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ABSTRACT 

	Aims: This review aims to provide a comprehensive overview of recent advancements in 3D bioprinting integrated with organ-on-a-chip technologies for developing next-generation cancer-on-a-chip systems. The objective is to highlight how these hybrid platforms replicate the tumor microenvironment (TME), enhance physiological relevance, and improve the predictive power of preclinical cancer research.
Methodology: A thorough literature review was conducted focusing on key technological domains including 3D bioprinting strategies, microfluidic design, biomaterial and bioink innovations, and tumor–stroma co-culture methods. Comparative analysis of traditional 2D cultures, spheroids, organoids, and advanced cancer-on-a-chip constructs was performed to assess their biological relevance. Special emphasis was placed on evaluating bioink selection, vascularization approaches, ECM-mimetic materials, patient-derived models, and the integration of biosensing and artificial intelligence for real-time monitoring.
Results: Findings show that integrating additive manufacturing with microfluidics enables the fabrication of physiomimetic tumor constructs featuring spatially organized cell populations, perfusable vascular networks, and controllable biochemical gradients. These systems successfully recapitulate critical TME characteristics, including hypoxia, cellular heterogeneity, and stromal interactions. Innovations in patient-derived bioinks and multi-nozzle bioprinting have enhanced architectural complexity, personalization, and scalability. Additionally, incorporating biosensors and AI-driven analytics strengthens drug-response monitoring, enabling more accurate mechanistic studies and high-throughput drug screening compared with conventional in vitro models.
Conclusion: 3D-bioprinted cancer-on-a-chip platforms represent a transformative paradigm in tumor modeling by bridging the gap between traditional in vitro assays and animal models. Despite existing challenges particularly in vascularization, standardization, and maintaining long-term viability ongoing advances in biomaterials, automation, and immunocompetent systems continue to elevate their translational potential. These next-generation platforms hold significant promise for accelerating drug discovery and supporting precision oncology.
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INTRODUCTION 

Cancer is an inherently complex, dynamic, and heterogeneous disease driven by intricate cellular interactions within its tumor microenvironment (TME). Over the past decades, it has become increasingly evident that conventional in vitro cancer models, which focus solely on malignant cells, fail to capture the multifaceted nature of tumor biology (1). The TME, composed of extracellular matrix (ECM), blood and lymphatic vasculature, immune cells, and cancer-associated fibroblasts (CAFs), plays a pivotal role in tumor initiation, progression, metastasis, and resistance to therapy (2). These non-malignant components actively regulate tumor cell survival, invasion, and genetic evolution, ultimately shaping the response to therapeutic interventions. To bridge this gap, bioengineered 3D tumor models have emerged as a promising strategy to recapitulate key TME elements, offering a physiologically relevant alternative to traditional 2D cultures and simplistic spheroid models. Advanced co-culture systems integrating cancer cells with stromal components at precise ratios have been developed to replicate the spatial and functional heterogeneity observed in vivo. This approach is particularly critical for desmoplastic tumors, such as pancreatic ductal adenocarcinoma, where the stromal compartment dominates the tumor mass and significantly modulates drug response (3). Furthermore, recent advancements in microfluidics, 3D bioprinting, and organ-on-a-chip technologies have enabled the construction of dynamic tumor models with precisely controlled biochemical gradients, oxygenation levels, and interstitial fluid flow. These hybrid platforms allow for the incorporation of hypoxic and necrotic niches, tumor-specific ECM biomolecular composition, and mechanical properties that influence cancer progression and drug resistance. By deconstructing the fundamental hallmarks of the tumor ecosystem including spatial architecture, cellular diversity, and biophysical interactions researchers are now developing next-generation in vitro systems that better predict clinical outcomes (4). 
The ongoing evolution of biofabrication and tissue engineering strategies has accelerated efforts toward constructing organotypic cancer models that integrate key TME components in a spatiotemporally controlled manner (5). These physiomimetic systems hold immense potential to enhance preclinical drug screening, improve therapeutic predictability, and ultimately expedite the transition of innovative treatments from bench to bedside (6). This review explores the latest advancements in bioengineered 3D cancer models, with a particular focus on hybrid platforms that integrate bioprinting, microfluidics, and biomaterial engineering to recreate the complexity of native tumors (7). 
This review was developed by building upon insights from previously published foundational articles in cancer biology and tumor modeling, particularly focusing on the hallmarks of cancer, the tumor microenvironment, and advances in bioengineering approaches. By integrating and critically analyzing these prior contributions, our article synthesizes current knowledge while highlighting the emerging role of 3D bioprinting and microfluidic integration in creating next-generation cancer-on-a-chip platforms.

1. Advanced 3D Tumor Models for Precision Oncology

The development of 3D in vitro tumor models has markedly improved preclinical oncology research by overcoming many limitations of conventional 2D cultures (8). By incorporating essential cellular, biochemical, and mechanical cues of the tumor microenvironment (TME), these platforms support more reliable and scalable drug-screening workflows while reducing dependence on animal studies (9). Scaffold-free spheroids remain one of the most commonly used systems, forming self-organized microtumors that reproduce key solid-tumor traits such as oxygen gradients, necrotic cores, and multicellular interactions (10). Their capacity to mimic tumor growth patterns and therapy resistance has made them valuable for screening chemotherapeutic agents. For instance, spheroids generated from breast, colorectal, and glioblastoma cell lines often display higher tolerance to drugs like doxorubicin and cisplatin than 2D monolayers. Nonetheless, their lack of organized extracellular matrix (ECM) and tissue-level structure can restrict physiological accuracy (11).
To address these gaps, patient-derived organoids (PDOs) and induced pluripotent stem cell (iPSC)-based organoids have emerged as next-generation models. PDOs preserve the genetic and phenotypic traits of the originating tumors, supporting individualized therapy selection (12). Clinical studies in colorectal cancer have shown that PDOs can forecast patient-specific treatment responses. Similarly, iPSC-derived tumor organoids can be engineered to include defined oncogenic alterations, enabling detailed studies of tumor progression and targeted interventions (13). Glioblastoma organoids, for example, have supported investigations into mechanisms of resistance to temozolomide and facilitated testing of combination treatments.
Despite their promise, many organoid cultures rely on Matrigel™ and other animal-derived hydrogels that inadequately replicate human ECM composition. To improve biomimicry, researchers are designing ECM-like hydrogels made from natural proteins such as collagen, gelatin, fibroin, hyaluronic acid, and synthetic polymers including PEG and PCL. Recent progress in dynamic matrix engineering includes bioactive, stiffness-tunable double-network hydrogels capable of simulating fibrotic remodeling and EMT-associated mechanical changes (14). Examples include modular systems combining thiolated hyaluronic acid with norbornene-modified gelatin to model stromal fibrosis. Furthermore, advanced bioinks enriched with ECM-mimetic components have enabled the bioprinting of patient-specific glioblastoma constructs, offering improved insights into tumor progression and therapeutic response (15).
Beyond ECM biomimicry, co-culture systems incorporating tumor-associated fibroblasts (CAFs), immune cells, and endothelialized vascular structures are bridging the gap between in vitro and in vivo tumor complexity (16). Cutting-edge vascularized tumor-on-a-chip models integrate 3D bioprinting and microfluidics to replicate dynamic flow conditions, enabling more accurate modeling of drug delivery, immune infiltration, and metastasis (17). For example, breast cancer-on-chip systems integrating CAFs and macrophages have revealed critical immune interactions influencing therapeutic response (18). Similarly, perfusable pancreatic tumor organoids have been used to study the impact of hypoxia and interstitial fluid pressure on chemotherapy penetration (19). Notably, perfusable tumor organoid platforms with functional vasculature are enhancing drug screening precision by capturing the influence of interstitial fluid dynamics on tumor progression (20). With continuous advancements in biomaterials, microfluidics, and AI-driven high-content screening, next-generation 3D tumor models are revolutionizing cancer research (21). The convergence of bioengineering and personalized oncology is paving the way for physiologically relevant, scalable, and patient-specific in vitro platforms that enhance drug discovery, biomarker validation, and individualized therapeutic strategies (22).

2. Next-Gen Organotypic Models

The convergence of 3D bioprinting technologies with microfluidic systems has significantly advanced the development of organotypic in vitro models, particularly for cancer research (23). This integration facilitates the creation of anatomically precise, tumor-sized constructs using bioinks that mimic the extracellular matrix (ECM), incorporating various cell types, including tumor and stromal cells (24). Such constructs enable automated fabrication of biomimetic microtumors with spatially controlled cellular organization, high-resolution architecture resembling human structures (e.g., vasculature, tumor masses, stromal compartments), and essential biochemical and biophysical properties, all of which are crucial for accurate therapeutic screening (25). Recent advancements have expanded the repertoire of biomaterials for bioink formulation, including collagen, gelatin, hyaluronic acid, alginate, chitosan, and tissue-derived decellularized ECM (dECM) (26). These materials support the creation of complex constructs with high fidelity, accommodating living cells effectively (27). For instance, extrusion-based 3D bioprinting has been utilized to fabricate mini-brain models of glioblastoma that combine cancer cells with immune cells like macrophages, providing a more anatomically relevant scale compared to standard 3D spheroids (28). This approach allows researchers to investigate intercellular interactions and the role of macrophages in cancer cell proliferation, migration, and therapeutic responses (29). Additionally, advanced stereolithographic 3D bioprinting, coupled with programmable digital masks, has been employed to generate complex and biomimetic hepatic models that replicate the hexagonal lobular structures of native human liver tissue and express key biomarkers (30). The precise patterning of cellular organization in these models offers a valuable platform for studying tumor-specific metastasis to liver tissues in an integrative manner.
Despite these advancements, many current approaches lack the incorporation of dynamic fluid cues present in the tumor microenvironment (TME) (31). Introducing fluid flow and associated shear stress has been shown to influence cancer cell proliferation and phenotype. Notably, cancer cells cultured in 3D settings exhibit higher drug resistance and more aggressive behaviors compared to those in static cultures (32). To address this, microfluidic cancer-on-a-chip systems have been developed to seamlessly integrate these dynamic features, enhancing the physiological relevance of in vitro cancer models (Table-1).  

Table 1. Biomaterials and Bioinks for 3D Bioprinting in Disease Modeling

	Biomaterial Type
	Examples
	Key Properties
	Applications

	Natural Polymers
	Collagen, Gelatin, Hyaluronic Acid, Alginate, Chitosan
	Biocompatibility, ECM mimicry, Cell adhesion
	Tumor modeling, Tissue engineering, Drug screening

	Synthetic Polymers
	PEG, PLGA, PCL
	Controlled degradation, Tunable mechanics
	Scaffold fabrication, Drug delivery, Tissue engineering

	Decellularized ECM (dECM)
	Liver dECM, Cardiac dECM, Tumor dECM
	Tissue-specific biomimicry, Rich in growth factors
	Organ-specific disease modeling, Personalized medicine

	Composite Bioinks
	Hybrid hydrogels, Nanomaterial-infused bioinks
	Enhanced mechanical stability, Tunable biophysical properties
	Complex tissue engineering, Vascularized constructs

	Cell-Laden Bioinks
	Tumor-stroma co-culture bioinks, Immune-integrated bioinks
	Cellular heterogeneity, Tumor-microenvironment interactions
	Immuno-oncology models, Personalized therapy screening



Bioprinted Cancer-on-Chip Evolution: The integration of 3D bioprinting with microfluidic organ-on-a-chip technologies has significantly enhanced the ability to recreate physiologically relevant tumor microenvironments (TME) (33). These platforms replicate tumor-stroma interactions within extracellular matrix (ECM)-mimetic hydrogels, dynamically controlling biochemical and biophysical parameters such as pH, oxygen gradients, nutrient flow, and immune cell migration (34). Advanced microphysiological systems allow precise modulation of mechanical forces and spatially controlled chemical gradients, enabling real-time analysis of cancer cell invasion (35). However, a critical challenge remains in engineering complex 3D vascular networks within organ-on-a-chip systems to fully replicate in vivo conditions (36). To address this, synergistic combinations of 3D bioprinting and microfluidic platforms have emerged, allowing the creation of vascularized, patient-specific tumor models with superior biomimicry (37). Bioprinting enables the fabrication of vessel-like tubular constructs, integrating human umbilical vein endothelial cells (HUVECs) along with supporting fibroblasts and pericytes to develop multi-layered vasculature (38). Additionally, ECM components with tunable mechanical properties significantly enhance tumor vasculature modeling (39). In this context, recent innovations include the fabrication of perfusable PDMS microfluidic devices using nanoclay-reinforced Pluronic F-127 ink as a sacrificial biomaterial, enabling the creation of blood vessel-on-a-chip with uniform diameters and circular cross-sections (40).
This technological convergence eliminates traditional limitations in microfluidic chip production, allowing real-time customization of multi-sized, tortuous vessel structures, essential for accurately modeling aberrant tumor vasculature (41). Furthermore, bioprinting-on-chip facilitates the deposition of ECM-mimetic bioinks with precise spatial control, overcoming challenges posed by conventional cell seeding methods (42). These advancements position 3D-bioprinted cancer-on-a-chip platforms as next-generation tumor models, offering unparalleled biomimicry, therapeutic predictability, and high-throughput drug screening capabilities, paving the way for precision oncology applications (43).

3. Design considerations for 3D-bioprinted cancer-on-a-chip organotypic models

Designing effective 3D-bioprinted cancer-on-a-chip models necessitates careful consideration of various factors to accurately replicate the tumor microenvironment (TME) and enhance the predictive value of in vitro studies (44). Key considerations include:

3.1. Tumor Microenvironment (TME) Replication: 
The tumor microenvironment (TME) is a central regulator of cancer growth, dissemination, and therapeutic resistance. Reconstructing this complexity within 3D-bioprinted cancer-on-a-chip platforms is essential for producing physiologically meaningful in vitro models (45). Such systems typically integrate multiple components cancer cells, cancer stem cells (CSCs), stromal elements, extracellular matrix (ECM), and vascular structures (46). Cancer cells serve as the core of the tumor mass, carrying diverse genetic and epigenetic alterations that shape treatment outcomes. CSCs form a small but influential subpopulation with self-renewal capacity and are closely tied to recurrence and drug resistance, often requiring specialized supportive niches (47).
Stromal populations, including fibroblasts, immune cells, and endothelial cells, participate actively in tumor maintenance (48). Among them, cancer-associated fibroblasts (CAFs) promote angiogenesis, immune modulation, and matrix remodeling. The ECM rich in collagen, laminin, and fibronectin provides biochemical and mechanical cues that affect cell behavior, motility, and drug transport (49). To mimic vascular supply, endothelialized microchannels are incorporated to simulate blood and lymphatic flow.
Preserving physiologically relevant cell proportions is critical for accurate in vitro/in vivo correlation, particularly since stromal content varies across tumor types, such as the dense stroma seen in pancreatic cancer. Quantification tools, including digital imaging, AI-driven spatial analysis, advanced immunohistochemistry, and flow cytometry, support the assessment of cell distribution and organization (50). Ultimately, capturing dynamic interactions among cancer, immune, and stromal cells remains essential, and co-culture strategies are widely used to improve the biological relevance of these engineered tumor models (51).
To enable patient-specific modeling, single-cell transcriptomics and mass cytometry are valuable tools. Single-cell transcriptomics allows gene expression profiling at the single-cell level, mapping tumor heterogeneity and identifying cellular subpopulations, including drug-resistant clones and tumor-initiating cells (52). Techniques such as scRNA-seq (single-cell RNA sequencing) analyze the functional states of individual cells. Mass cytometry (CyTOF), using metal-tagged antibodies, profiles multiple protein markers in individual cells and classifies immune infiltration, tumor-stroma interactions, and drug response markers (53). These advanced techniques enable the development of personalized 3D tumor models that closely mimic patient-specific tumor microenvironments, improving preclinical drug testing and personalized therapy approaches (54). 
3.2. Bioink Selection and ECM Composition: 
Extracellular matrix (ECM)-mimetic bioinks replicate the biochemical and biomechanical properties of native tumor environments. Common ECM-derived bioinks include collagen, which supports cell adhesion, proliferation, and differentiation but requires crosslinking due to poor mechanical strength; Gelatin Methacryloyl (GelMA), a photocrosslinkable bioink offering precise control over gelation and mechanical properties; Hyaluronic Acid (HA), essential for cell signaling, hydration, and migration but needing crosslinkers for stability; and Alginate, a polysaccharide with excellent biocompatibility and rapid gelation, though it lacks cell-adhesive motifs, often requiring ECM protein blending. Decellularized extracellular matrix (dECM) bioinks retain native biochemical cues, enhancing physiological relevance in tumor modeling (55). However, they exhibit weak mechanical properties, requiring reinforcement via hydrogel blending (e.g., HA, alginate, polyethylene glycol (PEG)), physical crosslinking (e.g., temperature-induced gelation), or chemical modifications for improved printability and stability. Chemical modifications enhance mechanical strength, gelation control, and bioink tunability. Methacryloyl-modified dECM (dECM-MA) enables photocrosslinking, improving construct stability. Enzyme-mediated crosslinking (e.g., transglutaminase, tyrosinase) enhances mechanical robustness while maintaining biocompatibility. Click chemistry reactions (e.g., Michael-type additions, thiol-ene) form covalent crosslinks without cytotoxicity. Photopolymerization via UV or visible light exposure allows rapid gelation and high-resolution 3D structuring (56). (Table-2)
Table 2. Bioink Types, Functions, and Modifications
	Bioink Type
	Function
	Challenges
	Enhancement Strategies

	Collagen
	Supports adhesion, proliferation, differentiation
	Weak mechanical strength
	Crosslinking with chemical agents

	GelMA
	Photocrosslinkable, tunable mechanical properties
	Requires UV/visible light crosslinking
	Photopolymerization

	Hyaluronic Acid
	Regulates cell signaling, hydration, migration
	Lacks mechanical stability
	Crosslinking with agents

	Alginate
	Biocompatible, rapid gelation
	Poor cell adhesion
	Blending with ECM proteins (e.g., collagen)

	dECM Bioinks
	Retain native tissue biochemical cues
	Poor mechanical strength
	Hydrogel blending, crosslinking

	Methacryloyl-dECM
	Photocrosslinkable, tunable stiffness
	Requires light activation
	UV/visible light exposure

	Enzyme-Crosslinked Bioinks
	Increased mechanical robustness
	Enzyme selection-dependent
	Use of transglutaminase, tyrosinase

	Click Chemistry Bioinks
	Strong covalent crosslinking
	Needs bio-orthogonal reactions
	Michael-type addition, thiol-ene reactions



3.3. Biomechanical and Biochemical Cues: 
Developing physiologically relevant 3D-bioprinted cancer-on-a-chip systems requires careful selection of bioinks, as their biomechanical and biochemical features directly influence printability, cell function, and overall model accuracy (57). Rheological behavior plays a central role in determining extrusion performance, structural stability, and post-printing fidelity. Bioinks must exhibit appropriate viscosity, shear-thinning characteristics, and controlled gelation to support smooth dispensing, accurate layer placement, and consistent construct formation (58). Since each bioprinting technique operates within characteristic viscosity windows, tuning bioink viscosity is essential to prevent clogging, spreading, or loss of resolution during printing (59). Consequently, viscosity becomes a major determinant of shape fidelity and mechanical robustness across diverse printing platforms (60).
Inkjet bioprinting relies on thermal or piezoelectric droplet ejection and therefore requires low-viscosity formulations (≤10 mPa·s) to maintain smooth jetting and prevent nozzle obstruction. While useful for cell suspensions and dilute hydrogels, its ability to reproduce ECM-rich or complex 3D tumor structures is limited (61). Laser-assisted bioprinting supports a broader viscosity range (1–300 mPa·s), enabling high-precision cell and matrix patterning, although it depends on bioinks with well-controlled fluid dynamics to avoid droplet instability. Extrusion-based bioprinting, the most common approach, uses pneumatic or mechanical force to deliver higher-viscosity bioinks (30–6 × 10⁷ mPa·s), allowing the fabrication of stable, multi-material tumor constructs and stromal components.
Post-printing crosslinking is essential for long-term stability and mechanical tuning. Covalent reactions such as Michael addition provide mild, cell-friendly crosslinking for adjustable ECM-mimetic matrices. Click chemistry offers highly specific, rapid gelation routes including azide-alkyne and thiol-ene reactions to achieve precise structural control. Photopolymerization, using UV or visible light to crosslink photosensitive groups, enables spatially controlled gelation and is widely applied to GelMA, PEGDA, and dECM systems for generating tumor models with defined mechanical and biological characteristics (62).
3.4. Microfluidic Chip Design: 
Microfluidic chip design is a crucial aspect of 3D-bioprinted cancer-on-a-chip models, ensuring a physiologically relevant tumor microenvironment (TME). These chips mimic in vivo conditions by enabling dynamic fluid flow, controlled nutrient exchange, waste removal, and the recreation of biomechanical and biochemical gradients (63). For optimizing channel structures, microfluidic channels must be designed to deliver essential nutrients such as glucose, amino acids, and oxygen uniformly across the 3D tumor model. Microfabrication techniques like soft lithography, photolithography, and direct 3D printing enable precise microchannel geometry for optimal nutrient diffusion, while channel branching patterns must mimic physiological vascular networks to prevent hypoxic gradients. Tumor hypoxia plays a major role in drug resistance, and microfluidic systems help regulate oxygen diffusion using oxygen-permeable materials like PDMS, facilitating efficient oxygen exchange. Perfusion rate and oxygenation control can be fine-tuned using computational fluid dynamics (CFD) simulations. Efficient waste removal is equally important, as metabolic byproducts such as lactate, CO₂, and cell debris must be removed to maintain cell viability. This requires directional fluid flow and proper outlet positioning to prevent toxic accumulation, with the integration of microvalves and pumps to regulate flow rate and waste clearance in real-time (64). 
The integration of perfusable microfluidic devices enables dynamic TME simulation, with perfusion-based culture systems mimicking in vivo blood flow to facilitate shear stress, mechanotransduction, and interstitial fluid flow (65). Tumor models with perfusion networks offer more realistic drug delivery responses compared to static culture conditions. Technologies such as the VasKit perfusion device (CELLINK®) (Figure-1) and Multi-Organ-Chip platforms (TissUse™) allow the creation of perfusable constructs. Biophysical cue replication is achieved by regulating shear stress and interstitial flow, which influence cell signaling, proliferation, and drug response (66). These models allow real-time monitoring of biomarker secretion, cell migration, and therapeutic responses. Endothelialization strategies are essential for recreating microvascular structures within tumor-on-chip models to mimic in vivo perfusion. Approaches include bioprinting endothelial cells, co-culturing with stromal cells, and promoting the self-assembly of vascular networks (67). Advanced 3D microvascularization techniques, such as angiogenesis-on-chip and vasculogenesis-on-chip, further enhance perfusion efficiency. The fabrication of microfluidic chips requires careful material selection, with PDMS being widely used due to its biocompatibility, optical transparency, and oxygen permeability. Alternative materials such as hydrogels, thermoplastics like PMMA and COC, and glass are chosen based on mechanical and chemical properties. Various manufacturing techniques are employed, including soft lithography, which uses silicon-based master molds for PDMS casting and is widely used for microfluidic chips; 3D printing, which enables rapid prototyping and customization of chip designs for patient-specific models; and photopolymerization, which allows for precise structuring of microfluidic networks. Integration with bioprinting is achieved either by directly bioprinting tumor tissues onto the chip in a single-step production or by post-integrating 3D tumor models into prefabricated microfluidic devices (68).
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Fig. 1.  A) Illustration of the VasKit including the distance between channels.
                         B) VasKit Perfusion Device- CELLINK


3.5. Fabrication Approaches: 
Fabrication strategies for 3D-bioprinted cancer-on-a-chip platforms generally fall into two categories: Single-Step Production and Post-Integrated Production, each offering distinct advantages in precision and practicality. In Single-Step Production, the entire system including the microfluidic chip, vascular networks, and 3D tumor tissue is created in one continuous printing workflow (69). Using multi-modal printers equipped with multiple print heads, this method supports automated deposition of cells, ECM components, and channel architectures with high spatial accuracy. Its key strengths include strong biomimetic fidelity, reduced manual handling, and the ability to tailor constructs for patient-specific models (70). Limitations arise from slower print times, the technical difficulty of synchronizing diverse materials during printing, and the need for carefully engineered bioinks. A typical example is a bioprinted liver-on-a-chip in which hepatocytes, matrix elements, and vascular features are produced in a single fabrication step.
Conversely, Post-Integrated Production separates the creation of 3D tumor constructs from the fabrication of the microfluidic platform. Bioprinted tissues are produced first and then inserted into pre-made chips (71). This approach aligns well with existing commercial systems such as VasKit perfusion units and TissUse multi-organ platforms and is compatible with established manufacturing methods like soft lithography and micromachining. It supports more flexible design choices and scalable production while allowing tumor constructs to be prepared under optimized conditions. However, manual assembly may introduce inconsistencies, misalignment of channels, and reduced personalization due to fixed chip designs. An example is the VasKit platform, where printed tumor tissues are positioned within predefined perfusion pathways for controlled testing (72).
The selection between these approaches depends on the required balance of precision, scalability, and personalization for specific research or clinical applications. (Table-3)

Table 3. Comparison of Single-Step vs. Post-Integrated Production

	Factor
	Single-Step Production
	Post-Integrated Production

	Fabrication Complexity
	High (multi-material printing)
	Moderate (manual assembly required)

	Time Efficiency
	Faster (fully automated)
	Slower (requires assembly)

	Customization
	High (precise spatial control)
	Limited (pre-fabricated chips)

	Scalability
	Moderate (printer speed limits)
	High (parallel fabrication)

	Integration Accuracy
	High (real-time integration)
	Lower (manual placement issues)





4. 3D Tumor Masses and Patient Personalization: 
The use of bioimaging data, such as CT and MRI, plays a crucial role in generating anatomically accurate 3D tumor models that mimic patient-specific tumor structures (73). CT scans provide high-resolution images of tissue density variations, aiding in structural mapping, while MRI offers superior soft tissue contrast, which is essential for distinguishing tumor boundaries and heterogeneity. Image processing involves segmentation algorithms, either AI-driven or manual, to isolate tumor regions from surrounding tissues, followed by 3D reconstruction using CAD software or medical imaging tools like 3D Slicer or Mimics. The processed bioimaging data is then converted into a printable STL file, where material selection is based on the ECM composition and mechanical properties of the native tumor. Multi-nozzle 3D printers enable spatial deposition of different bioinks to replicate tumor heterogeneity. The primary advantage of this approach is the precise structural replication of tumors for disease modeling, facilitating personalized treatment response evaluation while reducing reliance on traditional in vitro models that lack patient-specific microenvironmental factors (74). 
Developing patient-specific models for drug screening involves customization through patient biopsies, integrating genetic, epigenetic, and biochemical characteristics, and incorporating cancer cells, stromal components, and immune cells. These models allow functional testing of multiple chemotherapeutic, immunotherapeutic, and targeted agents under patient-relevant conditions while simulating drug penetration, metabolism, and resistance mechanisms (75). By integrating high-throughput screening (HTS), 3D bioprinted tumor constructs can be interfaced with microfluidic chips for real-time drug response monitoring, with AI-based analysis enhancing predictive modeling for personalized treatment recommendations. Clinically, these models serve as preclinical testing platforms for evaluating patient responses before treatment administration and play a key role in precision oncology by identifying the most effective patient-specific therapeutic regimens (76). However, challenges remain, including standardizing bioprinting protocols for reproducibility, enhancing vascularization strategies for better nutrient diffusion and drug delivery, and improving the long-term viability of printed tumor constructs for extended drug response studies. The integration of advanced bioimaging, computational modeling, and bioprinting holds great potential to revolutionize cancer research, drug discovery, and precision medicine (77). 
5. Multi-Material and Multi nozzle printing: 
Multi-material and multi-nozzle bioprinting enables the controlled fabrication of heterogeneous tumor constructs by depositing different cell populations and biomaterials in a single build (78). This strategy strengthens the biological relevance of cancer-on-a-chip platforms by better representing the structural and biochemical diversity of the tumor microenvironment (TME) (79). Tumor regions are typically printed using bioinks containing cancer cells and cancer stem cells, supported by ECM-like materials such as collagen, GelMA, and dECM, whose adjustable stiffness and degradability allow investigation of tumor growth and progression (80). Stromal regions incorporate fibroblasts, immune cells, and mesenchymal stem cells, with ECM components like HA and fibrin shaping mechanotransduction, matrix remodeling, and tumor–stroma communication. Vascular compartments are generated by printing endothelial cells and pericytes within bioinks such as alginate, fibrin, and modified dECM to promote angiogenesis and sustained perfusion (81).
Using multiple nozzles allows spatially organized deposition of tumor, stromal, and vascular compartments, enabling hollow channel formation for oxygen and nutrient delivery while preserving structural fidelity. Photocrosslinking and ionic crosslinking reinforce construct stability, supporting models with defined gradients that reflect in vivo patterns of oxygen, nutrient, and drug distribution. This architecture also facilitates studies of invasion, metastasis, and therapeutic response. Automated, scalable printing workflows further support batch production of patient-specific tumor constructs suitable for drug screening and personalized therapy. By integrating appropriately selected ECM-mimetic bioinks for each compartment, multi-material and multi-nozzle bioprinting enhances the complexity, precision, and translational utility of 3D cancer-on-a-chip systems (82).
6. Advancements in 3D Bioprinting: 
3D bioprinting have greatly improved the development of cancer-on-a-chip models, particularly through AI-assisted tumor characterization, enhanced dECM-based bioinks, and faster bioprinting techniques (83). AI-driven image processing enables automated identification of tumor structures from histological or imaging data, while machine learning models analyze spatial organization, cell morphology, and tumor heterogeneity to enhance model accuracy. The integration of AI with single-cell RNA sequencing (scRNA-seq) allows for the identification of distinct cellular subpopulations within tumors, enabling the creation of patient-specific tumor models with precise cell compositions. AI-based predictive modeling forecasts tumor growth patterns and drug responses, supporting personalized therapy approaches by simulating treatment effects on bioprinted tumors before clinical trials. Despite the biological relevance of dECM-based bioinks, they often lack mechanical strength and printability, necessitating modifications (84). Hybrid bioinks, combining dECM with mechanically robust hydrogels like hyaluronic acid and alginate, improve viscosity, crosslinking ability, and post-printing stability. Chemical functionalization, including methacryloyl modification, enhances photocrosslinking, improving structural integrity while preserving bioactivity. Enzyme-based crosslinking methods provide stimuli-responsive bioinks with fine-tuned gelation. Optimizing rheological properties such as bioink stiffness and shear-thinning characteristics ensures appropriate mechanical properties for different tumor components while enhancing bioprinting precision and preventing nozzle clogging (85). 
To support high-throughput drug testing, advancements in bioprinting technology address limitations like slow fabrication speeds. Multi-nozzle and multi-printhead systems allow simultaneous deposition of different bioinks for tumor, stromal, and vascular compartments, reducing fabrication time while maintaining spatial complexity. Volumetric bioprinting, utilizing light-based printing technologies, enables rapid solidification of entire 3D structures, significantly increasing resolution and speed without compromising cell viability (86). Automated bioprinting systems with AI-driven real-time feedback control optimize printing parameters to ensure precise cell distribution. Autonomous robotic systems minimize manual intervention, enabling large-scale production for drug testing. These advancements collectively enhance the accuracy, reproducibility, and scalability of 3D-bioprinted cancer-on-a-chip models, making them more applicable to precision medicine (87). The integration of 3D bioprinting with microfluidic systems has been instrumental in developing advanced 3D tumor models that replicate the tumor microenvironment (TME) in a spatially controlled manner while allowing for dynamic culture conditions (88). This synergy has been demonstrated in preclinical screening of Metuzumab, an anti-CD147 monoclonal antibody, using a 3D-bioprinted hepatoma-on-a-chip model. Comparisons with static 3D-bioprinted architectures and traditional 2D monolayer in vitro models revealed increased therapy resistance in both 3D models (89). These findings highlight the importance of incorporating fluid flow dynamics into 3D-bioprinted models to better replicate pathophysiological conditions (90). 
Advances in cancer-on-a-chip engineering have recently focused on increasing physiological relevance by integrating lymphatic capillary–like structures into juxta-tumoral regions of 3D-bioprinted constructs (91). Yet, most existing platforms still depend on spontaneous self-assembly of lymphatic cells, which often produces inconsistent vessel geometry, variable network distribution, and limited reproducibility factors that hinder reliable scaling (92). To overcome these issues, researchers introduced a bioprinted cancer-on-a-chip system containing independently fabricated blood and lymphatic compartments (93). Using adjustable bioinks such as alginate, GelMA, and PEG with a multilayer coaxial printing design, they formed hollow, perfusable vascular and lymphatic channels that encircled the tumor component within a microfluidic environment (94). This integrated platform enabled systematic assessment of macromolecular and drug transport, highlighting the necessity of lymphatic elements for studying tumor progression, invasion, and therapeutic resistance (95).
Parallel innovations have supported patient-specific glioblastoma (GBM)-on-a-chip models generated through bottom-up printing of ring-like GBM structures that incorporate patient-derived cells and brain-specific dECM (96). These chips also include programmed vascular-mimetic channels within gas-permeable architectures to evaluate biophysical cues influencing GBM behavior and treatment responses (97). Notably, in vitro results strongly aligned with clinical outcomes, allowing predictive modeling and optimized combination-therapy selection (98). Microfluidic integration further permits multiplexed drug testing through parallel channels, increasing throughput for screening anticancer agents (99). When paired with biosensing modalities, these systems support real-time monitoring and high-content analysis, offering a rapid and patient-tailored alternative to traditional xenograft approaches, which remain slow and resource intensive (100). Together, 3D bioprinting and microfluidics are establishing scalable, clinically relevant platforms that enhance precision oncology research and personalized therapeutic decision-making.
Three-dimensional (3D) bioprinted cancer-on-a-chip systems offer significant potential for studying cancer metastasis a process responsible for approximately 90% of cancer-related deaths by simulating the tumor microenvironment (TME) and enabling the investigation of cancer cell interactions, invasion, and migration (101). Traditional two-dimensional (2D) in vitro models often fail to replicate the complex architecture and dynamic conditions of human tissues, limiting their effectiveness in studying metastasis. In contrast, 3D bioprinting facilitates the creation of perfusable microfluidic devices that more accurately mimic the TME, allowing for precise modeling of tumor behavior and progression (102). Recent advancements have led to the development of sophisticated vascularized tumor models using sacrificial hydrogels to create hollow channels within cell-laden matrices, which are then seeded with endothelial cells to form functional blood vessel-like structures that support tumor angiogenesis and metastasis. Furthermore, co-culture systems integrating tumor cells with stromal components, such as fibroblasts and immune cells, have been developed to investigate tumor-stroma interactions, providing deeper insights into cancer cell dissemination and serving as platforms for testing therapeutic interventions targeting metastasis (103).
7. Future Perspectives: 
Human tumors exist within intricate and dynamic microenvironments that significantly influence disease progression and metastasis (104). To replicate these complex tumor microenvironments (TMEs) in three-dimensional (3D) in vitro platforms, it's essential to integrate both structurally and compositionally relevant microtissues into microfluidic devices, facilitating dynamic cancer-stroma interactions (105). Three-dimensional bioprinting emerges as a pivotal technology in this context, enabling the rapid, automated, and precise fabrication of complex, reproducible tumor models. When combined with organ-on-a-chip systems, which emulate key physiological, biophysical, and biochemical cues found in vivo, this integration holds promise for advancing our understanding of tumor pathophysiology and enhancing the screening of effective treatments (106). Despite the potential of these models to recapitulate essential cellular and non-cellular components of the TME, the inclusion of immune system elements has been limited. Current research is actively focusing on developing immunocompetent cancer-on-a-chip models to better evaluate tumor-immune interactions and to screen potential anti-cancer immunotherapies (107). These immune-active platforms have been relatively underexplored, but integrating multiple tumor-associated immune cells and soluble factors within a dynamic environment could facilitate immunotherapy screening under flow conditions, providing more realistic data outputs. Key parameters such as the complexity of tumor-immune cell interactions, the long-term viability of immune cells under flow, and their phenotypic stability over time must be carefully addressed in these setups. Advancements in this direction are anticipated in the coming years. 
The synergistic combination of 3D bioprinting and organ-on-a-chip technologies may lead to the creation of human tumor models that accurately mimic tumor, stromal, and vascular components, as well as the fluid and cellular transport dynamics crucial for cancer aggressiveness and therapeutic resistance. While 3D-bioprinted cancer-on-a-chip is a promising strategy for fabricating complex constructs, the field is still in its early stages, with significant room for progress toward high-throughput and fully patient-personalized systems. Challenges remain in optimizing bioprinting processes on-a-chip and incorporating extracellular matrix (ECM)-mimetic biomaterials, such as tumor-derived decellularized matrices, to more accurately reproduce native tissues. Additionally, integrating computer-controlled sensors-on-chip to monitor real-time data regarding gas exchange, pH levels, and metabolic markers (e.g., glucose or lactate levels in culture media) needs standardization. Such advancements would enable the real-time detection of key biomarkers and the rapid extraction of valuable quantitative readouts from circulating culture media. Future developments in optimizing biomimetic bioinks and physiomimetic chip designs are expected to facilitate the broader adoption of 3D-bioprinted cancer-on-a-chip platforms for both fundamental tumor biology studies and advanced therapeutic screening. 
• Cancer-on-Chip Models: Recent studies have highlighted the potential of cancer-on-chip devices to emulate the tumor microenvironment and metastatic processes. These microfluidic platforms aim to bridge the gap between traditional in vitro models and in vivo conditions, offering a more accurate representation of human cancer physiology. By incorporating various cell types and mimicking mechanical stimuli, these devices provide valuable insights into tumor behavior and progression.
• Immunocompetent Platforms for Immunotherapy Assessment: The integration of immune system components into organ-on-a-chip platforms has been a focal point in recent research. For instance, human immunocompetent organ-on-chip models have been developed to evaluate the safety profiles of tumor-targeted T-cell bispecific antibodies. These platforms allow for the assessment of potential on-target, off-tumor risks, thereby improving the predictive accuracy of preclinical safety evaluations.
• Microfluidic Models for Cancer Immunotherapy Development: The application of microfluidic tumor models has gained traction in cancer immunotherapy development. These models enable the simulation of complex tumor-immune interactions within a controlled environment, facilitating the evaluation of novel immunotherapeutic agents. By providing a more physiologically relevant platform, microfluidic models aim to enhance the translation of preclinical findings to clinical outcomes.
• Advances in Intestine-on-a-Chip Models: Progress in intestine-on-a-chip technology has led to the co-culturing of intestinal epithelial cells with immune cells, such as peripheral blood mononuclear cells, monocytes, macrophages, or neutrophils. This advancement allows for the study of immune responses within the intestinal microenvironment, providing insights into host-microbe interactions and inflammatory processes relevant to cancer development. 
• Microfluidics for Personalized Cancer Treatment: Microfluidic technologies have been employed to simulate tumor microenvironments, aiding in the testing of anticancer drugs. These devices facilitate the analysis of tumor composition and drug sensitivities, enabling personalized treatment strategies. By providing a platform for high-throughput drug screening and toxicity testing, microfluidics contributes to the development of tailored cancer therapies. 
• Researchers in China are testing an experimental 3D-printed breast prosthesis capable of sensing and targeting breast cancer relapse. This prosthesis contains a gel responsive to specific oxygen-containing molecules indicative of tumor activity, releasing therapeutic agents to induce tumor cell death. In mouse experiments, this approach demonstrated significant anti-cancer effects, suggesting potential for further development, including the incorporation of chemotherapy drugs. However, human trials are still in the distant future.
• The Wyss Institute for Biologically Inspired Engineering has pioneered the development of organ-on-a-chip technologies, including the first 3D lung-on-a-chip that mimics human lung functions. Following this, the team developed kidney-on-a-chip and intestine-on-a-chip models. In 2014, the spin-off company Emulate was established to make these organ chips commercially available for disease modeling and drug testing. 
• Microfluidic technologies are being leveraged for personalized cancer treatment by enabling sensitive detection with higher throughput and reduced time and costs. These technologies facilitate the analysis of tumor composition and drug sensitivities, aiding in the prediction of patient-specific drug responses and the progression of diseases based on the presence of specific biomarkers. 
These advancements underscore the potential of integrating 3D bioprinting with organ-on-a-chip systems to create more accurate and functional tumor models, thereby enhancing our understanding of cancer biology and improving the development and screening of therapeutic interventions (108).
cONCLUSION: 
The integration of 3D bioprinting and organ-on-a-chip technologies represents a transformative leap in precision oncology, enabling the fabrication of physiologically relevant cancer models. These advanced platforms successfully mimic the structural, biochemical, and biophysical complexity of the tumor microenvironment, allowing for more accurate drug screening, mechanistic studies, and personalized treatment strategies. While significant progress has been made in incorporating vascularized networks, tumor-stroma interactions, and dynamic culture conditions, challenges remain in optimizing bioink formulations, achieving long-term cell viability, and standardizing microfluidic designs for large-scale applications. The future of 3D-bioprinted cancer-on-a-chip systems lies in the refinement of ECM-mimetic materials, the incorporation of real-time biosensors for continuous monitoring, and the development of fully immunocompetent tumor models to advance cancer immunotherapy research. Moreover, leveraging artificial intelligence and computational modeling in these platforms can further enhance predictive capabilities, accelerating the transition of promising therapies from bench to bedside. As this multidisciplinary field continues to evolve, the seamless convergence of bioprinting, microfluidics, and high-throughput screening technologies will revolutionize cancer research, ultimately improve patient-specific therapeutic outcomes and advancing the era of precision medicine.
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