, C. Scientific Validation and Clinical Application of Lung Cancer Organoids. Cells 2021, 10,
3012.

99. Nagle, P.W.; Plukker, J.T.M.; Muijs, C.T.; van Luijk, P.; Coppes, R.P. Patient-derived tumor organoids for prediction of
cancer treatment response. Semin. Cancer Biol. 2018, 53, 258–264.

100. Jung, D.J.; Shin, T.H.; Kim, M.; Sung, C.O.; Jang, S.J.; Jeong, G.S. A one-stop microfluidic-based lung cancer organoid
culture platform for testing drug sensitivity. Lab. Chip 2019, 19, 2854–2865.

101. Lim, Z.F.; Ma, P.C. Emerging insights of tumor heterogeneity and drug resistance mechanisms in lung cancer targeted
therapy. J. Hematol. Oncol. 2019, 12, 134.

102. Kim, S.Y.; Kim, S.M.; Lim, S.; Lee, J.Y.; Choi, S.J.; Yang, S.D.; Yun, M.R.; Kim, C.G.; Gu, S.R.; Park, C.; et al. Modeling
clinical responses to targeted therapies by patient-derived organoids of advanced lung adenocarcinoma. Clin. Cancer
Res. 2021, 27, 4397–4409.

103. Shiihara, M.; Furukawa, T. Application of Patient-Derived Cancer Organoids to Personalized Medicine. J. Pers. Med.
2022, 12, 789.

104. Siranosian, B.; Ha, G.; Tang, H.; Oren, Y.; Hinohara, K.; Strathdee, C.A.; Dempster, J.; Lyons, N.J.; Burns, R.; Nag, A.;
et al. Genetic and transcriptional evolution alters cancer cell line drug response. Nature 2018, 560, 325–330.



105. Kretzschmar, K.; Clevers, H. Organoids: Modeling development and the stem cell niche in a dish. Dev. Cell. Cell Press
2016, 38, 590–600.

106. Karamchand, L.; Makeiff, D.; Gao, Y.; Azyat, K.; Serpe, M.J.; Kulka, M. Biomaterial inks and bioinks for fabricating 3D
biomimetic lung tissue: A delicate balancing act between biocompatibility and mechanical printability. Bioprinting 2023,
29, e00255.

107. Ramadan, Q.; Zourob, M. 3D Bioprinting at the Frontier of Regenerative Medicine, Pharmaceutical, and Food
Industries. Front. Med. Technol. 2021, 2, 607648.

108. Salehi-Nik, N.; Amoabediny, G.; Pouran, B.; Tabesh, H.; Shokrgozar, M.A.; Haghighipour, N.; Khatibi, N.; Anisi, F.;
Mottaghy, K.; Zandieh-Doulabi, B. Engineering parameters in bioreactor’s design: A critical aspect in tissue
engineering. BioMed Res. Int. 2013, 2013, 762132.

109. Matai, I.; Kaur, G.; Seyedsalehi, A.; McClinton, A.; Laurencin, C.T. Progress in 3D bioprinting technology for
tissue/organ regenerative engineering. Biomaterials 2020, 226, 119536.

110. Knowlton, S.; Onal, S.; Yu, C.C.; Zhao, J.J.; Tasoglu, S. Bioprinting for cancer research. Trends Biotechnol. 2015, 33,
504–513.

111. Datta, P.; Dey, M.; Ataie, Z.; Unutmaz, D.; Ozbolat, I.T. 3D bioprinting for reconstituting the cancer microenvironment.
Npj Precis. Oncol. 2020, 4, 18.

112. Zhang, B.; Gao, L.; Ma, L.; Luo, Y.; Yang, H.; Cui, Z. 3D bioprinting: A novel avenue for manufacturing tissues and
organs. Engineering 2019, 5, 777–794.

113. Xu, T.; Zhao, W.; Zhu, J.M.; Albanna, M.Z.; Yoo, J.J.; Atala, A. Complex heterogeneous tissue constructs containing
multiple cell types prepared by inkjet printing technology. Biomaterials 2013, 34, 130–139.

114. Iwami, K.; Noda, T.; Ishida, K.; Morishima, K.; Nakamura, M.; Umeda, N. Bio rapid prototyping by
extruding/aspirating/refilling thermoreversible hydrogel. Biofabrication 2010, 2, 014108.

115. Guillotin, B.; Souquet, A.; Catros, S.; Duocastella, M.; Pippenger, B.; Bellance, S.; Bareille, R.; Rémy, M.; Bordenave,
L.; Amédée, J.; et al. Laser assisted bioprinting of engineered tissue with high cell density and microscale organization.
Biomaterials 2010, 31, 7250–7256.

116. Gao, Q.; Lee, J.S.; Kim, B.S.; Gao, G. Three-dimensional printing of smart constructs using stimuli-responsive
biomaterials: A future direction of precision medicine. Int. J. Bioprint. 2022, 9, 638.

117. Germain, N.; Dhayer, M.; Dekiouk, S.; Marchetti, P. Current Advances in 3D Bioprinting for Cancer Modeling and
Personalized Medicine. Int. J. Mol. Sci. 2022, 23, 3432.

118. Papaioannou, T.G.; Manolesou, D.; Dimakakos, E.; Tsoucalas, G.; Vavuranakis, M.; Tousoulis, D. 3D Bioprinting
Methods and Techniques: Applications on Artificial Blood Vessel Fabrication. Acta Cardiol. Sin. 2019, 35, 284–289.

119. Yi, H.G.; Kim, H.; Kwon, J.; Choi, Y.J.; Jang, J.; Cho, D.W. Application of 3D bioprinting in the prevention and the
therapy for human diseases. Sig. Transduct. Target Ther. 2021, 6, 177.

120. Safhi, A.Y. Three-Dimensional (3D) Printing in Cancer Therapy and Diagnostics: Current Status and Future
Perspectives. Pharmaceuticals 2022, 15, 678.

121. Yoon, S.H.; Park, S.; Kang, C.H.; Park, I.K.; Goo, J.M.; Kim, Y.T. Personalized 3D-Printed Model for Informed Consent
for Stage I Lung Cancer: A Randomized Pilot Trial. Semin. Thorac. Cardiovasc. Surg. 2019, 31, 316–318.

122. Wang, X.; Zhang, X.; Dai, X.; Wang, X.; Li, X.; Diao, J.; Xu, T. Tumor-like Lung Cancer Model Based on 3D Bioprinting.
3 Biotech 2018, 8, 501.

123. Tsuchiya, T.; Doi, R.; Obata, T.; Go, H.; Nagayasu, T. Lung Microvascular Niche, Repair, and Engineering. Front.
Bioeng. Biotechnol. 2020, 8, 105.

124. Bajaj, P.; Harris, J.F.; Huang, J.H.; Nath, P.; Iyer, R. Advances and challenges in recapitulating human pulmonary
systems: At the cusp of biology and materials. ACS Biomater. Sci. Eng. 2016, 2, 473–488.

125. Bae, S.W.; Lee, K.W.; Park, J.H.; Lee, J.H.; Jung, C.R.; Yu, J.J.; Kim, H.Y.; Kim, D.H. 3D bioprinted artificial trachea
with epithelial cells and chondrogenic-differentiated bone marrow-derived mesenchymal stem cells. Int. J. Mol. Sci.
2018, 19, 1624.

126. Park, J.H.; Yoon, J.K.; Lee, J.B.; Shin, Y.M.; Lee, K.W.; Bae, S.W.; Lee, J.H.; Yu, J.J.; Jung, C.R.; Youn, Y.N.; et al.
Experimental tracheal replacement using 3-dimensional bioprinted artificial trachea with autologous epithelial cells and
chondrocytes. Sci. Rep. 2019, 9, 2103.

127. Gu, W.; Meng, F.; Haag, R.; Zhong, Z. Actively targeted nanomedicines for precision cancer therapy: Concept,
construction, challenges and clinical translation. J. Control. Release 2021, 329, 676–695.



128. Langer, E.M.; Allen-Petersen, B.L.; King, S.M.; Kendsersky, N.D.; Turnidge, M.A.; Kuziel, G.M.; Riggers, R.;
Samatham, R.; Amery, T.S.; Jacques, S.L.; et al. Modeling tumor phenotypes in vitro with three-dimensional bioprinting.
Cell Rep. 2019, 26, 608–623.

129. Kacarevic, Z.P.; Rider, P.M.; Alkildani, S.; Retnasingh, S.; Smeets, R.; Jung, O.; Ivanišević, Z.; Barbeck, M. An
introduction to 3D bioprinting: Possibilities, challenges and future aspects. Materials 2018, 11, 2199.

130. Chen, Y.; Zhang, J.; Chen, Q.; Li, T.; Chen, K.; Yu, Q.; Lin, X. Three-dimensional printing technology for localised
thoracoscopic segmental resection for lung cancer: A quasi-randomised clinical trial. World J. Surg. Oncol. 2020, 18,
223.

131. Ng, W.L.; Ayi, T.C.; Liu, Y.C.; Sing, S.L.; Yeong, W.Y.; Tan, B.H. Fabrication and Characterization of 3D Bioprinted
Triple-layered Human Alveolar Lung Models. Int. J. Bioprinting 2021, 7, 332.

132. Samavedi, S.; Joy, N. 3D printing for the development of in vitro cancer models. Curr. Opin. Biomed. Eng. 2017, 2, 35–
42.

133. Feng, F.; Wang, B.; Sun, X.; Zhu, Y.; Tang, H.; Nan, G.; Wang, L.; Wu, B.; Huhe, M.; Liu, S.; et al. Metuzumab
enhanced chemosensitivity and apoptosis in non-small cell lung carcinoma. Canc. Biol. Ther. 2017, 18, 51–62.

134. Gkatzis, K.; Taghizadeh, S.; Huh, D.; Stainier, D.Y.R.; Bellusci, S. Use Three-Dimensional Organoids and Lung-On-A-
Chip Methods to Study Lung Development, Regeneration, and Disease. Eur. Respir. J. 2018, 52, 1800876.

135. Swaminathan, V.; Bryant, B.R.; Tchantchaleishvili, V.; Rajab, T.K. Bioengineering Lungs-Current Status and Future
Prospects. Expert Opin. Biol. Ther. 2020, 21, 465–471.

136. Parodi, I.; Di Lisa, D.; Pastorino, L.; Scaglione, S.; Fato, M.M. 3D Bioprinting as a Powerful Technique for Recreating
the Tumor Microenvironment. Gels 2023, 9, 482.

137. Barreiro Carpio, M.; Dabaghi, M.; Ungureanu, J.; Kolb, M.R.; Hirota, J.A.; Moran-Mirabal, J.M. 3D Bioprinting
Strategies, Challenges, and Opportunities to Model the Lung Tissue Microenvironment and Its Function. Front. Bioeng.
Biotechnol. 2021, 9, 773511.

138. Thabut, G.; Mal, H. Ocomes after Lung Transplantation. J. Thorac. Dis. 2017, 9, 2684–2691.

139. Sobrino, A.; Phan, D.T.T.; Datta, R.; Wang, X.; Hachey, S.J.; Romero-López, M.; Gratton, E.; Lee, A.P.; George, S.C.;
Hughes, C.C.W. In vitro 3D microtumors supported by perfused vascular networks. Sci. Rep. 2016, 6, 31589.

140. Snyder, J.; Rin Son, A.; Hamid, Q.; Sun, W. Microfluidic collector fabrication by precision deposition by extruding and
molding the replica for the cell-loaded device. J. Manuf. Sci. Eng. 2015, 138, 041007.

141. Kang, D.; Park, J.A.; Kim, W.; Kim, S.; Lee, H.; Kim, W.; Yoo, J.; Jung, S. All-Inkjet-Printed 3D Alveolar Barrier Model
with Physiologically Relevant Microarchitecture. Adv. Sci. 2021, 8, 2004990.

142. Baert, Y.; Ruetschle, I.; Cools, W.; Oehme, A.; Lorenz, A.; Marx, U.; Goossens, E.; Maschmeyer, I. A multi-organ-chip
co-culture of liver and testis equivalents: A first step toward a systemic male reprotoxicity model. Hum. Reprod. 2020,
35, 1029–1044.

143. Maschmeyer, I.; Hasenberg, T.; Jaenicke, A.; Lindner, M.; Lorenz, A.K.; Zech, J.; Garbe, L.A.; Sonntag, F.; Hayden, P.;
Ayehunie, S.; et al. Chip-based human liver-intestine and liver-skin co-cultures—A first step toward systemic repeated
dose substance testing in vitro. Eur. J. Pharm. Biopharm. 2015, 95, 77–87.

144. Liu, H.; Bolonduro, O.A.; Hu, N.; Ju, J.; Rao, A.A.; Duffy, B.M.; Huang, Z.; Black, L.D.; Timko, B.P. Heart-on-a-Chip
Model with Integrated Extra- and Intracellular Bioelectronics for Monitoring Cardiac Electrophysiology under Acute
Hypoxia. Nano Lett. 2020, 20, 2585–2593.

145. Yang, Q.; Xiao, Z.; Lv, X.; Zhang, T.; Liu, H. Fabrication and Biomedical Applications of Heart-on-a-chip. Int. J. Bioprint.
2021, 7, 370.

146. Benam, K.H.; Villenave, R.; Lucchesi, C.; Varone, A.; Hubeau, C.; Lee, H.H.; Alves, S.E.; Salmon, M.; Ferrante, T.C.;
Weaver, J.C.; et al. Small airway-on-a-chip enables analysis of human lung inflammation and drug responses in vitro.
Nat. Methods 2016, 13, 151–157.

147. Plebani, R.; Potla, R.; Soong, M.; Bai, H.; Izadifar, Z.; Jiang, A.; Travis, R.N.; Belgur, C.; Dinis, A.; Cartwright, M.J.; et
al. Modeling pulmonary cystic fibrosis in a human lung airway-on-a-chip: Cystic fibrosis airway chip. J. Cyst. Fibrosis.
2021, 21, 606–615.

148. Jain, A.; Barrile, R.; van der Meer, A.D.; Mammoto, A.; Mammoto, T.; De Ceunynck, K.; Aisiku, O.; Otieno, M.A.;
Louden, C.S.; Hamilton, G.A.; et al. Primary human lung alveolus on a chip model of intravascular thrombosis for
assessment of therapeutics. Clin. Pharmacol. Ther. 2018, 103, 332–340.

149. Jang, K.J.; Mehr, A.P.; Hamilton, G.A.; McPartlin, L.A.; Chung, S.; Suh, K.Y.; Ingber, D.E. Human kidney proximal
tubule-on-a-chip for drug transport and nephrotoxicity assessment. Integr. Biol. 2013, 5, 1119–1129.



150. Wang, J.; Wang, C.; Xu, N.; Liu, Z.F.; Pang, D.W.; Zhang, Z.L. A virus-induced kidney disease model based on organ-
on-a-chip: Pathogenesis exploration of virus-related renal dysfunctions. Biomaterials 2019, 219, 119367.

151. Kasendra, M.; Tovaglieri, A.; Sontheimer-Phelps, A.; Jalili-Firoozinezhad, S.; Bein, A.; Chalkiadaki, A.; Scholl, W.;
Zhang, C.; Rickner, H.; Richmond, C.A.; et al. Development of a primary human small intestine-on-a-chip using biopsy-
derived organoids. Sci. Rep. 2018, 8, 2871.

152. Donkers, J.M.; Amirabadi, H.E.; van de Steeg, E. Intestine-on-a-chip: Next level in vitro research model of the human
intestine. Toxicology 2021, 25, 6–14.

153. Sontheimer-Phelps, A.; Chou, D.B.; Tovaglieri, A.; Ferrante, T.C.; Duckworth, T.; Fadel, C.; Frismantas, V.; Sutherland,
A.D.; Jalili-Firoozinezhad, S.; Kasendra, M.; et al. Human colon-on-a-chip enables continuous in vitro analysis of colon
mucus layer accumulation and physiology. Cell Mol. Gastroenterol. Hepatol. 2020, 9, 507–526.

154. Brofiga, M.; Massobrio, P. Brain-on a-Chip: Dream or Reality. Front. Neurosci. 2022, 16, 837623.

155. Ma, J.; Wang, Y.; Liu, J. Bioprinting of 3D tissue/organs combined with microfluidics. RSC Adv. 2018, 8, 21712–21727.

156. Surappa, S.; Multani, P.; Parlatan, U.; Sinawang, P.D.; Kaifi, J.; Akin, D.; Demirci, U. Integrated microfluidic “lab-on-a-
chip” systems for isolation, enrichment and analysis of cancer biomarkers. Lab. Chip. 2023, 23, 2942–2958.

157. Gauri, S.; Ahmad, M.R. Detection of ctDNA in microfluidic platform: A promising biomarker for personalized cancer
chemotherapy. J. Sens. 2020, 2020, 8353674.

158. Campillo, N.; Oliveira, R.V.; da Palma, K.R. Alveolus Lung-On-A-Chip Platform: A Proposal. Chemosensors 2021, 9,
248.

159. Phan, D.T.T.; Wang, X.; Craver, B.M.; Sobrino, A.; Zhao, D.; Chen, J.C.; Lee, L.Y.N.; George, S.C.; Lee, A.P.; Hughes,
C.C.W. A vascularized and perfused organ-on-a-chip platform for large-scale drug screening applications. Lab. Chip
2017, 17, 511–520.

160. Rausch, M.; Iqbal, N.; Pathak, S.; Owston, H.E.; Ganguly, P. Organoid Models and Next-Generation Sequencing for
Bone Marrow and Related Disorders. Organoids 2023, 2, 123–139.

161. Rahmanian, M.; Hematabad, O.S.; Askari, E.; Shokati, F.; Bakhshi, A.; Moghadam, S.; Olfatbakhsh, A.; Al Sadat
Hashemi, A.; Ahmadi, M.K.; Naghib, S.M.; et al. A micropillar array-based microfluidic chip for label-free separation of
circulating tumor cells: The best micropillar geometry? J. Adv. Res. 2023, 47, 105–121.

162. Bai, J.; Wei, X.; Zhang, X.; Wu, C.; Wang, Z.; Chen, M.; Wang, J. Microfluidic strategies for the isolation and profiling of
exosomes, TrAC. Trends Anal. Chem. 2023, 158, 116834.

163. Agraval, H.; Chu, H.W. Lung Organoids in Smoking Research: Current Advances and Future Promises. Biomolecules
2022, 12, 1463.

164. Varone, A.; Nguyen, J.K.; Leng, L.; Barrile, R.; Sliz, J.; Lucchesi, C.; Wen, N.; Gravanis, A.; Hamilton, G.A.; Karalis, K.;
et al. A novel organ-chip system emulates three-dimensional architecture of the human epithelia and the mechanical
forces acting on it. Biomaterials 2021, 275, 120957.

165. Liu, Y.; Yang, Q.; Zhang, H.; Han, S.; Liu, N.; Ren, H.; Guo, H.; Xu, F. Construction of cancer-on-a-chip for drug
screening. Drug Discov. Today 2021, 26, 1875–1890.

166. Sontheimer-Phelps, A.; Hassell, B.A.; Ingber, D.E. Modelling cancer in microfuidic human organs-on-chips. Nat. Rev.
Cancer 2019, 19, 65–81.

167. Mohgan, R.; Candasamy, M.; Mayuren, J.; Singh, S.K.; Gupta, G.; Dua, K.; Chellappan, D.K. Emerging Paradigms in
Bioengineering the Lungs. Bioengineering 2022, 9, 195.

168. Zamprogno, P.; Wüthrich, S.; Achenbach, S.; Thoma, G.; Stucki, J.D.; Hobi, N.; Schneider-Daum, N.; Lehr, C.M.;
Huwer, H.; Geiser, T.; et al. Second-generation lung-on-a-chip with an array of stretchable alveoli made with a
biological membrane. Commun. Biol. 2021, 4, 168.

169. Thakare, K.; Jerpseth, L.; Pei, Z.; Elwany, A.; Quek, F.; Qin, H. Bioprinting of Organ-on-Chip Systems: A Literature
Review from a Manufacturing Perspective. J. Manuf. Mater. Process. 2021, 5, 91.

170. Monteduro, A.G.; Rizzato, S.; Caragnano, G.; Trapani, A.; Giannelli, G.; Maruccio, G. Organs-on-chips technologies—A
guide from disease models to opportunities for drug development. Biosen. Bioelectron. 2023, 231, 115271.

171. Hassell, B.A.; Goyal, G.; Lee, E.; Sontheimer-Phelps, A.; Levy, O.; Chen, C.S.; Ingber, D.E. Human Organ Chip Models
Recapitulate Orthotopic Lung Cancer Growth, Therapeutic Responses, and Tumor Dormancy in vitro. Cell Rep. 2018,
23, 3698.

172. Sengupta, A.; Roldan, N.; Kiener, M.; Froment, L.; Raggi, G.; Imler, T.; de Maddalena, L.; Rapet, A.; May, T.; Carius, P.;
et al. A New Immortalized Human Alveolar Epithelial Cell Model to Study Lung Injury and Toxicity on a Breathing Lung-
OnChip System. Front. Toxicol. 2022, 4, 840606.



173. Low, L.A.; Mummery, C.; Berridge, B.R.; Austin, C.P.; Tagle, D.A. Organs-on-chips: Into the next decade. Nat. Rev.
Drug Discov. 2021, 20, 345–361.

174. Shang, M.; Soon, R.H.; Lim, C.T.; Khoo, B.L.; Han, J. Microfluidic modelling of the tumor microenvironment for anti-
cancer drug development. Lab. Chip 2019, 19, 369–386.

175. Portillo-Lara, R.; Annabi, N. Microengineered cancer-on-a-chip platforms to study the metastatic microenvironment.
Lab. Chip 2016, 16, 4063–4081.

176. Zhang, J.; Gao, X. Biomimetic lung-on-a-chip to model virus infection and drug evaluation. Eur. J. Pharm. Sci. 2023,
180, 106329.

177. Du, Z.; Mi, S.; Yi, X.; Xu, Y.; Sun, W. Microfluidic system for modelling 3D tumour invasion into surrounding stroma and
drug screening. Biofabrication 2018, 10, 034102.

178. Yang, X.; Li, K.; Zhang, X.; Liu, C.; Guo, B.; Wen, W.; Gao, X. Nanofiber membrane supported lung-on-a-chip
microdevice for anti-cancer drug testing. Lab. Chip 2018, 18, 486–495.

179. Khalid, M.A.U.; Kim, Y.S.; Ali, M.; Lee, B.G.; Cho, Y.J.J.; Choi, K.H. A lung cancer-on-chip platform with integrated
biosensors for physiological monitoring and toxicity assessment. Biochem. Eng. J. 2020, 155, 107469.

180. Dhiman, N.; Shagaghi, N.; Bhave, M.; Sumer, H.; Kingshott, P.; Rath, S.N. Indirect co-culture of lung carcinoma cells
with hyperthermia-treated mesenchymal stem cells influences tumor spheroid growth in a collagen-based 3-
dimensional microfluidic model. Cytotherapy 2021, 23, 25–36.

181. Kang, T.; Park, C.; Meghani, N.; Tran, T.T.D.; Tran, P.H.L.; Lee, B.J. Shear stress-dependent targeting efficiency using
self-assembled gelatin–oleic nanoparticles in a biomimetic microfluidic system. Pharmaceutics 2020, 12, 555.

182. Tian, C.; Zheng, S.; Liu, X.; Kamei, K.I. Tumor-on-a-chip model for advancement of anti-cancer nano drug delivery
system. J. Nanobiotechnol. 2022, 20, 338.

183. Gonçalves, I.M.; Carvalho, V.; Rodrigues, R.O.; Pinho, D.; Teixeira, S.F.C.F.; Moita, A.; Hori, T.; Kaji, H.; Lima, R.;
Minas, G. Organ-on-a-Chip Platforms for Drug Screening and Delivery in Tumor Cells: A Systematic Review. Cancers
2022, 14, 935.

184. Lahiri, A.; Maji, A.; Potdar, P.D.; Singh, N.; Parikh, P.; Bisht, B.; Mukherjee, A.; Paul, M.K. Lung cancer immunotherapy:
Progress, pitfalls, and promises. Mol. Cancer 2023, 22, 40.

185. Vollertsen, R.; de Boer, D.; Dekker, S.; Wesselink, B.A.M.; Haverkate, R.; Rho, H.S.; Boom, R.J.; Skolimowski, M.;
Blom, M.; Passier, R.; et al. Modular operation of microfluidic chips for highly parallelized cell culture and liquid dosing
via a fluidic circuit board. Microsyst. Nanoeng. 2020, 6, 107.

186. Pu, Y.; Ji, Q. Tumor-Associated Macrophages Regulate PD-1/PD-L1 Immunosuppression. Front. Immunol. 2022, 13,
874589.

187. Bocanegra, A.; Fernandez-Hinojal, G.; Zuazo-Ibarra, M.; Arasanz, H.; Garcia-Granda, M.J.; Hernandez, C.; Ibañez, M.;
Hernandez-Marin, B.; Martinez-Aguillo, M.; Lecumberri, M.J.; et al. PD-L1 expression in systemic immune cell
populations as a potential predictive biomarker of responses to PD-L1/PD-1 blockade therapy in lung cancer. Int. J.
Mol. Sci. 2019, 20, 1631.

188. Tanvetyanon, T.; Gray, J.E.; Antonia, S.J. PD-1 checkpoint blockade alone or combined PD-1 and CTLA-4 blockade as
immunotherapy for lung cancer? Expert Opin. Biol. Ther. 2017, 17, 305–312.

189. Goding, S.R.; Wilson, K.A.; Rosinsky, C.; Antony, P.A. PD-L1- independent mechanisms control the resistance of
melanoma to CD4(+) T cell adoptive immunotherapy. J. Immunol. 2018, 200, 3304–3311.

190. Gettinger, S.; Choi, J.; Hastings, K.; Yruini, A.; Datar, I.; Sowell, R.; Wurtz, A.; Dong, W.; Cai, G.; Melnick, M.A.; et al.
Impaired HLA class I antigen processing and presentation as a mechanism of acquired resistance to immune
checkpoint inhibitors in lung cancer. Cancer Discov. 2017, 7, 1420–1435.

191. Rossi, R.; De Angelis, M.L.; Xhelili, E.; Sette, G.; Eramo, A.; De Maria, R.; Cesta Incani, U.; Francescangeli, F.; Zeuner,
A. Lung Cancer Organoids: The Rough Path to Personalized Medicine. Cancers 2022, 14, 3703.

192. Jin, Y.; Xue, Q.; Shen, X.; Zheng, Q.; Chen, H.; Zhou, X.; Li, Y. PD-L1 expression and comprehensive molecular
profiling predict survival in nonsmall cell lung cancer: A real-world study of a large Chinese cohort. Clin. Lung Cancer
2022, 3, 43–51.

Retrieved from https://encyclopedia.pub/entry/history/show/114489


