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Lung cancer remains one of the leading causes of cancer-related mortality worldwide, with late-stage diagnosis
and the limited regenerative capacity of lung tissue posing significant challenges to effective treatment options.
As a result, lung tissue engineering has emerged as a promising path for developing regenerative therapies,
creating lung models, and repairing tissue damage. Among current approaches, electrospinning and three-
dimensional (3D) bioprinting have gained attention for their ability to fabricate biomimetic scaffolds, which
are engineered 3D structures designed to replicate biological properties, that support cellular growth and tis-
sue organization. Electrospinning produces nanofibrous structures in the extracellular matrix that promote
structural support for lung cells and model lung tissue structures, providing valuable information about cell-
cell interactions in cancer. However, limitations in controlling tissue structure and in preventing cell damage
restrict its ability to fully replicate the lungs. In contrast, 3D bioprinting, where researchers use 3D bioprinters
equipped with bioink containing lung cells, can replicate spatially organized constructs like vascularized tissue
models and airway structures for modeling, yet challenges remain. Limited resolution, bioink constraints, and
the inability to reproduce fully functional lung systems are significant barriers. Therefore, it is important to
evaluate the strengths and limitations of electrospinning and 3D bioprinting in the context of lung tissue engi-
neering. This requires considering the technical and biological risks associated with these methods in clinical
applications, and how these issues can be addressed through further scientific advancements.
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Lung cancer origin and development

UNG cancer is the second most commonly occurring
L cancer and the primary cause of cancer-related
deaths worldwide, with 2.2 million new cases and 1.8
million deaths as a result every year (World Health
Organization 2026). Certain factors increase the in-
cidence of carcinogenesis, the biological process by
which healthy cells are transformed into cancer cells,
depending on the country a patient is located. For
example, in more developed nations, cultural smok-
ing patterns have resulted in rising rates of lung can-
cer in women, while developing economies struggle
with environmental exposure to air pollution. Study-
ing lung cancer epidemiology will identify which pop-
ulations are most affected by lung cancer, and where
to prioritize novel treatment methods (Barta et al,,

2019). Unfortunately, almost 60% of patients are di-
agnosed at advanced stages where treatment is diffi-
cult and lung transplant is unfeasible (Polonio-Alcala
et al,, 2022). Furthermore, because lungs struggle to
regenerate tissue, treating severe lung injury is com-
plicated. Thus, ongoing studies emphasize lung tis-
sue engineering not only as a path toward future bio-
engineered lung transplant through ex vivo-engineered
lung tissues, but also for repairing localized damage as
a result of lung cancer and developing reliable in vitro
lung cancer models (Torkashvand et al., 2024, Polonio-
Alcala et al., 2022). Along with lung cancer’s complica-
tions themselves, lung cancer metastasis creates fur-
ther harms, which emphasize the importance of com-
prehensive treatment. Lung cancer metastasis is the
process in which the primary tumor in the lung spreads
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to other areas in the body, with the most common sites
being brain, bone, lymph nodes, and liver. Lung cancer
metastasis is controlled by a variety of factors, includ-
ing interactions in the lung cancer microenvironment,
epithelial mesenchymal transition transformation, and
metastasis through the blood or lymph system (Xie et
al, 2021). Lung cancer is one of the most frequent tu-
mors to metastasize to the brain, with brain metastasis
being the major cause of patient morbidity and mortal-
ity; therefore, addressing lung cancer at its root is cru-
cial to preventing many more additional deaths (Souza
etal, 2023).

Lung cancer has generally been classified into two
principal groups: small versus non-small cell type,
where further immunohistochemical markers (spe-
cific proteins or antigens pathologists find and iden-
tify in tissue samples to understand more about a dis-
ease) have helped specify the differences between in-
vasive adenocarcinomas, which are cancers that orig-
inate in the glandular cells, and pre-invasive lesions
(Siddique et al, 2024). Since then, scientists have
identified over 50 histomorphological subtypes, but
the most well-known are non-small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC), with NSCLC
being more prevalent, making up 85% of total lung can-
cer cases. However, the remaining SCLC cases have
a poorer prognosis, with high relapse rates and low
overall survival. Of NSCLC, the three subtypes include
adenocarcinoma, 38.5% of all lung cancer, squamous
cell carcinoma—20%—and large cell carcinoma, at
less than 3% (Barta et al., 2019; Siddique et al., 2024).

Electrospinning

Currently, biomarker detection, which is the process of
testing blood, bodily fluids, or tissues to detect circu-
lating tumor cells, proteins, and biological molecules
indicating the presence of cancer, is standard for lung
cancer treatment. These include autoantibodies, mi-
croRNA, methylated DNA, and proteins. However, de-
spite being specific, they are not sensitive, meaning
testing has a high rate of false negatives. Further-
more, biopsy tissue samples are often not suitable for
biomarker testing—advancing blood marker testing
or exhaled breath biomarker testing could potentially
obviate the need for tissue tests (Zarinshenas et al,,
2023). Another lung cancer treatment approach lies in
lung tissue regeneration. Though this approach is lim-
ited, one method involves lung regeneration stem cell
therapies, which aim to repair damaged respiratory
tissue by using stem cells to reduce inflammation and
stop tissue scarring. These therapies are currently re-
stricted to clinical trials, but the complex architecture
of lung tissue and issues integrating treatments into
existing tissue pose difficulties rebuilding lung tissue
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Figure 1. Electrospinning mechanism. Electrospinning
uses a high-voltage power supply to create electrical
forces, drawing charged polymer threads from a syringe.
The syringe pump is a motorized device that secures a sy-
ringe and controls the plunger to draw polymer threads
at a specific, constant rate. The nanofibers are typically
collected on a plate, but can also be collected on rotating
drums or disks to enable specific fiber alignments.

(STEMS Health Regenerative Medicine, 2025). Elec-
trospinning offers solutions to many barriers of cur-
rent treatments. Electrospinning, which uses electri-
cal forces to draw charged threads from polymer solu-
tions or melts, produces ultrafine filaments called elec-
trospun fibers with diameters ranging from nanome-
ters to micrometers (Figure 1). These fibers can create
materials with superior characteristics since they can
closely resemble human tissues (Fluidnatek, 2023).
Electrospinning is unique in that their scaffolds can be
fabricated to a large range of sizes, making it ideal for
mimicking lung tissue’s fiber and mechanical proper-
ties. To encourage successful tissue transplantation,
researchers can also combine growth factors into these
scaffolds, which increase the rate of tissue formation.
Finally, electrospinning is relatively simple, low-cost,
and very adaptable compared to other tissue engineer-
ing methods (Shakir et al.,, 2022).

Electrospinning has multiple applications in further-
ing lung cancer treatment. By developing an accu-
rate in vitro lung cancer model, researchers can more
effectively identify new biomarkers and develop new
therapies for lung cancer. That is because electrospin-
ning can cost-effectively produce scaffolds that resem-
ble the extracellular matrix (ECM) of the lung (Polonio-
Alcala et al,, 2022). Nanofibers stand out among bioac-
tive molecules because of their compositional diver-
sity, structural flexibility, and exceptional functional-
ity -(Flores-Rojas et al.,, 2023). While researchers have
obtained a range of valuable information from conven-
tional in vitro 2D studies, which are laboratory exper-
iments where living cells are grown in a flat, single
layer on a rigid surface (typically a glass or plastic Petri
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dish), 3D models are becoming increasingly necessary
to capture the cell-cell communications and cell-matrix
interactions in cancer. Electrospun nanofiber scaffolds
offer an alternative artificial 3D matrix because they
can mimic the composition of ECM and have high bio-
chemical stimuli versatility (Chen et al., 2019).

In the realm of cancer biomarker detection, elec-
trospun nanofibers are useful for biosensor develop-
ment due to their high surface-to-volume ratio and
low molecular-level defects (Chen et al., 2019). Tradi-
tional diagnostic methods typically lack the sensitivity
to detect low-abundance biomarkers, but electrospun
nanofibers can mimic the ECM’s architecture, enabling
researchers to functionalize them with biomolecular
probes (such as antibodies or aptamers) to improve
sensitivity to specific markers (Fluidnatek, 2023). For
example, hollow electrospun fibers have a larger sur-
face area and porosity, and are frequently used to pre-
pare gas sensors when combined with gas-sensitive
materials. The hollow structure of these fibers not
only aids in gas sensing but also permits the loading
of other sensing elements to improve performance. In
lung cancer, acetone in exhaled breath can serve as a
biomarker, and these fibers can significantly improve
detection. In comparison to film-based systems for
biosensing, nanofiber-based systems improve perfor-
mance nearly ten times, demonstrating more effective
analytical capabilities. Indeed, electrospinning posi-
tions nanofibers to have broader applications in can-
cer detection by addressing equipment and procedure
costs while also providing high reliability (Zhou et al,,
2024).

For example, folate receptor alpha is expressed
in 74% of lung adenocarcinomas and serves as a
useful diagnostic marker for NSCLC (O’Shannessey
et al, 2012). In 2018, Wang et al. prepared one-
dimensional CuO-NiO/C nanofibers using electrospin-
ning, along with other heat treatment techniques.
These nanofibers, conjugated with folic acid, success-
fully detected folate receptor-positive cancer cells, ex-
hibiting suitable clinical applicability and high sensi-
tivity for detecting cancer cells in whole blood (Zhou
etal, 2024, Wang et al., 2018).

Furthermore, electrospinning facilitates advances in
lung tissue regeneration. In 2011, Lee et al. discov-
ered that hybrid scaffolds could create an environ-
ment instrumental in lung tissue growth and regener-
ation. However, the complex 3D structure and func-
tion of the natural ECM, providing a microenviron-
ment of the cell mechanism, have been historically dif-
ficult to replicate with these scaffolds. Electrospin-
ning’s ability to closely fabricate cell activity and tissue
integrity played a role in advancing hybrid scaffolding
due to nanofibers’ versatile and efficient manufactur-

ing technique, high porosity, and pore interconnectiv-
ity (Torkashvand et al., 2024; Abel et al., 2020). Most
importantly, ideal tissue-engineered scaffolds should
behave similarly to targeted tissue ECM to facilitate
growth, and electrospinning can recreate nanofibers
almost identical to native nanofibrillar because of their
similar aspect ratios (over 1:20) and size-scale (Xing et
al, 2023).

3D bioprinting

Tissue engineering hinges heavily on in vitro model-
ing of the airways and respiratory system, crucial for
research in lung cancer. While the construction of
biomimetic native airways with tissue-specific func-
tion is difficult, bioprinting is a promising technol-
ogy for the development of lung models. As shown
in Figure 2, 3D printing uses bioink to accurately de-
posit cells and other molecules into printed constructs
(Zhang et al,, 2024). In addition, 3D bioprinting has
been more successful in replicating the architecture
and physicochemical properties of the tumor microen-
vironment of lung cancer than traditional 2D cell cul-
ture systems (Xu et al, 2025). Bioinks are gener-
ally natural, synthetic, or compound, each consisting
of different materials (Zhang et al., 2024). Natural
bioinks are made up of various natural sources that
are not native to the ECM, such as alginate, cellulose,
collagen, gelatin. The properties of these materials
allow for cellular interaction and motility (the ability
to move autonomously using metabolic energy), have
little host response, and are also biodegradable and
bioabsorbable. Natural biomaterial-based bioinks can
recreate the viscoelasticity of the lungs, especially the
alveolar area. However, these bioinks “have lower
printability compared to synthetic polymers and may
not transition from ink to gels efficiently” (Dabaghi et
al,, 2023). On the other hand, synthetic biomaterials
have high flexibility, beneficial for tuning and chemi-
cal modification. Materials include Polycaprolactone
(PCL), Polyurethane (PU), poly(sebacoyl Diglyceride)
(PSeD), and polylactic acid (PLA). When constructing
tracheal tissue, PCL can be printed into fibrous net-
works to mimic the hollow tissue, where microscale
pores support nutrient diffusion. However, though
synthetic bioinks are easy to print and customize, they
do not fully imitate native tissues due to their lack
of bioactivity. Limited cellular interactability creates
challenges replicating the functions of native tissues,
reducing its stability and functionality. Lastly, com-
pound bioinks blend natural and synthetic polymers to
create stable structures with the benefits of both pre-
viously mentioned bioinks, supporting cellular adhe-
sion and 3D bioprinting’s mechanical qualities. As 3D
bioprinting technology improves, more strategies will
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continue to enhance the potential to model functional
tissues and organs (Zhang et al., 2024).

There are several techniques used in 3D bioprinting,
each offering their own unique advantages to generat-
ing living tissue constructs. Extrusion-based bioprint-
ing delivers bioink layer by layer through a needle-like
nozzle into the lungs. This method can be applied to a
broad range of cells and growth factors, but it can po-
tentially damage cells due to the stress of the extrusion
process. Consequently, the design of bioinks, includ-
ing their “rheological properties, viscoelasticity, sur-
face tension, gelation mechanisms” needs to be consid-
ered, as well as the pressure, speed, and temperature
of the nozzle used (Zhang et al., 2024).

In a 3D model printed by Wang et al, it was
shown that the overexpression of vimentin, a-SMA,
and the loss of E-cadherin -, promotes Epithelial-to-
Mesenchymal Transition (EMT), where cancer cells
lose rigidity and move to invade surrounding tissues,
in lung cancer. This - reveals that 3D models can
effectively simulate the interactions between tumor
cells and the matrix. Specifically, it was noted that
a SA-GL hydrogel-based bioprinting model of NSCLC
patient-derived xenograft cells can reduce severe dam-
age to cancer cells caused by temperature and pres-
sure changes. Aragaw Gebeyehu et al. built on these
findings and demonstrated that bioink using a non-
xenogeneic VitroGel system could print modified ink
H4-RGD at extrusion pressures of 25-40 kPa, display-
ing 90% cell viability and quick recovery properties,
preventing the need for UV curing or temperature reg-
ulation (Li et al., 2023).

Digital light procession (DLP) bioprinting, contrar-
ily, cures a liquid using a digitally controlled ultravio-
let light source, enabling more precisely printed struc-
tural features compared to other methods. The reso-
lution in light-based bioprinting is high, even in sub-
micrometer scales depending on the characteristics
of the photopolymerizable materials (photoresins).
However, while high intensities may speed up poly-
merization, they generate heat harmful to cell viabil-
ity. Luckily, these effects can be balanced by optimiz-
ing photo-initiator type, light exposure time and inten-
sity, and bioink components (Zhang et al., 2024).

One such example of a 3D model was used to repli-
cate the interfacial structures and matrix stiffness of
NSCLC lung cancer tissue and adjacent normal tissue.
Xu et al. wondered whether a reduction in CCN1 ex-
pression within soft matrices could reduce the migra-
tory and proliferative capabilities of tumor cells. As a
result of 3D bioprinting, researchers were able to ob-
serve how the matrix stiffness of normal tissue com-
pared to cancerous tissue impacted tumor prolifera-
tion, drug sensitivity, and the role of the CCN1 gene.
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Using DLP-based 3D bioprinting, a bioink was formu-
lated to mimic the ECM components and stiffness of the
two tissue types. It was demonstrated that a reduction
in CCN1 expression within soft matrices can reduce tu-
morigenesis, validating the potential of chemothera-
peutic and immunotherapeutic treatment options (Xu
etal, 2025).

Next steps

In the future, the combination of 3D printing technol-
ogy and electrospinning could be a path forward to-
ward more accurate and complex 3D cancer models, fa-
cilitating the translation of therapeutic drugs into clin-
ical trials (Chen et al., 2019). However, several limita-
tions exist that impact the viability of these techniques.
Though electrospun 3D models have great poten-
tial, they are limited by their inability to mimic certain
cell activities, including heterotypic cell-cell signaling,
cell motility, tumor cell metabolism, and biomechani-
cal stimulation, which is critical in tumor progression
and metastasis. Because cancer can spread through-
out the body, breaking away from the primary tumor to
form tumors in other parts of the body, a static model
might not fully represent how lung diseases might
progress. Furthermore, they are unable to be scaled
up and have high levels of variability between batches,
limiting their wide employment for high-throughput
drug screening. Because they cannot replicate a na-
tive tumor microenvironment either, especially their
complexity and diversity, further research is neces-
sary (Chen et al,, 2019). Nevertheless, there has been
some progress: researchers have discussed using na-
tive ECM in the solution or fusion of electrospinning,
incorporating bioactive molecules, and biofunctional-
ization postprocessing. These approaches offer more
similarity to ECM components and better support cell
adhesion and proliferation (Politi et al., 2020).
Furthermore, electrospun biosensors are limited by
their sensitivity, size distribution unevenness, mor-
phology control, experimental conditions, cost, and
biocompatibility. In the future, scientists can re-
search new nanomaterials to enhance biosensor sensi-
tivity, multi-marker detection, improved communica-
tion speed, and further integration into biomedical en-
gineering. For example, wearable devices could mon-
itor real-time symptoms. Finally, these sensing plat-
forms are expected to be commercialized for detec-
tion of diseases, hopefully alleviating the cost burden
of electrospun biosensing (Zhou et al., 2024).
Electrospinning’s role in scaffolding and tissue gen-
eration is also limited by their limited thickness, small
pore size, and poor mechanical properties, meaning
they do not effectively recapitulate cellular organiza-
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Figure 2. Extrusion vs. DLP bioprinting mechanisms. Both extrusion and DLP 3D bioprinting utilize bioink consist-
ing of living cells, biocompatible materials (hydrogels), and biomolecules. In extrusion bioprinting, a computer-
controlled extruder pumps out bioink through a nozzle to build layers upon layers of filament. The computer con-
trols both the rate of material deposition and the nozzle position to achieve the print design. DLP bioprinting also
uses a layer-by-layer process, but a light source projects a still image of each layer onto a light-sensitive liquid, cre-
ating a chemical reaction that causes liquid to cure where the light is illuminated.

tion and cell interactions in vivo despite their success in
recreating morphological and nanotopographical fea-
tures. Moreover, their lack of vascularization limits
clinical translation, leading to weak tissue repair and
regeneration, along with their inability to repair tis-
sues with higher dimensions (millimeters to centime-
ters) (Abel et al.,, 2020).

However, advancements have been made using “di-
verse methodologies involving one or more materi-
als and phases” to increase flexibility, biocompatibility,
and programmability. These solutions involve broadly
exploring biocompatible and biodegradable polymeric
materials that can better replicate living tissue func-
tion (Flores-Rojas et al., 2023). For example, Abel et
al. 2020 outlines several techniques to enhance in-
dustrial scaling and novel applications: porogen leach-
ing can create larger pores in fibers using salt parti-
cles, polymers, or ice crystals; and gas foaming uti-
lizes a blowing/foaming agent to cost-effectively cre-
ate 3D porous matrices with a controllable architec-
ture. Other techniques can also increase the variabil-
ity of micro/nanofibrous materials, including electro-
spraying (Abel et al., 2020). Indeed, the combina-
tion of natural and synthetic polymers can enhance the
biocompatibility and structural properties of scaffolds,
thereby promoting tissue regeneration and enhancing

cell adhesion and growth (Politi et al., 2020). These ap-
proaches can aid in the clinical translation of electro-
spinning technology.

In terms of 3D bioprinting, some theoretical bot-
tlenecks include how alveoli structures are extremely
complex and thin-walled, requiring precise implemen-
tation of alveolar and capillary endothelial cells (Zhang
et al., 2024). Due to these dimensions, there are cur-
rently no 3D bioprinting technologies that can gener-
ate functional alveoli-like 3D structures with cells, but
strategies are being pursued on other models larger
than the human lung (Dabaghi et al., 2023). Another
difficulty is how challenging it is to accurately repro-
duce the branching morphology of airways, which are
lined with epithelial cells. Lastly, bioprinted tissues of-
ten need to be compatible with the immune system to
avoid rejection, which is the biggest barrier currently
impacting bioprinting’s workability. When Kaye et al.
attempted to implant tracheal replacement grafts into
several rabbits (chosen for relatively similar dimen-
sions compared to the human lungs), most developed
respiratory issues, demonstrating that immunocom-
patibility still poses a barrier to in vivo implantation
(Kaye et al.,, 2019). Additional technical bottlenecks
include how current bioprinting techniques have in-
adequate resolution and struggle to print multiple cell
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types at once. Moreover, bioprinted products need to
mimic lungs’ mechanical functions like elasticity and
compliance, which has not yet been achieved. Finally,
scaling up the bioprinting process needs to account for
reproducibility and quality control, which poses a sig-
nificant obstacle to clinical translation (Zhang et al,
2024).

Indeed, 3D bioprinting still has a long way to go in
achieving clinical translation. The source of cells is
a deep concern relating to immune rejection. While
patient-derived cells present the best-case scenario in
terms of immune response, the feasibility and time
taken to expand the cells in the laboratory at scale is an
extensive process. An alternative is induced pluripo-
tent stem cells (iPSCs), which are isolated from skin
cells and isolated into stem cells to differentiate into
different types of cell. However, this method still does
not solve how long the process would take in a clini-
cal setting. If scientists manage to achieve a biologi-
cal breakthrough by establishing a synthetic or genet-
ically modified iPSC that is compatible with most hu-
mans, then bioprinted tissues may very much be com-
mercially achievable, solving duration and immune re-
sponse challenges (Vijayavenkataraman, 2023).

Last, but not least, ethical concerns must be taken
into account and suitably addressed. Bioprinted prod-
ucts are still not subject to specific regulatory guide-
lines for their use. The US FDA released a draft policy
in 2016, but additional laws must be put into place. It
is difficult to classify what bioprinting exactly is, as its
fabrication involves multiple, complex moving parts.
The product could include a 3D-printing scaffold made
out of synthetic biopolymer functionalized with cer-
tain drugs, complete with human-derived cells. Given
these possibilities, it becomes hard to approve such a
product. Moreover, a perfect recipe for bioinks has not
yet been developed. While there have been many at-
tempts, a solution is still far away (Vijayavenkatara-
man, 2023). In addition, many clinical trials would
be necessary to eliminate the associated risks of 3D
bioprinting. However, each bioproduct would be fab-
ricated for a specific patient, meaning that standard
double-blind randomization studies cannot be applied
to testing, and results could not necessarily be extrap-
olated into future treatments. Safety cannot be tested
on other individuals, so each volunteer would become
the first patient (Kirillova et al., 2020).

To overcome many of these challenges, artificial in-
telligence (Al) and big data are crucial to the field.
As doctors, biologists, and engineers work with mate-
rial scientists to develop new “multi-material compos-
ite bioinks, mix functional materials and cells in spe-
cific proportions to create bionic structures and en-
hance the physiological functions of tissues”, Al can
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analyze large swaths of data to quickly design ratio-
nal designs for airways and lungs, allowing for the
quick and accurate manufacturing of bioprinted tis-
sues. Altogether, further advancing 3D bioprinting
requires the efforts of multiple fields and interdisci-
plinary collaboration to break into a new stage of clin-
ical application. The faster technical barriers are over-
come, the easier it will be to classify 3D bioprinting
and create a set of regulatory guidelines (Zhang et
al, 2024). However, it is worth noting that Al has
multiple drawbacks. In addition to the fact that the
existing lung datasets are mostly derived from tis-
sue or pathological sections with a lack of stem cell-
differentiation/proliferation process datasets, “limited
experimental results with narrow sources and small
scales” result in high variability, “reducing the gener-
alization capacity of Al models.” This significantly low-
ers the reliability of big data in a clinical setting, which
requires high precision. While solutions are not per-
fect, establishing models capable of adapting to vari-
ous working scenarios will reduce the cost of Al and
increase accuracy (Zhang et al., 2025).
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