Pre prints.org

Review Not peer-reviewed version

High-Throughput 3D Bioprinted
Organoids of Skin Cancer Utilized for
Diagnosis and Personalized Therapy

Arvind Kumar Shukla "t , Sandhya Shukla t , Sayan Deb Dutta , Raj Kumar Mongre i

Posted Date: 18 September 2025
doi: 10.20944/preprints202509.1577v1

Keywords: 3D bioprinting; skin cancer organoids; high-throughput screening; personalized therapy; tumor
microenvironment; precision oncology

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/1508968
https://sciprofiles.com/profile/4242719
https://sciprofiles.com/profile/582118
https://sciprofiles.com/profile/2624573

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1577.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

High-Throughput 3D Bioprinted Organoids of Skin
Cancer Utilized for Diagnosis and Personalized
Therapy

Arvind Kumar Shukla ***, Sandhya Shukla 2, Sayan Deb Dutta 345 and Raj Kumar Mongre 6*

1 School of Biomedical Convergence Engineering, Pusan National University, Yangsan-50612, Republic of
Korea

2 Department of Pharmacology, Bharti Vidyapeeth Deemed University Medical College, Pune — 411043, India

3 Department of Biosystems Engineering, Kangwon National University, 24341, Chuncheon, Republic of
Korea

4 Institute of Forest Science, Kangwon National University, 24341, Chuncheon, Republic of Korea

5 School of Medicine, University of California, Davis, 95817, Sacramento, United States

¢ Department of Surgery, Boston Children’s Hospital, Harvard Medical School, Harvard University, 300
Longwood Ave, Boston, MA 02115, USA

* Correspondence: arvindkumarshukla@pusan.ac.kr (A.K.S.); raj. mongre@childrens.harvard.edu (R K.M.)

t These authors contributed equally to this work.

Abstract

Skin cancer remains a major global health burden, necessitating more accurate models for
understanding disease mechanisms, drug responses, and patient variability. Recent advancements in
three-dimensional (3D) bioprinting have enabled the development of high-throughput, patient-
specific organoids that closely mimic the structural and functional characteristics of native skin
tumors. This review highlights the integration of 3D bioprinting technologies with bioengineered
extracellular matrices and patient-derived cells to fabricate skin cancer organoids for diagnostic
screening and personalized medicine applications. We discuss key bioinks, printing strategies, and
biomimetic approaches used to replicate the tumor microenvironment, as well as the incorporation
of immune and stromal components for enhanced physiological relevance. The utility of these
organoids in high-throughput drug screening, mutation-specific therapy design, and biomarker
discovery is also evaluated. Furthermore, we explore current challenges and future directions for
translating bioprinted skin cancer models into clinical workflows. Collectively, this review
underscores the transformative potential of 3D bioprinted organoids in the precision oncology
landscape for skin cancer.

Keywords: 3D bioprinting; skin cancer organoids; high-throughput screening; personalized therapy;
tumor microenvironment; precision oncology

1. Introduction

The most common cancer in the world, skin cancer, includes a wide range of neoplastic
conditions that originate from different types of skin cells. The three main types are melanoma,
squamous cell carcinoma (SCC), and basal cell carcinoma (BCC). Although melanoma is less
common, it accounts for the majority of skin cancer-related deaths. Different cellular lineages give
rise to these cancers: melanocytes cause melanoma, squamous cells cause SCC, and basal
keratinocytes cause BCC [1-3]. Melanoma is particularly aggressive among them because of its high
potential for metastasis, intricate mutational landscape, and ability to evade the immune system. Skin
cancer has a complex etiology that includes both environmental and genetic factors. The most
important risk factor is still ultraviolet (UV) radiation from sunshine, which can cause DNA damage,
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mutations in tumor suppressor genes like TP53, and the activation of oncogenes like BRAF, NRAS,
and CDKN2A [4-6]. Tumor initiation and progression are also influenced by immunosuppression,
chronic inflammation, and carcinogen exposure. Cancer cell survival, drug resistance, and immune
escape are all significantly aided by the tumor microenvironment (TME), which is made up of stromal
cells, immune cells, extracellular matrix (ECM), and signaling molecules. The genetic, phenotypic,
and epigenetic diversity of skin cancers has been revealed by recent developments in genomics and
molecular biology. Effective diagnosis and treatment are severely hampered by this complexity.
Although targeted treatments (e.g., G. immune checkpoint inhibitors (e.g., BRAF and MEK inhibitors)
[7-9]. Although anti-PD-1/PD-L1 treatments have greatly improved outcomes for patients with
metastatic melanoma, many still experience resistance or relapse. Therefore, to screen for customized
treatment regimens and gain a better understanding of tumor behavior, it is imperative to develop
trustworthy, patient-representative preclinical models [10-14].

The skin is the largest and most physiologically diverse organ in the human body and is
responsible for barrier protection, immune modulation, thermoregulation, and sensory recognition.
Its unique, multilayered structure is directly related to these critical functions, as shown in Figure
1(A) [15]. The skin is composed of three main layers: the epidermis, which contains proliferative basal
keratinocytes, melanocytes that are involved in pigmentation and UV defense, and antigen-
presenting Langerhans cells, the dermis, which provides structural support and elasticity through
collagen and elastin and houses blood vessels, nerve endings, and adnexal structures, and the
hypodermis, which contains adipose tissue that is necessary for energy storage, insulation, and
mechanical cushioning. Skin cancer is caused by the malignant transformation of these components,
often caused by ultraviolet (UV) radiation. The three most common types of skin cancer are basal cell
carcinoma (BCC), squamous cell carcinoma (SCC), and melanoma. The most common and least active
form of BCC is basal keratinocytes, which are derived from the basal keratinocytes. SCC is more
superficial and more likely to cause metastasis.
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Figure 1. Structural and mechanistic insights into skin tissue and UV-induced skin cancer development. (A)
Mlustration of the anatomical structure of skin tissue, depicting its key layers and cellular components involved
in maintaining skin integrity and function [15]. (B) Conceptual framework outlining how ultraviolet (UV)
exposure contributes to skin cancer through disruption of the skin microbiome and skin-gut axis. UV radiation
compromises the skin barrier and alters the balance of commensal skin microbes. These changes, along with the

release of damage-associated molecular patterns (DAMPs), pathogen-associated molecular patterns (PAMPs),
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and microbial toxins, can lead to persistent inflammation and DNA damage. These pathological events promote
tumor initiation and progression. Immune cells—such as cytotoxic CD8+ T cells, regulatory T cells, and tumor-
associated macrophages—alongside their secreted cytokines and chemokines, play crucial roles in shaping the
immunosuppressive and pro-inflammatory tumor microenvironment. Additionally, microbial metabolites,
inflammatory mediators, and signaling molecules originating from the gut microbiota can circulate systemically,
influencing skin tumor development and progression from a distance, highlighting the interplay between the
gut and skin in cancer pathogenesis [16]. (C) Aggregated data from published meta-analyses presenting the
percentage of individuals who have ever used indoor ultraviolet radiation (UVR) tanning devices, reflecting
lifetime exposure trends [17]. (D) Compiled prevalence rates from meta-analyses reporting past-year usage of
indoor UVR tanning, emphasizing recent behavioral patterns related to artificial UV exposure and associated

cancer risks [17]. This section is adapted under the Creative Commons Attribution 4.0 (CC BY 4.0) license.

Melanoma is the most lethal form of melanocyte, and it is characterized by its aggressive
metastatic behavior and immune evasion capabilities. Merkel cell carcinoma, cutaneous lymphoma,
and Kaposi’s sarcoma are examples of rare but significant skin malignancies, and underscore the role
of immunosuppression and viral co-infection in skin carcinogenesis. The skin microbiota and gut-
skin axis are now being used to promote skin cancers, as shown in Figure 1(B) [16]. UV-induced
barrier disruption alters the commensal microbial balance, causing chronic inflammation through the
release of pathogen- and damage-associated molecular patterns (PAMPs and DAMPs) and microbial
toxins. These factors influence immune cell behavior (CD8+ T cells, regulatory T cells, and tumor-
associated macrophages) within the tumor microenvironment, promoting immune suppression,
proliferation, angiogenesis, and tumor progression. Additionally, gut-derived metabolites and
cytokines can enter systemic circulation and modulate skin immunity, indicating a complex
interaction between internal and external environments in cancer development [16]. Figure 1(C) and
Figure 1(D) indicate that indoor UVR tanning is a common risk factor for non-melanoma and
melanoma skin cancers worldwide, and that indoor UVR tanning is a common risk factor for non-
melanoma and melanoma skin cancers [17-19]. Wehner et al., A meta-analysis. The lifetime (“ever-
use”) prevalence of indoor tanning ranged from 11% in Australia to 42% in Europe (Ross, 1986-2012).
Past-year prevalence ranged from 2% to 21%, with adolescents using more than adults. A meta-
analysis of Rodriguez-Acevedo et al. In 2009-2018, after the WHO classified indoor tanning as a
Group 1 carcinogen, usage decreased, but gender disparity continued. Females were more likely than
males to tan than females (16.8% vs. 8.5%), and adolescent girls were more likely than boys to tan
(8.9% vs. 3.9%). These patterns, as shown in Figures 1(C) and Figures 1(D), illustrate the ongoing
public health challenge of artificial UVR exposure and its significant contribution to the global skin
cancer burden [17-20].

Traditional in vitro and in vivo models are essential for comprehending cancer biology, but they
have major drawbacks when it comes to translational research in skin cancer. Due to their
affordability and ease of use, two-dimensional (2D) monolayer cultures of cancer cell lines are now
widely used [21-23]. The cellular heterogeneity, dynamic interactions with the TME, and three-
dimensional architecture seen in vivo are not, however, replicated by them. Their inability to model
tumor-stroma and tumor-immune cell crosstalk limits their ability to predict drug response. Patient-
derived xenografts (PDXs) and genetically engineered mouse models (GEMMs) are two examples of
animal models that can replicate some aspects of tumor progression and metastasis and provide a
more complex biological context [24-26]. Nevertheless, their translational value is limited by
interspecies immune system differences, ethical considerations, lengthy generation times, and high
maintenance costs. Furthermore, these models frequently do not permit individualized evaluations
of therapeutic efficacy or high-throughput screening. Furthermore, traditional organoid cultures lack
the precise spatial organization and vascularization required to fully model the complexity of skin
cancer, even though they are more physiologically relevant than 2D models. Active ECM embedding
is a prerequisite for standard organoid protocols (e.g., 3. Heterogeneity and irregular morphology
could be the outcome of spontaneous self-assembly and Matrigel. Significant obstacles to scalability,
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reproducibility, and integration with high-throughput drug testing platforms are presented by these
limitations [27-30].

Bioprinting in three dimensions (3D) has become a revolutionary method for creating intricate,
multicellular, and spatially ordered tissue models. The use of biofabrication technologies in 3D
bioprinting allows for the accurate deposition of various cell types, biomaterials, and signaling factors
in predetermined architectures that replicate the structure and function of native tissue. An
unparalleled chance to accurately and precisely replicate the tumor microenvironment in vitro is
presented by this technology. Organoids that closely mimic the layered structure of human skin,
including the epidermis, dermis, and underlying vasculature, can be produced using 3D bioprinting
in the context of skin cancer. To replicate the complexity of the TME, bioprinted skin cancer organoids
can include immune components, fibroblasts, keratinocytes, melanocytes, endothelial cells, and
cancer cells [31-33]. When assessing immune responses, drug resistance mechanisms, and tumor-
stroma interactions in patient-specific settings, this high level of biomimicry is essential.
Additionally, smaller organoid arrays that are appropriate for multiplexed drug screening can be
produced quickly and reliably using high-throughput bioprinting platforms. These systems can be
combined with imaging, omics-based readouts, and automated liquid handling to provide thorough
information on drug toxicity, efficacy, and molecular response signatures. Crucially, patient-derived
tumor cells or biopsy samples can be used to create customized tumor avatars that act as ex vivo
stand-ins for clinical judgment [34-37]. From a medical standpoint, bioprinted skin cancer organoids
are an effective precision oncology tool. They may be used to reduce the trial-and-error method that
predominates in contemporary clinical practice by screening for the best treatment plans on an
individual basis before starting therapy. By better capturing the diversity and progression of skin
tumors than conventional systems, these models can also speed up the discovery of new therapeutic
targets and biomarkers. Bioprinting technologies are expected to become increasingly useful in
cancer research as they develop further, thanks to developments in bioinks, crosslinking chemistries,
and microfluidic integration. High-throughput screening platforms, patient-derived organoid
culture, and 3D bioprinting come together to usher in a new era of functional diagnostics and tailored
treatment in dermatologic oncology[33,38,39].

In this review, we discuss the recent advancements in the development and application of high-
throughput 3D bioprinted organoids for modeling skin cancer. A discussion of the biology of skin
cancer is given first, along with a discussion of the shortcomings of traditional 2D and in vivo models.
Future developments in 3D bioprinting, bioink technology, and methods for creating biomimetic skin
cancer organoids are the main topics of the review. We also investigate how to incorporate these
models into high-throughput platforms for molecular profiling, drug screening, and customized
treatment. Lastly, we assess the field’s present difficulties, clinical translation prospects, and potential
future paths in precision dermatologic oncology. In conclusion, the development of complex, patient-
representative platforms is required due to the complexity of skin cancer biology and the limitations
of traditional preclinical models. A promising method for accurately simulating the cellular,
molecular, and structural characteristics of skin tumors is the use of high-throughput 3D bioprinted
organoids. In addition to improving our knowledge of the pathophysiology of skin cancer, these
biomimetic systems provide reliable platforms for immunotherapy assessment and individualized
medication screening. The combination of bioprinting and clinical and molecular oncology has
enormous potential to revolutionize the diagnosis and treatment of skin cancer as the field develops.

2. Advances in Skin Cancer Modeling

Skin cancer, which can be broadly classified into melanoma and non-melanoma skin cancers
(NMSCs), which include squamous cell carcinoma (SCC) and basal cell carcinoma (BCC), is one of
the most common cancers in the world. The majority of skin cancer-related deaths are caused by
melanoma, which is derived from melanocytes and is much more aggressive than NMSCs despite
being less common [3,40,41]. The most prevalent type of cancer, basal keratinocyte-derived BCC,
usually grows slowly, whereas squamous keratinocyte-derived SCC has a higher potential for
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metastasis than BCC. Genetic mutations interact intricately to drive the development of skin cancer
(e.g., A. PTCH1, CDKN2A, BRAF, TP53, and epigenetic modifications), as well as environmental
elements like UV rays, persistent inflammation, and immunosuppression. To develop effective
diagnostic and therapeutic strategies, it is essential to understand the multistep process of skin
carcinogenesis, which encompasses normal skin epithelium, dysplasia, carcinoma in situ, and
invasive carcinoma [42—45].

The skin bioprinting process is divided into six main steps, as shown in Figure 2. The first step
is determining clinical goals, in which the researcher sets research and clinical objectives following a
project design criterion based on diseases, real-world structures to imitate, and pre-existing models.
To create 3D digital models and create tool paths, respectively, the second step involves using 3D
computer-aided design software and computer-aided manufacturing software. Next, choosing a
bioink is a crucial step in the bioprinting process. To choose the best bioink, background information
on the material properties of the selected bioink, as well as the physiological and biochemical
conditions of the cells, is needed. A 3D bioprinter, printheads, temperature control, and sterile
conditions are necessary for the fourth step, which is the printing process. In order to achieve high
resolution, this step includes an optimization sub-step that is primarily used for parameter
adjustment. Functionalization is the fifth step, in which the printed model is put into a bioreactor or
incubator to enable the cells to grow, stabilize, and become functional. The model’s suitability for its
intended use is verified in the sixth and last step. In vitro testing, disease modeling, and in vivo
implementation are common uses.

Skin cancer is traditionally studied using xenografts, genetically engineered mouse models
(GEMMs), 2D cell lines, and patient-derived xenografts (PDXs). Although 2D monolayer cultures are
inexpensive and simple to manage, they lack the cellular heterogeneity, microenvironmental context,
and three-dimensional architecture of in vivo tumours [46—48]. Their predictive ability for drug
screening and comprehending disease mechanisms is thus limited. In contrast, animal models,
particularly mouse models, provide systems that are more physiologically relevant by taking into
account systemic effects and immune interactions. GEMMs, like those with conditional Tp53 or
BrafV600E mutations, mimic some features of the onset and spread of human skin cancer [49-51].
Tumor fragments from patients are implanted into immunocompromised mice in PDXs, which have
proven useful in assessing treatment outcomes. However, due to ethical concerns and species-specific
variations, these in vivo systems are costly, time-consuming, and limited. Three-dimensional (3D)
culture models, such as organoids, scaffolds, and spheroids, have become popular for bridging the
gap between in vivo and in vitro research. For high-throughput drug screening and personalized
medicine applications, organoids—in particular —are perfect because they can more closely resemble
the cellular complexity and architecture of tumors. These models still have issues with
reproducibility, standardization, and integrating various skin constituents like immune cells and
vasculature [52-54].

Immune evasion, treatment resistance, and the advancement of skin cancer are all significantly
influenced by the tumor microenvironment (TME). It is made up of a dynamic and interactive
network of immune cells (e.g., CAFs), cancer-associated fibroblasts (e.g., T cells, macrophages),
endothelial cells, signaling molecules, and extracellular matrix (ECM) constituents. Both innate and
acquired resistance to targeted treatments, including BRAF inhibitors and immune checkpoint
blockade, are greatly influenced by the TME in melanoma (e.g., A. anti-PD-1/PD-L1 treatments [55-
57]. Heterogeneity and plasticity are two of the TME’s primary characteristics, allowing cancer cells
to adjust and endure under therapeutic pressure. CAFs can secrete cytokines and remodel the
extracellular matrix (e.g., A. that encourage angiogenesis, tumor growth, and drug resistance (e.g.,
TGF-B, IL-6). Immune checkpoint expression, myeloid-derived suppressor cells (MDSCs), and
regulatory T cells (Tregs) all contribute to immune suppression in the TME, which considerably
reduces the effectiveness of immunotherapies. Hypoxia in the TME also causes metabolic
reprogramming and the epithelial-mesenchymal transition (EMT), both of which increase the
aggressiveness of tumors. The complexity of the TME is not adequately captured by the majority of
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current models, despite these revelations. Improvements in organ-on-chip platforms, 3D bioprinting,
and co-culture systems have made it possible to integrate TME components more effectively,
increasing model fidelity and clinical relevance [58-61].

Our comprehension of tumor biology and treatment response is being revolutionized by recent
developments in skin cancer modeling. The intricate spatial and cellular architecture of human
tumors cannot be accurately replicated by conventional 2D cultures and animal models, despite the
fact that they have yielded insightful information. New 3D models that incorporate tumor
heterogeneity and microenvironmental cues are particularly promising, especially patient-derived
organoids and bioengineered constructs. It is crucial to include elements of the TME in these models
in order to investigate therapy resistance mechanisms and find new therapeutic targets. As these
models develop further, they have the potential to significantly improve outcomes for skin cancer
patients, speed up drug development, and improve personalized medicine.
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Figure 2. The process of 3D bioprinting human-equivalent skin cancer models using organ-on-chips for skin

cancer detection.

3. Bioprinting Technologies for Skin Cancer Organoids

The development of biomimetic models for the study of complex diseases like skin cancer has
advanced dramatically with the advent of 3D bioprinting. The complex architecture, heterogeneity,
and microenvironmental dynamics of human skin tumors cannot be replicated by conventional 2D
culture systems. On the other hand, skin cancer organoids that closely resemble native tissues can be
created thanks to 3D bioprinting, which provides precise spatial control over a variety of cell types
and extracellular matrices (ECMs). These organoids are excellent tools for researching immunological
evasion, drug resistance, tumorigenesis, and creating individualized treatment plans [62-64]. A
number of 3D bioprinting technologies have been created to create tissue-mimicking structures that
are accurate, quick, and scalable. Extrusion-based bioprinting, laser-assisted bioprinting, and inkjet
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bioprinting are the three main bioprinting methods. Bioinks are deposited in droplet form using
thermal or piezoelectric forces in inkjet bioprinting. Although the high speed and cost-effectiveness
of this method are beneficial, the formation of densely populated tumor regions may be impeded by
its low viscosity requirements and decreased cell density.

The most popular method for creating cancer organoids is extrusion-based bioprinting, which
extrudes bioinks continuously through a nozzle using mechanical or pneumatic forces. It enables the
creation of layered structures with high mechanical stability and cell viability by printing dense cell
suspensions and high-viscosity materials [65-67]. The stratified architecture of skin, including the
epidermis, dermis, and tumor mass, can be modeled with this technique. Laser-assisted bioprinting
uses a concentrated laser to drive bioink droplets from a donor slide to a collector surface, providing
high resolution and cell viability. Although it avoids nozzle clogging and offers precision, its cost and
complexity may prevent it from being widely used. In general, the platform selection is based on the
intended resolution, cell viability, biological objective, and compatibility with particular bioinks with
specific types of 3D bioprinting techniques utilized for the development of skin cancer models and
it’s application for detection, analysis of cancer, and the potential effects of various drugs, as shown in Figure
2.

Bioinks are essential for bioprinting skin cancer organoids because they affect tumor
microenvironmental interactions, differentiation, and cell viability. The best bioinks for skin cancer
modeling should support cell adhesion, permit vascularization and tumor growth, and replicate the
characteristics of the natural extracellular matrix. Natural bioinks provide biological cues and
biocompatibility that are vital for the growth of skin and tumor cells. Examples of these include
collagen, gelatin, hyaluronic acid, alginate, and decellularized extracellular matrix (dECM). As an
illustration, blends of alginate and gelatin-methacryloyl (GelMA) enable adjustable mechanical
characteristics and promote the growth of melanoma and keratinocyte cells. While Pluronic F127 and
polyethylene glycol (PEG) derivatives are examples of synthetic bioinks that provide fine control over
mechanical and chemical properties, they frequently lack bioactivity. Hybrid bioinks that combine
natural and synthetic polymers have been created to address this issue and combine their benefits.
Methods of crosslinking, like ionic (e.g., heat, calcium ions for alginate gelatin), photocrosslinking
(e.g., Enzymatic techniques and UV light for GeIMA), are used to stabilize the printed structures.
Because photo-crosslinking gels quickly and allow for spatial control, it is particularly well-liked for
high-throughput applications. A comparative analysis of bioprinting methods for skin cancer
models, including advantages and disadvantages, is presented in Table 1 [67-69].

To create skin cancer organoids that mimic the intricacy of natural tissue, several cell types must
be layered in precise spatial configurations. To replicate the epidermal, dermal, and vascular
compartments, a biomimetic skin cancer model usually consists of basal keratinocytes, melanocytes,
fibroblasts, endothelial cells, and immune cells. Using keratinocytes and melanoma cells to create the
epidermis and fibroblasts embedded in a collagen-rich matrix to create the dermis, bioprinting allows
for the creation of multi-layered structures. Integrating immune cells (e.g., cancer-associated
fibroblasts, or CAFs) helps address tumor heterogeneity [70-72]. To replicate the varied cellular and
molecular environment of skin tumors using patient-derived tumor cells, macrophages, T cells, and
others. Furthermore, the ability to replicate immune infiltration and nutrient diffusion depends on
vascularization. Techniques like sacrificial ink removal and coaxial bioprinting enable the
development of perfusable vascular channels inside the constructs. Through the introduction of fluid
flow, oxygen gradients, and dynamic drug exposure conditions that replicate the in vivo tumor
microenvironment, integration with microfluidic systems further improves the physiological
relevance [73-75].
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Table 1. Comparative overview of bioprinting techniques for skin cancer models.
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In conclusion, the development of organoids that faithfully replicate the structural and
functional complexity of the tumor has been made possible by 3D bioprinting technologies,
revolutionizing the field of skin cancer research. Robust and customized cancer models can be created
by combining sophisticated bioprinting platforms, optimized bioinks, and engineered multicellular
architectures. Advances in vascularization techniques, crosslinking chemistry, and biofabrication
will improve the accuracy and translational significance of skin cancer organoids as the field
develops. In the end, these developments will improve patient stratification, speed up drug
discovery, and advance personalized oncology.

4. High-Throughput Strategies for Organoid Fabrication

High-throughput organoid fabrication techniques are essential for speeding up drug discovery
and translational cancer research. In addition to being time-consuming and labor-intensive,
traditional methods for creating cancer organoids frequently lack the scalability needed for extensive
screening. These restrictions are being overcome by recent advancements in biofabrication
technologies, specifically 3D bioprinting, microfluidics, and organ-on-chip systems, which make it
possible to produce scalable, physiologically relevant, and reproducible skin cancer organoids. These
high-throughput methods enable quick drug testing and genomic analysis, improve control over the
tumor microenvironment, and provide precision in tissue architecture. With an emphasis on
scalability and quality control, this section describes the creation of high-throughput organoid
models via automation, multiplexed bioprinting, and the integration of microengineered systems
[76-78].

Multiplexed and automated bioprinting platforms are transforming the production of skin
cancer organoids. Clinical applications and drug discovery are limited by the high variability and
low throughput of traditional manual organoid culture. Automated bioprinting systems, on the other
hand, require little user intervention and can quickly deposit cells and biomaterials with spatial
precision. From bioink loading to structure fabrication, these systems optimize the bioprinting
process by leveraging digital control interfaces and programmable robotics. By creating several
organoids with different compositions and geometries at once, multiplexed bioprinting improves
throughput and experimental reproducibility. It is possible to deposit cell-rich hydrogels into
multiwell formats or microarray platforms using methods like droplet-based printing and extrusion-
based bioprinting. Under consistent conditions, this is especially beneficial for screening sizable drug
panels or tumor cells derived from patients. Additionally, modern bioprinting systems incorporate
feedback loops and real-time imaging, which enable accurate monitoring and correction throughout
the printing process, lowering errors and variability in the production of organoids [79-82].

When combined with 3D bioprinted organoids, microfluidic systems, and organ-on-chip
platforms offer a potent technological convergence that aims to replicate the physiology of native
skin cancer. Microfluidic devices manipulate fluid flow, nutrient gradients, and chemical stimuli to
provide precise control over the cellular microenvironment. By precisely delivering drug or immune
effector concentrations in a time-dependent manner, these devices can be made to closely mimic in
vivo pharmacodynamics. Because static cultures frequently lack dynamic conditions like shear stress,
oxygen gradients, and immune infiltration, researchers can replicate these in the context of skin
cancer through microfluidic integration. For example, skin cancer organoids can be used in tumor-
on-a-chip platforms to mimic interactions between the tumor and the vasculature or the migration of
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metastatic cells across dermal barriers. Microfluidic perfusion also improves waste elimination and
nutrient exchange, which prolongs culture viability and promotes the organoids’ functional
maturation. Organ-on-chip technologies also make it easier to co-culture immune, stromal, and
endothelial cells. This allows researchers to test immunotherapeutic approaches such as adoptive T
cell therapy, immune checkpoint inhibitors, and others in a controlled microenvironment. These
integrated systems enable the testing of patient-specific reactions to different therapeutic agents,
making them useful tools for personalized medicine [83-87].

The effective use of organoid-based technologies in clinical and pharmaceutical applications
depends on ensuring quality, scalability, and standardization. In high-throughput organoid
fabrication, preserving consistency in size, cellular makeup, and structural integrity is one of the main
obstacles. By precisely regulating printing parameters like extrusion speed, pressure, and
temperature, automation helps to minimize batch-to-batch variability. To evaluate the quality of
organoids in real time, sophisticated imaging techniques like live-cell imaging, optical coherence
tomography, and confocal microscopy are being used. To confirm that organoids accurately replicate
the phenotype and genotype of the original tumors, omics-based techniques such as transcriptomics
and proteomics are employed. By using bioprinting platforms that work with common multiwell
plates, scalability is accomplished (e.g., 96 or 384-well formats), allowing hundreds of organoids to
be produced in parallel in a single run. Precision oncology applications and high-content drug
screening depend on this. Additionally, to enhance inter-laboratory reproducibility and regulatory
compliance, efforts are being made to create standardized protocols for the formulation of bioinks,
the preparation of cell sources, and printing parameters [89-92].

Barros et al. (2024) and their colleagues developed a high-throughput 3D bioprinted skin/skin
cancer-on-a-chip model was created by (2024) and associates to overcome the shortcomings of
traditional systems in reproducing skin architecture and permitting localized drug delivery [88]. The
method starts with the creation of a microfluidic skin-on-a-chip system that includes PDMS chambers
and a porous membrane, as shown in Figure 4 (A-a). This allows for the application of microneedles
(MNs) for transdermal drug delivery and the culture of layered skin tissue. Keratinocyte
differentiation is supported by the air-liquid interface (ALI) culture as shown in Figure 4 (A-b), which
encourages stratification of the epidermis. Figure 4 (B-C) illustrates layer formation and
morphological integrity. Well-organized 3D dermal layers, as shown in Figure 4 (B), and the
sequential development of epidermal layers on days 10, as shown in Figure 4 (C-a), and 14, as shown
in Figure 4 (C-b), are seen in confocal imaging [88]. Fluorescence labeling of nuclei, actin, a-SMA, and
pan-cytokeratin confirms the arrangement of cells. The dermal and epidermal layers’ time-dependent
assembly and their measured thicknesses, which support full skin maturation, are further described
in Figure 4(D-a-b). Marker expression and tissue identity are shown in Figure 4(E). Confocal pictures
and measurements of the epidermal markers Keratin 14/19, as shown in Figure 4(E-a),
Filaggrin/Keratin 10 as shown in Figure 4(E-b), and dermal markers Collagen I/Fibronectin as shown
in Figure 4(E-c), validate proper stratification [88]. With cornified epidermis and layered dermis,
H&E staining, as shown in Figure 4(E-d), verifies architectural resemblance to native skin.

The epidermis’s relative spatial expression of FLG, K14, and K10 is depicted in Figure 4(F),
which shows clear localization from the stratum corneum to the basale. In Figure 4 (G-a), a metastatic
layer is integrated into the dermis to simulate melanoma. Tumor invasion towards the media channel
is demonstrated by live/dead staining following a 24-hour ALI culture, as shown in Figure 4(G-b).
Melanoma positioning is confirmed by a 3D reconstructed image, as shown in Figure 4(G-c) [88].
After that, DOX-loaded MNs were created and described as shown in Figure 4(H). Their application
in the skin cancer model with structural views (a), mechanical properties (b-c), drug release profiles
(d) and schematic, analysis of confocal image as shown in Figure 4(H-a-g), all demonstrate successful
and consistent penetration into tumor zones (~600 um). The effectiveness of drug delivery is finally
assessed in Figure 4 (I). A comparison of (a) perfusion, (b) DOX-free MNs, and (c) DOX-loaded MNs
is shown in cross-sectional images. Melanoma cell death and drug localization attest to MN-based
delivery’s superior performance. Z-stack views (d) demonstrate the targeted cytotoxicity of DOX-
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loaded MNs, confirming the system’s suitability for therapeutic modeling and high-throughput
screening [88].
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Figure 4. Comprehensive overview of the development, characterization, and therapeutic application of a 3D

skin cancer-on-a-chip platform integrated with microneedles (MNs) for the detection and delivery of drugs. (A)
Skin-on-a-chip setup and application strategy. (a) Schematic illustration of the 3D skin-on-a-chip setup, showing
the PDMS chip, porous membrane, and skin-media chamber interface. Cross-sectional schematic views depict
the skin model architecture and microneedle (MN) application for targeted drug delivery. (b) Air-liquid interface
(ALI) culture method enabling stratified epidermal formation by keratinocyte differentiation. (B) ALI-cultured
epidermal layers and cellular morphology. Confocal imaging reveals the 3D dermal structure. (C) Epidermal
stratification and maturation. Confocal images of epidermal layers on days 10 (a) and 14 (b), showing nuclei
(blue), actin (red), a-SMA (green), and pan-cytokeratin (yellow). (D) Structural and temporal development of
skin layers. (a) Timeline of layered skin-on-a-chip formation. (b) Quantification of epidermal and dermal layer
thicknesses. (E) Marker expression in skin layers. Confocal images and intensity profiles of (a) Keratin 14 and
Keratin 19, (b) Filaggrin and Keratin 10, (c) Collagen I and Fibronectin. (d) Comparative H&E staining of native
human skin and engineered skin tissue. Scale bars: 100 pm. (F) Spatial expression profiles of epidermal/dermal
markers. Distribution and intensity of FLG (stratum corneum), K14 (stratum basale), and K10 (stratum lucidum-

spinosum) across skin depths. (G) Skin cancer-on-a-chip model with metastatic melanoma. (a) Schematic
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showing melanoma cell layer incorporation. (b) Live/dead staining confirms melanoma invasion into the media
channel after 24 h ALI culture. (c) 3D confocal image of melanoma within the model. Scale bars: 200 um. (H)
Characterization and drug release from DOX-loaded MNs. (a) Confocal images of MNs (tilted, side, and 3D
views). (b) Stress-strain analysis, (c) compressive modulus with varied photo-crosslinking durations, (d)
cumulative DOX release at varying concentrations. (e) Schematic of DOX-loaded MN application on skin cancer-
on-a-chip. Representative cross-sectional images of MN insertion: (f) single needle and (g) MN array targeting
the melanoma layer. Scale bars: 200 um. (I) Transdermal DOX delivery and therapeutic response. Confocal cross-
sections showing (a) perfusion-based delivery, (b) control MNs without DOX, (c) DOX-loaded MNs insertion.
Quantitative cell death profiles validate MN efficacy. (d) Z-stacked cross-sections of melanoma with (right) and
without (left) DOX treatment. Scale bars: 200 pm [88]. This section is adapted under the Creative Commons
Attribution 4.0 (CC BY 4.0) license.

In conclusion, the advancement of high-throughput techniques for creating 3D bioprinted skin
cancer organoids represents a revolutionary development in preclinical cancer research. Organoid
production is significantly faster and more reproducible thanks to automation and multiplexed
printing. Integration with organ-on-chip and microfluidic platforms allows for real-time drug and
immune response studies as well as dynamic modeling of the tumor microenvironment. Lastly, the
standardization required for clinical translation is guaranteed by strong quality control procedures
and scalable systems. The implementation of bioprinted organoids in therapeutic screening and
personalized diagnostics is made possible by these developments taken together.

5. 3D Bioprinted Organ-on-Chips for Skin Cancer Detection: A Converging
Platform for Precision Diagnostics

An innovative method for simulating the human skin microenvironment for the early detection
and research of skin cancers, especially melanoma and non-melanoma types, is provided by the
combination of 3D bioprinting and organ-on-chip (OoC) technologies. The intricate structure,
diversity, and dynamic microenvironmental interactions of human skin tumors are not adequately
represented by conventional in vitro and in vivo models. On the other hand, 3D bioprinted organ-
on-chip platforms offer miniature, physiologically relevant systems that can accurately replicate the
biochemical and biomechanical characteristics of skin tissue. The first step in creating these hybrid
systems is choosing biomimetic bioinks, which usually include hydrogels that resemble extracellular
matrix (ECM) and skin cells that are either patient-derived or genetically modified, such as
fibroblasts, tumor cells, melanocytes, keratinocytes, and melanocytes. These cellular components can
be precisely spatially deposited to replicate the epidermal and dermal compartments using the
layered 3D bioprinting process [93-95]. In order to replicate vascular flow, mechanical stress, and the
interstitial transport of nutrients and medications, these constructs are subsequently incorporated
into microfluidic chips that have perfusable channels. This platform’s capacity to replicate the tumor
microenvironment, including immune cell infiltration, hypoxic gradients, and dynamic cytokine
signaling, is one of its main advantages.

This makes it possible to track the beginning, spread, and invasion of cancer in real time.
Additionally, the chip’s biosensors allow for the quantitative identification of tumor biomarkers like
S100B, MIA, and LDH, which promotes early diagnosis [96-100]. These sensors measure electrical
impedance, metabolic activity, and secreted biomarkers to monitor how cells react to stimuli like UV
light or medicinal drugs. These platforms also facilitate high-throughput screening for
immunotherapeutics and chemotherapeutics, providing information on patient-specific reactions.
Individualized diagnostic models can be created using customized bioinks made from tumor cells
derived from the patient. Additionally, the platform facilitates the co-culturing of immune cells,
including macrophages and T cells, allowing for immunophenotyping and the investigation of
immune evasion mechanisms in skin cancers. Notwithstanding the benefits, there are still issues to
be resolved, such as preserving long-term cell viability, attaining high-resolution vascularization, and
standardizing fabrication procedures. These restrictions are gradually being addressed, though, by
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recent developments in biocompatible materials, real-time imaging, and microfluidic control systems
[14,101-106].

Three-dimensional (3D) bioprinted organ-on-chip platforms, which combine tissue engineering,
microfluidics, and nanotechnology, are becoming increasingly potent instruments for skin cancer
precision diagnostics. Using nanoparticle-coated microarrays, a biosensing approach based on
nanotechnology allows for the high-throughput detection of cancer biomarkers, as shown in Figure
5 (A). These arrays are used to find possible markers, such as those linked to skin cancer, using a tiny
blood sample taken from patients with breast cancer. Promising biomarker candidates are validated
by ELISA in sizable patient cohorts after array-based screening, enabling their application in
prognosis, early-stage diagnosis, disease stratification, and therapeutic monitoring. After validation,
these biomarkers can be incorporated into biosensor platforms or electrochemical immunosensors
for clinical use, furthering the development of accurate and non-invasive cancer diagnostics.
Engineered melanoma skin models that depict the various phases of melanoma invasion and are
created through bioprinting techniques are shown in Figure 5 (B) [107]. Key risk factors for the
development of melanoma, including genetic predisposition and UV exposure, as shown in Figure 5
(A-a).
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Figure 5. Integrated biosensing and engineered melanoma models for high-throughput cancer detection and
disease modeling. (A) Schematic representation of a nanotechnology-based biosensing strategy for skin and
breast cancer detection. The process begins with a drop of blood obtained from breast cancer (BC) patients, which
is applied to a nanoparticle-coated microarray for high-throughput screening of cancer biomarkers, including
those associated with skin cancer. Candidate biomarkers identified through this screening are then validated
using ELISA in a larger patient cohort. This validation enables applications in early diagnosis, disease

stratification, prognosis, and monitoring of treatment responses. Based on the performance of the selected
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biomarker panel, ELISA-based electrochemical immunosensors or biosensors may be developed for clinical
applications in breast cancer detection. (B) Representative models and fabrication strategies for melanoma-skin
constructs. (a) Major risk factors contributing to melanoma development. (b) Tissue-engineered approaches for
constructing in vitro melanoma models, including sequential stages of disease progression: (i) localization of
melanocytes at the dermal-epidermal junction, (ii) early melanoma cell clustering at the basement membrane,
(iii) invasion of melanoma cells into the dermis, and (iv) aggressive dermal invasion. (c) In-bath bioprinting of
melanoma spheroids with a perfusable vascular channel to mimic the tumor microenvironment. (d) In-bath
bioprinting of melanoma stroma embedded with a paired blood and lymphatic vessel system for modeling
tumor—vasculature interactions [107]. This section is adapted under the Creative Commons Attribution 4.0 (CC
BY 4.0) license.

The disease progression is shown step-by-step, as shown in Figure 5 (A-b), starting with the
presence of melanocytes at the dermal-epidermal junction and continuing through early tumor
clustering, dermal infiltration, and deep tissue invasion. Skin constructs that have been tissue-
engineered are used to replicate these pathological stages. Melanoma spheroids can be integrated
with perfusable vascular channels using sophisticated in-bath bioprinting techniques, as shown in
Figure 5 (A-c), which precisely replicates the tumor microenvironment. Additionally, modeling of
tumor—vasculature interactions—which are essential for researching metastasis and immune
evasion—is made possible by bioprinted stroma that incorporates both blood and lymphatic vessels
as shown in Figure 5 (A-d). When combined, these systems provide a complete and expandable
platform for high-throughput drug testing, biomarker validation, and disease modeling, establishing
3D bioprinted organ-on-chips as revolutionary instruments in precision oncology [107]. In
conclusion, 3D bioprinted organ-on-chip systems are an effective way to improve diagnostic accuracy
and model the pathophysiology of skin cancer. These platforms open the door for individualized and
non-invasive skin cancer diagnostics by fusing microfluidic dynamics with cellular complexity,
which eventually leads to earlier detection and better treatment approaches.

6. Applications in Diagnosis and Personalized Therapy

Three-dimensional (3D) bioprinted skin cancer organoids are a revolutionary development in
personalized medicine and cancer diagnosis. These engineered constructs provide previously
unheard-of possibilities for high-throughput drug screening, genomic profiling, and
immunotherapeutic evaluation by simulating the intricate architecture and pathophysiological
microenvironment of human tumors. The translational gap between bench research and clinical
application is filled by 3D bioprinted organoids, which overcome the shortcomings of conventional
2D cultures and animal models, especially in capturing tumor heterogeneity and patient-specific
responses. The use of skin cancer organoids in drug screening and sensitivity testing is among their
most prominent uses. The spatial and cellular complexity of human tumors is frequently not
replicated by traditional monolayer cultures, which leads to inaccurate efficacy data. However,
within a biomimetic extracellular matrix, bioprinted organoids can incorporate a variety of cell types,
such as immune cells, fibroblasts, endothelial cells, and tumor cells [108-110].

This makes it possible to summarize the kinetics of drug penetration and tumor-stroma
interactions. These organoids allow hundreds of drug candidates to be tested simultaneously across
a wide panel of patient-derived samples when used in high-throughput formats. For example, certain
kinase inhibitors that specifically target oncogenic signaling in drug-resistant subtypes have been
found using organoids from melanoma and squamous cell carcinoma. Furthermore, fluorescent or
imaging-based assays can be used to track dynamic responses in real time, such as invasion
suppression, proliferation inhibition, or apoptosis induction. By identifying the most effective
therapeutic agents for each patient, this individualized screening method shortens the time to
treatment and enhances clinical results. 3D bioprinted organoids are useful tools for genomic
validation and molecular profiling in addition to pharmacological testing. The epigenetic signatures
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and mutational landscape of the original tumors, such as p53, NRAS, BRAF, and other oncogenic
drivers frequently found in skin cancers, are preserved in patient-derived organoids [111-114].

Researchers can link genomic changes to treatment response by using high-throughput
sequencing and transcriptomic analysis on organoid tissues. Finding biomarkers and predicting
resistance mechanisms are improved by this combination of omics data and functional assays. To
help with the logical design of combination therapies, gene expression profiling of skin cancer
organoids undergoing targeted therapy, for instance, can identify compensatory pathways that
mediate drug resistance. Additionally, functional interrogation of particular genes is made possible
by the use of CRISPR-Cas9 genome editing within organoids, confirming their roles in drug response
or tumor progression. When combined with the structural accuracy of bioprinted models, these
genomic tools help to improve precision oncology by guiding clinical judgment and medication
development. Immunotherapy has transformed the treatment of skin cancer, especially melanoma,
but it is still very difficult to predict how a patient will react. Organoids made from bioprinted
patients present a viable way to assess immunotherapy [115-117].

Researchers can replicate immune-tumor interactions in a controlled ex vivo setting by
integrating autologous immune cells, such as peripheral blood mononuclear cells (PBMCs) or tumor-
infiltrating lymphocytes (TILs), into the bioprinted constructs. This makes it possible to test adoptive
cell transfer procedures, cytokine treatments, or immune checkpoint inhibitors in a customized
setting. T-cell activation, cytotoxic tumor cell death, and PD-1/PD-L1 signaling can all be replicated
by immune-active organoids, according to recent research. These systems also make it possible to
assess the immune evasion tactics used by tumor cells, such as the release of inhibitory cytokines or
the expression of immune-suppressive ligands. As a result, organoid-based immunoassays can be
used as predictive instruments for patient stratification, allowing medical professionals to determine
who will respond and who won't before starting treatment [118-120]. In conclusion, the high-
throughput 3D bioprinted skin cancer organoids offer a thorough and physiologically appropriate
platform for improving therapy customization and diagnosis. Through molecular profiling,
immunotherapy evaluation, and drug screening, these models aid in the creation of customized
treatment plans that are less harmful and more effective. The incorporation of organoids into clinical
workflows has enormous potential to revolutionize cancer treatment in the future as bioprinting
technologies and biomaterials advance.

7. Future Perspectives

The creation of skin cancer organoids using high-throughput 3D bioprinting technology has
created new opportunities for tumor complexity modeling, improving diagnostic precision, and
allowing for individualized treatment plans. With the potential to completely transform how
physicians approach treatment planning, drug sensitivity profiling, and immunotherapy response
prediction, the field is moving closer to clinically meaningful applications. However, several crucial
translational and regulatory issues need to be resolved to move from experimental research to
standard clinical practice. Verifying that bioprinted skin cancer organoids can replicate the
physiological and pathological features of native tumors, such as their cellular structure, genetic
mutations, and microenvironmental interactions, is essential for clinical translation [121-123].

To guarantee reproducibility and comparability of results across labs, standardization of
procedures across bioprinting platforms, bioink compositions, and cell sources is crucial.
Furthermore, before approving these organoid models for clinical decision-making or drug
screening, regulatory bodies like the FDA and EMA demand comprehensive validation studies that
show their safety, effectiveness, and dependability. With informed consent, data security, and
biobanking procedures in place, ethical issues of the use of patient-derived cells must also be properly
handled. The widespread use of 3D bioprinted organoid technology is still constrained by many
issues, despite encouraging developments. The intricacy of simulating the tumor microenvironment,
which includes stromal interactions, immune cell infiltration, and vasculature—all of which are
important factors in the development of cancer and resistance to treatment—is one of the main

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1577.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1577.v1

16 of 25

challenges. The creation of generalized models is made more difficult by the diverse nature of skin
cancers, including melanoma, squamous cell carcinoma, and basal cell carcinoma. Reduced biological
functionality or structural resolution is frequently the price paid for high-throughput fabrication.
Furthermore, cross-study comparisons are challenging due to the absence of benchmarking tools and
standardized assays among research groups [124-126].

Table 3. Summary of selected 3D in vitro systems—including organoids, human planar skin constructs, and
microfluidic platforms—utilized to replicate various features of skin physiology, structural organization, and

the melanoma tumor microenvironment, highlighting the incorporation of immune components.
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dendritic or T cells immunother
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components modeling  composition
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Melanoma- ) Immunother skin
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limited
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cells
Circulating Tumor cell Not
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interactions architecture [156]

Using microfluidic systems, sometimes referred to as organ-on-chip platforms, in conjunction

with bioprinted constructs to more accurately replicate physiological perfusion and dynamic nutrient

exchange is one of the emerging solutions to these problems. Replicating native tissue complexity

through co-culturing cancer cells with fibroblasts, endothelial cells, and immune cells in

bioengineered matrices is also showing promise. More biocompatible and adjustable hydrogels that
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sustain long-term organoid growth while preserving cellular viability and phenotype have been
developed as a result of advancements in biomaterial science [83,157,158]. Furthermore, to improve
throughput and analytical accuracy, organoid-based screening platforms are integrating artificial
intelligence (Al)-driven imaging and data analysis pipelines. In order to facilitate customized therapy
testing, future developments in precision skin cancer modeling are probably going to concentrate on
customizing organoid systems with patient-derived cells. Combining bioprinted organoid responses
with genomic and transcriptomic data will aid in improving drug toxicity and efficacy prediction
algorithms. To satisfy the needs of clinical labs and the pharmaceutical sector, these platforms’
scalability must also be considered. To study oncogenic drivers and therapeutic targets in a controlled
environment, researchers are also investigating the use of gene-editing technologies, such as
CRISPR/Cas9, to introduce or correct mutations in bioprinted organoids [159-161].

Collaboration between academic institutions, regulatory agencies, and biotechnology
companies is crucial to ensuring broad adoption and utility. Additionally, creating centralized
databases, creating open-access organoid biobanks, and investing in staff training will hasten
innovation and interdisciplinary knowledge exchange. In summary, high-throughput 3D bioprinted
skin cancer organoids offer a platform that connects fundamental research and clinical use, marking
a revolutionary development in the field of oncology. Even though this technology has obstacles to
overcome, especially in the areas of biological complexity, reproducibility, and regulation, its future
looks bright. Bioprinted organoids have the potential to become a crucial part of precision medicine
by overcoming present obstacles and embracing new technologies and interdisciplinary
partnerships. This will allow for more efficient, individualized, and timely treatments for patients
with skin cancer.

8. Conclusion

High-throughput 3D bioprinting of skin cancer organoids is an innovative development in
cancer modeling, diagnosis, and personalized therapy. They allow the reconstruction of complex
tumor microenvironments, including fibroblasts, keratinocytes, endothelial cells, and immune cells.
Organoids are similar to traditional 2D cultures or animal models in that they closely mimic the
histological architecture, genetic mutations, and immune responses of native skin tumors, including
melanoma and non-melanoma. This enables drug screening, immunotherapy assessment, and
treatment planning with a focus on specific drugs and immunotherapy. However, they must address
a number of translational and regulatory hurdles, even though they promise. For clinical use,
organoids must replicate physiological tumor features and be validated on a variety of platforms.
The standardization of bioprinting techniques, cell sources, and bioink compositions is important for
reproducibility and comparability of results across laboratories. Regulatory bodies like the FDA and
EMA need to validate these models extensively before they can be used in clinical workflows.
Replicating complete tumor microenvironment complexity, including vasculature, stromal
interactions, and immune infiltration, remains challenging. Many models still lack the full spectrum
of skin architecture and cell diversity. These constraints are being overcome by innovations such as
organ-on-chip systems, improved biomaterials, and improved analysis pipelines with artificial
intelligence. Additionally, CRISPR/Cas9 gene editing is being used to allow personalized organoid
systems to predict therapeutic outcomes by patient-derived cells combined with CRISPR/Cas9 gene
editing. 3D bioprinted skin cancer organoids provide a promising platform for integrating basic
research and clinical applications. While there are still limitations on biological complexity,
standardization, and regulatory approval, technological advances and collaboration are enabling
them to be more widely implemented. As further refinements occur, bioprinted organoids could
become a central part of precision oncology, allowing more accurate, individualized, and effective
treatments for skin cancer patients.
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