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Abstract

The gut microbiome has emerged as a critical determinant of cancer
immunotherapy efficacy, influencing treatment response, resistance, and immune-
related toxicity through complex interactions with host immune pathways. Recent
evidence highlights the roles of beneficial microorganisms, including Akkermansia
muciniphila, Bifidobacterium spp., and Faecalibacterium prausnitzii, as well as
microbial metabolites such as short-chain fatty acids, secondary bile acids, and
tryptophan  derivatives, in regulating antitumor immunity. However,
conventional cell culture systems and animal models often fail to accurately
replicate the dynamic interactions among microbial communities, host tissues,
immune cells, and tumors. This review examines how mechanical engineering
transforming microbiome—cancer research through the
development of microfluidic devices, gut-on-achip systems, tumoron-a-chip
platforms, threedimensional bioprinting technologies, and advanced biosensors.
These technologies enable precise control of physiological conditions, real-time
monitoring of microbial and immune responses, and recreation of clinically
relevant tumor microenvironments. The review further discusses their applications
in modeling host—microbe communication, predicting immunotherapy responses,
evaluating drug resistance, and facilitating personalized therapeutic screening.
Major translational challenges, including standardization, manufacturing
scalability, regulatory approval, and clinical validation, are critically assessed.
The current evidence indicates that engineering-driven platforms provide powerful
tools for decoding microbiome-mediated regulation of cancer immunotherapy and
offer a foundation for next-generation precision oncology. Future integration of
artificial intelligence, microbiome engineering, nanotechnology, and patient-

innovations are

specific  organonachip  systems may enable highly  personalized
immunotherapeutic strategies and improve clinical outcomes.
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Graphical Abstract
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INTRODUCTION

Cancer remains one of the leading causes of
morbidity and mortality worldwide despite
significant advances in diagnosis and treatment. In
recent years, cancer immunotherapy has
revolutionized oncology by harnessing the host
immune system to recognize and eliminate
malignant cells. Immune checkpoint inhibitors
targeting programmed cell death protein-1 (PD-1),
programmed death ligand-1 (PD-L1), and
cytotoxic  T-lymphocyte-associated  protein 4
(CTLA-4) have demonstrated remarkable clinical
success across multiple cancer types, including
melanoma, lung cancer, renal cell carcinoma, and
colorectal cancer (Ghemrawi et al., 2024).
However, durable therapeutic responses are
observed in only a subset of patients, highlighting
the need to identify biological factors that
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influence treatment efficacy and resistance (Li et
al., 2025).

Among the factors affecting immunotherapy
outcomes, the gut microbiome has emerged as a
critical regulator of anti-tumor immunity. The
human gastrointestinal tract harbors trillions of
microorganisms, including bacteria, fungi,
archaea, and viruses, which collectively contribute
to immune development, metabolic homeostasis,
and maintenance of intestinal barrier integrity (Lei
etal., 2025). Accumulating evidence indicates that
microbiome composition
significantly influence responses to cancer
immunotherapy. Beneficial microbial taxa such as
Akkermansia muciniphila, Bifidobacterium spp., and
Faecalibacterium prausnitzii have been associated
with enhanced immune checkpoint inhibitor
efficacy, whereas dysbiosis and enrichment of
pathogenic  microorganisms may promote

variations in
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immune suppression and therapeutic resistance
(Park et al., 2026). Furthermore, microbial
metabolites including short-chain fatty acids,
secondary bile acids, and tryptophan-derived
compounds  modulate  immune  signaling
pathways, cytokine production, and tumor
microenvironment dynamics, thereby influencing
clinical outcomes (Duan et al., 2025).

Despite substantial progress in microbiome
research, understanding the complex interactions
among gut microorganisms, host immunity, and
tumor biology remains a significant challenge.
Conventional in vitro cell culture systems often
lack physiological complexity, while animal
models frequently fail to accurately reproduce
human-specific microbiome composition and
immune responses (Bertorello et al., 2024). These
limitations restrict mechanistic investigations and
hinder the translation of microbiome discoveries
into clinically actionable therapeutic strategies.
Mechanical engineering has emerged as a
transformative discipline in this regard, providing
advanced technologies that bridge the gap between
biological ~ complexity = and  experimental
controllability. Innovations such as microfluidics,
organ-on-a-chip systems, tumor-on-a-chip
platforms, three-dimensional (3D) bioprinting,
and biosensors enable precise recreation of
physiological microenvironments and real-time
monitoring of biological processes (An et al.,
2025). These technologies allow researchers to
mimic intestinal architecture, fluid flow, oxygen
gradients, microbial colonization, immune cell
trafficking, and tumor microenvironment
characteristics with unprecedented accuracy. As a
result,  engineering-based  platforms  are
increasingly being employed to investigate
microbiome-mediated  regulation of cancer
progression and immunotherapy responses.
Recent advances in microfluidic gut-on-a-chip
systems have enabled longterm co-culture of
human intestinal cells and anaerobic gut
microorganisms under physiologically relevant
conditions, facilitating detailed analysis of host-
microbe communication (Bein et al., 2018).
Similarly, tumor-on-a-chip technologies provide
dynamic models for studying immune infiltration,
therapeutic responses, and drug resistance

mechanisms, while 3D bioprinting allows the
fabrication of patient-specific tumor constructs for
personalized medicine applications (Signore et al.,
2021).

This review critically examines the application of
mechanical ~ engineering  approaches  in
deciphering the influence of the gut microbiome
on cancer immunotherapy. Specifically, it
discusses the roles of microfluidics, gut-on-a-chip
systems,  tumor-on-a-chip  platforms, 3D
bioprinting, and biosensor technologies in
modeling microbiome-immune-tumor
interactions. The review further evaluates current
translational challenges and highlights future
opportunities involving artificial intelligence,
microbiome engineering, and precision medicine.
By integrating perspectives from microbiology,
oncology, and engineering, this review provides a
comprehensive framework for understanding how
advanced technological platforms can accelerate
the development of personalized cancer
immunotherapies.

Gut Microbiome Regulation of Cancer
Immunotherapy

The gut microbiome has emerged as a critical
regulator of cancer immunotherapy efficacy,
influencing both treatment responsiveness and
resistance through complex interactions with the
host immune system. Accumulating evidence
indicates that specific microbial taxa can modulate
anti-tumor immunity and determine clinical
outcomes in  patients receiving immune
checkpoint inhibitors (Araji et al., 2021). Among
the beneficial microorganisms, Akkermansia
muciniphila has attracted considerable attention
because of its ability to strengthen intestinal
barrier integrity, enhance antigen presentation,
and promote the recruitment of cytotoxic CD8+ T
cells into the tumor microenvironment. Clinical
studies have demonstrated that a higher
abundance of A. muciniphila is associated with
improved responses to programmed cell death
protein-1 (PD-1) blockade therapy in patients with
advanced cancers (Fan et al.,, 2023). Similarly,
members of the genus Bifidobacterium have been
shown to enhance dendritic cell activation and
stimulate anti-tumor T-cell responses, thereby
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improving the efficacy of immune checkpoint
inhibitors (Pei et al., 2024). Another beneficial
commensal, Faecalibacterium prausnitzii, shown in
Fig. 1 contributes to immune homeostasis through

its anti-inflammatory properties and production of

metabolites that support epithelial health and

immune regulation. Increased abundance of F.
prausnitzii has been correlated with prolonged
progression-free and  enhanced
therapeutic outcomes in melanoma patients
receiving immunotherapy (Guo et al., 2025).
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Fig. 1 Mechanistic pathways through which the gut microbiome regulates cancer immunotherapy
responses.
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In contrast, certain microbial species may impair
immunotherapeutic responses and promote
tumor progression. Fusobacterium nucleatum, an
opportunistic pathogen frequently enriched in
colorectal tumors, has been implicated in immune
evasion, chronic inflammation, and resistance to
anti-cancer therapies. This microorganism can
suppress natural killer cell activity, modulate
tumor-associated immune responses, and facilitate
an immunosuppressive microenvironment that
favors tumor growth (Incognito et al., 2025).
Likewise, enterotoxigenic  Bacteroides  fragilis
produces the B. fragilis toxin (BFT), which induces
inflammatory signaling pathways and promotes
carcinogenic processes through activation of
nuclear factorkappa B (NFkB) and signal
transducer and activator of transcription 3
(STAT3) pathways (Jasemi et al., 2025).

The immunomodulatory effects of the gut
microbiome are largely mediated through a diverse
repertoire of microbial metabolites that act as
signaling  molecules  between intestinal
microorganisms and the host immune system.
Among these, short-chain fatty acids (SCFAs),
including acetate, propionate, and butyrate, are
generated through bacterial fermentation of
dietary fibers and play fundamental roles in
maintaining immune homeostasis. SCFAs
regulate the differentiation and function of
regulatory T cells, enhance epithelial barrier
integrity, and influence the activation of effector T
cells involved in anti-tumor immunity (Zeng et al.,
2025). Secondary bile acids, produced through
microbial metabolism of primary bile acids, have
also been recognized as important modulators of
immune responses and cancer progression. These
metabolites influence dendritic cell function,
cytokine production, and immune cell trafficking
within the tumor
Furthermore, microbial metabolism of tryptophan
generates a variety of bioactive compounds capable
of activating aryl hydrocarbon receptor (AhR)-
mediated signaling pathways, thereby regulating
mucosal immunity and systemic immune
responses (Luo et al., 2025).

microenvironment.

Microfluidic Technologies for Gut Microbiome
Research

The increasing recognition of the gut microbiome
as a key determinant of cancer immunotherapy
outcomes has created an urgent need for
experimental platforms capable of accurately
replicating the complex interactions among
intestinal microorganisms, host tissues, immune
cells, and therapeutic agents. Traditional in vitro
culture systems and animal models have provided
valuable insights into microbiome biology;
however, they often fail to reproduce the dynamic
physiological conditions present within the
human gastrointestinal tract (Stancu, 2018). In
this context, microfluidic technologies have
emerged as powerful engineering tools that enable
precise manipulation of fluids, cells, and
microorganisms within microscale environments
(Kanniyappan et al.,, 2026). By integrating
biological and engineering principles, microfluidic
platforms provide unprecedented opportunities to
investigate microbiome-host interactions under
highly controlled and physiologically relevant
conditions (Mancera Azamar et al., 2025).
Microfluidics involves the manipulation of minute
volumes of fluids through interconnected
microchannels that typically range from a few
micrometers to several hundred micrometers in
diameter. The technology enables precise
regulation of environmental parameters such as
nutrient gradients, oxygen concentrations, pH,
temperature, and fluid shear stress, all of which
play crucial roles in shaping microbial behavior
and host responses. Unlike conventional static
culture systems, microfluidic devices allow
continuous perfusion of media and real-time
monitoring of biological processes, thereby more
closely mimicking the dynamic environment of
the human intestine (Mudugamuwa et al., 2024).
Furthermore, the small volumes required for
experimentation significantly reduce reagent
consumption, lower operational costs, and
facilitate high-throughput screening applications.
These advantages have positioned microfluidics as
a transformative platform for studying complex
microbiome ecosystems and their influence on

human health (Potenza et al., 2025).
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One of the most significant contributions of
microfluidic technology lies in its ability to model
gut ecology with high precision. The
gastrointestinal tract contains diverse microbial
communities that exist within highly structured
spatial and chemical gradients. Reproducing these
conditions in traditional laboratory systems is
challenging because microbial growth often
becomes dominated by rapidly proliferating
species, resulting in reduced ecological complexity
(Teo et al., 2024). Microfluidic devices overcome
these limitations by enabling controlled
compartmentalization and spatial organization of
microbial populations. Researchers can establish
physiologically relevant oxygen gradients, nutrient
distributions, and flow conditions that support
the coexistence of aerobic, facultative anaerobic,
and obligate anaerobic microorganisms within the
same system (Kasahara et al., 2023).

Another major advantage of microfluidic systems
is their ability to provide real-time monitoring of
microbiological and immunological processes.
Advanced imaging technologies, integrated
biosensors, and fluorescence-based detection
methods can be incorporated directly into
microfluidic ~ devices, allowing continuous
observation of microbial growth, cellular
responses, and molecular signaling events (Wang
et al., 2025). This capability is particularly
important for studying temporal changes in
microbiome composition and immune activation
during cancer immunotherapy. Real-time analysis
enables researchers to capture transient biological
phenomena that may be missed in endpoint assays
and  provides a  more  comprehensive
understanding of microbiome-mediated
therapeutic responses (Petrelli et al., 2025).
Moreover, microfluidic systems facilitate parallel
experimentation, enabling simultaneous testing of
multiple microbial communities, drugs, or
environmental conditions with minimal sample
requirements (Oushyani Roudsari et al., 2024).
Microfluidic  platforms have also become
indispensable tools for investigating host-microbe
interactions. By co-culturing intestinal epithelial
cells,  with  commensal or  pathogenic
microorganisms under physiologically relevant
conditions, researchers can directly examine

microbial colonization processes and their effects
on host tissues (Kim et al., 2010). These studies
have revealed critical insights into bacterial
adhesion, epithelial barrier function, mucosal
immune responses, and microbial metabolite
production. The ability to recreate physical
interfaces between microorganisms and host cells
has significantly advanced our understanding of
how the gut microbiome influences immune
regulation and cancer development (Qiet al.,
2023).

The study of microbial colonization and biofilm
formation  represents  another  important
application of microfluidic technologies. Biofilms
are highly organized microbial communities
embedded within extracellular polymeric matrices
that contribute to microbial persistence, resistance
to  antimicrobial  agents, and  chronic
inflammation. Within the gastrointestinal tract,
biofilm formation has been associated with
dysbiosis, inflaimmatory bowel disease, and
colorectal cancer (Sharma et al, 2023).
Microfluidic ~ devices  enable  controlled
investigation of biofilm development under
dynamic flow conditions that closely resemble
physiological environments. Researchers can
evaluate how microbial communities establish
colonization niches, respond to environmental
stresses, and interact with immune cells. Such
studies provide valuable information regarding the
role of Dbiofilms in modulating cancer
immunotherapy outcomes and influencing
treatment resistance (Coppola et al., 2025).

In addition to microbial ecology studies,
microfluidics has become an important platform
for evaluating drug responses and therapeutic
efficacy. The technology enables precise delivery of
pharmaceuticals, microbial metabolites, and
immunotherapeutic agents to cellular systems
while allowing continuous monitoring of
biological responses. This capability is particularly
relevant in oncology, where treatment outcomes
are increasingly recognized as being influenced by
microbiome composition. Microfluidic platforms
allow researchers to investigate how specific
microbial species or metabolites alter responses to
immune checkpoint inhibitors, chemotherapy,
and combination therapies. Such information is
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essential for developing microbiome-guided
precision medicine strategies aimed at optimizing
treatment efficacy and minimizing adverse effects

(Alwdan et al., 2023; Zhitlov et al., 2025).

Gut-on-a-Chip Systems

The evolution of organ-on-a-chip technology has
further expanded the potential of engineering-
based microbiome research. Organ-on-a-chip
systems are microengineered devices designed to
replicate  the structural, mechanical, and
functional characteristics of human organs. These
platforms emerged as a response to the limitations
of conventional cell culture models and animal
experiments, offering more physiologically
relevant alternatives for studying human diseases
(Farhang Doost &  Srivastava, 2024). By
integrating living cells within microfluidic
environments, organ-on-a-chip systems recreate
tissue-specific architecture, biochemical signaling,
and mechanical forces that are essential for
normal organ function (Morais et al., 2024). The
gut-on-a-chip represents one of the most successful
examples of this technology and has become a
valuable model for investigating microbiome-host
interactions.

A defining feature of gut-on-a-chip systems is their
ability to reproduce key physical and mechanical
aspects of the intestinal environment. The
gastrointestinal tract is continuously subjected to
fluid flow generated by luminal contents and
mechanical forces associated with peristaltic
contractions. These mechanical stimuli influence
epithelial differentiation, mucus production,
microbial colonization, and immune responses
(Morelli et al., 2023). Modern gut-on-a-chip
devices incorporate controlled fluid flow and
cyclic mechanical deformation to simulate these
physiological conditions, thereby creating more
realistic experimental models than static cultures
(Valiei et al., 2023). Additionally, the
establishment of oxygen gradients allows
simultaneous cultivation of oxygen-dependent
epithelial cells and anaerobic gut microorganisms,
addressing one of the major challenges in
microbiome research (Shang et al., 2025).

The incorporation of anaerobic compartments
within  guton-a-chip platforms has been

particularly important for studying the human gut
microbiota because many beneficial bacterial
species cannot survive under atmospheric oxygen
conditions. Advanced device designs maintain
distinct oxygen environments while preserving
communication between microbial and host
compartments. These systems also support the
formation of mucosal interfaces that closely
resemble those found in vivo, enabling
investigation of microbial adhesion, mucus
interactions, and barrier function. Through these
innovations, gut-on-a-chip technology provides a
sophisticated platform for examining host-
microbe communication and microbial regulation
of immune responses (Trujillo-de Santiago et al.,
2018; Comolli et al., 2023).

The application of gut-on-a-chip systems in cancer
immunotherapy research is rapidly expanding.
These platforms enable assessment of microbiome-
derived metabolites, microbial communities, and
host immune cells within integrated experimental
systems. Researchers can evaluate how alterations
in microbiome composition influence responses
to immune checkpoint inhibitors, cytokine
therapies, and emerging immunotherapeutic
strategies (Donkers et al., 2023). Furthermore,
gut-on-a-chip devices are increasingly being used
for drug screening and prediction of patient-
specific therapeutic responses. By incorporating
patient-derived microbiota and immune cells,
these systems offer opportunities for personalized
microbiome testing and individualized treatment
optimization (Li et al., 2024).

Tumor-on-a-Chip Technologies

The emergence of tumor-on-a-chip technology has
significantly advanced the study of cancer biology
by providing physiologically relevant platforms
that accurately recapitulate the complexity of
human tumors. Traditional two-dimensional cell
cultures often fail to reproduce the architectural,
biochemical, and mechanical characteristics of
tumor tissues, while animal models may not fully
reflect  human-specific responses (Trujillo-de
Santiago et al., 2019). Tumor-on-a-chip systems
address  these limitations by integrating
microfluidic engineering with living cancer cells,
stromal components, extracellular = matrix
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elements, and immune cells within controlled
microenvironments. These platforms allow
researchers to recreate key features of the tumor
microenvironment, including nutrient gradients,
oxygen distribution, vascular networks, and
mechanical stresses that influence cancer
progression and therapeutic responses (Xu et al.,
2024).

A major advantage of tumor-on-a-chip systems is
their ability to engineer realistic tumor
microenvironments. Solid tumors exist within
highly heterogeneous ecosystems characterized by
abnormal vasculature, hypoxia, acidic pH,
immune infiltration, and extracellular matrix
remodeling. These factors collectively regulate
tumor growth, metastasis, and therapeutic
resistance. Microfluidic platforms enable precise
control over these variables, allowing researchers
to simulate physiological and pathological
conditions observed in vivo. For example,
gradients of oxygen and nutrients can be generated
within microchannels to mimic hypoxic tumor
regions, while engineered extracellular matrices
provide structural support that resembles native
tissues. Such biomimetic conditions facilitate
more accurate investigation of cancer cell behavior
and drug responses than conventional culture
methods (Liu et al., 2022; Xia et al., 2026).
Advanced tumor-on-a-chip systems provide
physiologically relevant platforms for investigating
immune infiltration,
signaling, and therapeutic responses in cancer
immunotherapy (Table 1).

The incorporation of immune cells into tumor-on-
a-chip platforms has further expanded their utility
for cancer immunotherapy research. Immune cell
infiltration represents a critical determinant of
immunotherapeutic success because the ability of
cytotoxic T lymphocytes, natural killer cells, and
antigen-presenting cells to penetrate tumor tissues
directly influences anti-tumor activity (Kraja et al.,
2025). Microfluidic systems allow real-time
observation of immune cell migration, activation,
and interactions with cancer cells under
controlled conditions. These models have been
used to investigate mechanisms governing T-cell
trafficking, immune checkpoint regulation, and
tumor immune evasion. By integrating patient-

microbiome-mediated

derived immune cells with tumor tissues,
researchers can evaluate personalized immune
responses and identify factors that contribute to
resistance or sensitivity to immunotherapy (Chen
et al., 2026).

The growing recognition of microbiome-tumor
interactions has stimulated the development of
tumor-on-a-chip systems capable of incorporating
microbial signals into cancer models. Numerous
studies  have  demonstrated  that  gut
microorganisms influence tumor progression
through  immune modulation, metabolite
production, and regulation of inflaimmatory
pathways (Zhang et al., 2025). However,
traditional experimental systems often fail to
capture these complex interactions. Advanced
tumor-on-a-chip platforms now enable the
integration of microbial metabolites, bacterial
components, and immune cells within tumor
models, allowing researchers to examine how
microbiome-derived factors affect cancer biology
and treatment responses. For example, short-chain
fatty acids produced by beneficial gut bacteria can
be introduced into microfluidic tumor systems to
evaluate their effects on immune activation and
tumor suppression. Similarly, pathogenic bacterial
metabolites may be studied for their role in
promoting immune evasion and therapy resistance
(Sousa et al., 2025).

One of the most promising applications of tumor-
on-a-chip technology is drug resistance prediction.
Resistance to chemotherapy, targeted therapies,
and immune checkpoint inhibitors remains a
major challenge in oncology. Conventional drug
screening platforms frequently fail to predict
clinical responses because they lack the biological
complexity of human tumors. Tumor-on-a-chip
systems overcome this limitation by reproducing
patient-specific tumor characteristics, including
stromal interactions, vascularization, and immune
components. These platforms enable dynamic
monitoring of cellular responses to therapeutic
agents and facilitate identification of resistance
mechanisms before clinical treatment. Integration
of microbiome-derived metabolites into drug
testing platforms may further improve predictive
accuracy by accounting for the influence of gut
microorganisms on drug metabolism and immune
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responses (Hachey & Hughes, 2018; Motohashi et

al., 2025).

Table 1. Tumor-on-a-Chip platforms for investigating gut microbiome-cancer interactions and
immunotherapy responses.

Platform Components Biological Applications Major References
Type Features Advantages
Tumor-on-a- Cancer  cells, Tumor Evaluation of Physiologically Lin et al,
Chip extracellular architecture, checkpoint relevant tumor 2025

matrix, hypoxia, inhibitor efficacy modeling

microfluidic nutrient

channels gradients
Immune- Tumor cells Immune Assessment of T- Real-time Dabbagh
Tumor-on-a- and  immune infiltration and cell-mediated immune Moghaddam
Chip cells tumor killing responses monitoring etal., 2025
Microbiome- Gut microbial Microbiome- Investigation of Mimics host- Luu et al,
Tumor-on-a-  metabolites and mediated microbiome microbe- 2023
Chip tumor tissues immune influence on tumor

modulation immunotherapy  interactions

Vascularized ~ Endothelial Angiogenesis Drugdeliveryand Simulates in Poljak et al,,
Tumor-on-a-  cells and and drug resistance studies vivo  vascular 2026
Chip perfusion transport conditions

networks
Multi-Organ-  Gut, liver, Organ-organ Personalized System-wide Picollet-
on-a-Chip immune, and communication therapeutic physiological D’hahan et

tumor evaluation modeling al., 2021

compartments

3D Bioprinting and Engineered Cancer Models
Complementing  these  advances,  three-
dimensional (3D) bioprinting has emerged as
another transformative engineering approach for
modeling cancer and microbiome interactions.
Unlike  conventional  scaffold-based  tissue
engineering techniques, 3D bioprinting enables
layer-by-layer fabrication of complex biological
structures using bioinks containing living cells,
biomaterials, and signaling molecules. This
technology allows precise spatial organization of
multiple cell types, resulting in tissue constructs
that closely resemble native tumor architecture
(SanchezSalazar et al, 2021; Kazemi &
Maralbashi, 2025).

The success of 3D bioprinting largely depends on
the development of suitable bioinks capable of
supporting both mammalian cells and microbial
communities. Recent advances in microbiome-

compatible  bioinks  have  enabled the

and pathogenic
microorganisms into engineered tissues without
compromising cell viability. These bioinks often
consist of hydrogels derived from alginate, gelatin
methacrylate, collagen, or other biocompatible
materials that mimic extracellular
properties while maintaining microbial growth
conditions (Antony Jose et al., 2026).

A particularly exciting application of 3D
bioprinting is the generation of patient-specific
tumor models. Advances in tissue engineering and
personalized medicine have enabled the use of
patient-derived cancer cells, stromal cells, and
immune cells to fabricate individualized tumor
constructs. These models preserve the genetic and
phenotypic characteristics of the original tumors,
allowing investigate
progression and therapeutic responses in a patient-
specific manner. The incorporation of patient-
derived microbiota into these constructs further

incorporation of beneficial

matrix

researchers to disease
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enhances their relevance by accounting for
microbiome-associated variations in treatment
outcomes. Such personalized models have the
potential to revolutionize cancer research by
enabling more accurate prediction of therapeutic
efficacy and toxicity (Liu & Jin, 2025). Three-

dimensional bioprinting enables the development
of patient-specific tumor constructs that can be
used for personalized drug screening and
microbiome-based therapeutic evaluation (Table

2).

Table 2. Applications of 3D Bioprinting in cancer and microbiome research.

Application Bioprinted Purpose Clinical Relevance References

Area Components

Tumor Patient-derived Recreate tumor Personalized cancer Wu et al,

Modeling cancer cells heterogeneity research 2023

Microbiome- Cancer cells and gut  Study  host-microbe Understanding Contreras et

Compatible microorganisms interactions microbiome-driven al., 2016

Models therapy responses

Drug Screening Tumor tissues and Evaluate treatment Precision medicine Motohashi et

Platforms stromal cells efficacy al., 2025

Immune- Tumor and  Assess Optimization of Oli et al,

Oncology immune cells immunotherapeutic immunotherapy 2024

Models responses

Metastasis Primary and Investigate cancer Identification of Sparreretal.,

Models secondary  tissue dissemination metastatic 2025
constructs mechanisms

Personalized Patientspecific cells Predict individual Tailored therapeutic Krzyszczyk et

Tumor and microbiota treatment outcomes strategies al., 2018

Constructs

Biosensors and Real-Time Monitoring
Alongside  microfluidics and  bioprinting,
biosensor technologies are playing an increasingly
important role in microbiome-guided cancer
research. Biosensors are analytical devices that
convert biological interactions into measurable
signals, enabling rapid and sensitive detection of
biomolecules, metabolites, and microorganisms.
Their integration into cancer and microbiome
research platforms allows continuous monitoring
of biological processes and provides valuable
information regarding disease progression and
therapeutic responses (Kulkarni et al., 2022).

Electrochemical biosensors represent one of the
most widely used biosensing technologies due to
their high sensitivity, low cost, and rapid response
times. These devices detect biochemical
interactions through changes in electrical signals
generated by redox reactions or molecular binding
events. In microbiome research, electrochemical
biosensors have been employed to detect
microbial metabolites, inflammatory biomarkers,
and immune mediators associated with cancer
progression. Their compatibility with microfluidic
systems makes them particularly useful for real-
time monitoring of microbiome-immune-tumor
interactions (Kim et al., 2024).
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Fig. 2 Integrated engineering platforms for modeling microbiome-immune-tumor interactions and
advancing precision immunotherapy.

Recent advances in wearable biosensor technology Wearable devices can continuously measure
have expanded opportunities for real-time health physiological parameters, inflammatory
monitoring beyond laboratory settings (Fig. 2). biomarkers, and metabolic indicators from sweat,
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saliva, or interstitial fluids. Integration of
microbiome-related biomarkers into wearable
platforms may facilitate longitudinal monitoring
of patient responses to immunotherapy and

provide early indications of treatment efficacy or

toxicity (Xian, 2026). The integration of
electrochemical, optical, and wearable biosensors
enables continuous monitoring of microbiome-
derived biomarkers and immune responses during
cancer treatment (Table 3).

Table 3. Biosensor technologies for monitoring microbiome-cancerimmunotherapy interactions.

Biosensor Type Detection Principle Target Analytes Applications References
Electrochemical Electrical signal  Cytokines, Real-time Mehrotra,
Biosensors generation metabolites, monitoring of 2016
microbial immune responses
biomarkers
Optical Biosensors  Fluorescence, Microbial Non-invasive Blachowicz et
absorbance, plasmon metabolites, biomarker al., 2026
resonance proteins, DNA detection
Wearable Continuous Sweat biomarkers, Longitudinal Ma et al,
Biosensors physiological inflammatory patient monitoring 2026
monitoring markers
Microbiome Integrated molecular Gut microbial Personalized Dambhorst et
Monitoring Devices detection systems composition microbiome al., 2021
profiling
Lab-on-a-Chip Microfluidic-based Drug  metabolites High-throughput Chi et al,
Biosensors detection and microbial therapeutic 2016
products screening
Multiplex Simultaneous Multiple  immune Precision oncology Lietal., 2025
Biosensors biomarker detection and microbial applications
markers

Translational Challenges

Despite remarkable advances in microfluidics,
organ-on-a-chip technologies,

three-dimensional

widespread

platforms.

adoption

Different

biosensors,
bioprinting,

laboratories

and
several
translational challenges continue to hinder their
in microbiome-guided
cancer immunotherapy research and clinical
practice. One of the most significant limitations is
the lack of standardization across experimental
frequently

difficult

obstacle

require

to

to largescale
organ-on-a-chip

specialized materials,

and

establish  universally
experimental models and biomarkers.
Manufacturing challenges also represent a major
implementation  of
engineering-based biomedical platforms. Many
tumor-on-a-chip  devices
sophisticated fabrication
and highly controlled
production environments. Although academic

applicable

techniques,

employ distinct device architectures, fabrication
materials, cell sources, culture conditions, and
analytical protocols, resulting in substantial
variability in experimental outcomes. Such
inconsistencies complicate data comparison and
reduce  reproducibility,  which
fundamental requirement for scientific validation
and regulatory approval. Furthermore, variations
in microbiome composition among individuals
introduce additional complexity, making it

remains a

laboratories have demonstrated impressive proof-
of-concept models, scaling these technologies for
commercial production remains technically
demanding and economically costly. Device-to-
device variability, limited durability, and
difficulties in maintaining long-term microbial
cultures further restrict their practical application.
Similarly, three-dimensional bioprinting
technologies often face challenges related to
bioink  optimization,  printing  resolution,
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structural stability, and preservation of cell
viability, all of which influence model reliability
and translational potential.

Regulatory barriers constitute another critical
challenge. Existing regulatory frameworks were
primarily developed for conventional
pharmaceuticals and medical devices and are not
fully equipped to evaluate complex bioengineered
systems that integrate living cells, microorganisms,
and artificial intelligence-based analytical tools.
The absence of standardized validation criteria
creates uncertainty regarding safety assessment,
quality control, and clinical implementation.
Additionally, the use of patient-derived tissues and
microbiota raises ethical and regulatory concerns
related to informed consent, data privacy, and
biological sample management. Establishing clear
regulatory guidelines will be essential for
facilitating clinical translation and
commercialization of these emerging technologies.
Clinical validation remains one of the most
important yet underdeveloped aspects of
microbiome-engineering  research.  Although
numerous studies have demonstrated promising
results in laboratory settings, relatively few
technologies have undergone rigorous clinical
testing. Large-scale, multicenter validation studies
are required to confirm the predictive accuracy,
reliability, and clinical utility of microbiome-based
engineering platforms. Furthermore, patient
heterogeneity,  differences in  microbiome
composition, lifestyle factors, dietary habits, and
genetic backgrounds can significantly influence
therapeutic responses, necessitating extensive
validation across diverse populations. Without
robust clinical evidence, the transition from
experimental models to routine clinical
applications will remain limited.

Future Perspectives

The future of microbiome-guided cancer
immunotherapy will likely be shaped by the
convergence  of  microbiology, biomedical
engineering, nanotechnology, artificial
intelligence, and precision medicine. Emerging
microbiome-on-a-chip platforms are expected to

microbial communities, and tumor
microenvironments within a single dynamic
device. These advanced platforms will provide
unprecedented opportunities to investigate
complex host-microbe interactions and predict
patient-specific responses to immunotherapeutic
interventions.

Recent advances in microbial engineering and
beneficial microorganism-based technologies have
demonstrated the potential of manipulating
microbial communities to improve biological
outcomes in diverse systems (Magbool et al., 2025;
Khan et al., 2026; Ullah et al., 2026). Similar
approaches could be adapted to human
microbiome research through the development of
engineered  probiotics, synthetic  microbial
consortia, and microbiome-editing strategies
aimed at enhancing anti-tumor immunity. The
concept of beneficial microorganisms as biological
engineers, widely explored in agricultural systems,
may provide a useful framework for designing
next-generation therapeutic microbiota capable of
improving immunotherapy responsiveness (Igbal
et al., 2026).

Nanotechnology is also expected to play an
increasingly important role in microbiome-based
precision oncology. Green-synthesized
nanoparticles, nanocomposites, and graphene-
based biomaterials have demonstrated remarkable
potential for targeted delivery, biosensing,
antimicrobial activity, and biomedical applications
(Khan et al., 2025; Khan et al., 2026; Ullah et al.,
2026). Future integration of nanotechnology with
organ-on-a-chip systems may enable real-time
monitoring of microbial metabolites, immune
biomarkers, and tumor-derived signals at
unprecedented sensitivity. Such nano-enabled
platforms could facilitate early prediction of
treatment response, identification of resistance
mechanisms, and optimization of therapeutic
interventions.

Furthermore, increasing understanding of
microbial interactions and community dynamics
may facilitate the rational design of synthetic
microbiomes  optimized  for  therapeutic
applications. Lessons learned from studies

represent the next generation of experimental investigating microbial cooperation,
systems by integrating host tissues, immune cells, biodegradation = pathways, and  microbial
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ecosystem engineering may provide valuable
insights for manipulating human-associated
microbial communities in cancer patients (Khan
et al., 2026; Khan et al., 2025).

Ultimately, the integration of microbiome science,
advanced engineering technologies,
nanotechnology, synthetic biology, and artificial
intelligence is expected to transform cancer
immunotherapy from a  population-based
approach into a truly personalized therapeutic
paradigm. Achieving this vision will require
interdisciplinary collaboration among
microbiologists, oncologists,
computational scientists, and nanotechnologists
to develop clinically validated platforms capable of
improving treatment efficacy and patient
outcomes.

engineers,

Conclusions

The gut microbiome plays a fundamental role in
shaping cancer immunotherapy outcomes by
regulating  immune  activation,  microbial
metabolite production, and tumor
microenvironment  dynamics. This  review
highlights that beneficial microbial taxa and their
metabolites can enhance therapeutic efficacy,
whereas dysbiosis may contribute to treatment
resistance. Advanced engineering technologies,
including microfluidics, gut-on-a-chip, tumor-on-a-
chip, 3D bioprinting, and biosensors, have
significantly improved our ability to model and
analyze microbiome-immune-tumor interactions
under physiologically relevant conditions. These
platforms provide valuable opportunities for
mechanistic studies, drug screening, response
prediction, and  personalized
development. Despite promising advances,
challenges related to standardization, scalability,
regulatory approval, and clinical validation must
be addressed before widespread clinical adoption.
Future integration of microbiome-on-a-chip
systems, artificial intelligence, smart biosensors,
and microbiome engineering strategies is expected
to accelerate the development of precision
immunotherapy. Collectively, the convergence of
microbiology and mechanical engineering offers a
transformative ~ framework  for  translating

treatment

microbiome discoveries into personalized cancer
treatment and improving patient outcomes.
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