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AI-enabled wearable microfluidics for next-
generation infection monitoring and therapeutics

Yan Zhou,ab Xiaoyu Zhu,ab Kai Qu*cd and Feng Xu *ab

Wearable biosensors have revolutionized healthcare by enabling continuous, minimally invasive monitoring

of health parameters. While traditional wearables primarily measure physiological signals, recent

advancements now allow biochemical sensing of microbial biomarkers across diverse human biofluids,

including sweat, saliva, wound exudate, interstitial fluid, tears, breath, and urine. These biomarkers,

including microbial nucleic acids, metabolites, and host immune mediators, provide valuable information

for diagnosing and managing infections. Wearable microfluidic devices are designed to sample these

biofluids directly from the body and allow for rapid identification of microbial signatures and associated

host responses. Moreover, some wearables' use of living microorganisms as functional components has

opened new opportunities for biosensing and therapeutic delivery. The integration of artificial intelligence

improves the interpretation of complex and dynamic data streams, and facilitates precise and adaptive

decision-making. Additionally, by addressing biomechanical interactions between microorganisms, host

tissues, and wearable interfaces, mechanomedicine principles provide insights into these systems. In the

near future, these interdisciplinary innovations have the potential to transform infection control,

personalized healthcare, and global health surveillance.

1. Introduction

Wearable devices have transformed healthcare by enabling
continuous, decentralized, and minimally invasive monitoring
of physiological and biochemical health indicators.1,2

Commercial wearable devices like smartwatches and fitness
trackers are primarily focused on physical parameters like
heart rate and electrocardiogram (ECG).3 Recent advances in
microfluidics and bioengineering have further enhanced
these systems to biochemical sensing across various human
biofluids, such as sweat, saliva, wound exudate, interstitial
fluid (ISF), urine, exhaled breath condensate (EBC), and
tears.4–6 These fluids contain critical biomarkers reflective of
health conditions, particularly infectious diseases, where
timely detection and monitoring are crucial for effective
management.

Microorganisms, whether commensal, pathogenic, or
probiotic, significantly influence human health and disease
states. The ability to detect microbial biomarkers, such as
DNA/RNA, toxins, and metabolites, as well as host immune
responses, at the point of care offers potential for
personalized medicine. Each biofluid uniquely mirrors
different aspects of infection. Saliva and EBC, for instance,
are ideal for identifying respiratory infections, whereas
wound fluid contains immune responses and local microbial
toxins. Because of its dynamic compositions, host-derived
interference, and low analyte concentrations, each biofluid
poses analytical challenges. Integrated microfluidic systems
for multi-fluid sampling and real-time analysis are necessary
to overcome these constraints.

Innovations in microfluidic design now allow for real-time
sampling and analysis through compact devices such as skin-
conformal patches, microneedles, contact lenses, masks, and
catheter-based sensors. These systems not only enable
continuous sampling and detection of microbial signatures,
but also integrate engineered microorganisms as functional
biosensing components.7–9 Such biosystem-integrated devices
further advance microbial metabolism for specific biomarker
detection, energy harvesting, and responsive therapeutic
delivery. These new developments mark a big change toward
biologically intelligent wearable devices that work closely
with the body, opening up new ways to monitor health and
provide treatment.
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The integration of artificial intelligence (AI) further
enhances the capabilities of these wearable microfluidic
systems. Machine learning and deep learning algorithms
help enhance analytical accuracy by interpreting complex
sensor signals, distinguishing subtle infection-related
patterns from physiological noise,10 and enabling
accurate, predictive analytics.9 For example, deep

learning models can correlate cytokine levels with
physiological parameters or distinguish bacterial from
viral infection profiles based on biomarker profiles.11 In
addition, mechanical factors such as fluid shear stress,
skin deformation, and biofilm mechanics are
increasingly recognized as integral parameters of
microbial behavior and sensor performance.12,13 AI-driven
analytics can help analyze these mechanical forces that
significantly influence host–microbe interactions,
optimizing sensor performance and therapeutic efficacy.
Integration with Internet of Things (IoT) technology
further enhances communication with healthcare
providers and supports closed-loop feedback systems for
infection management.14

This review takes an integrated perspective on AI-
enabled wearable microfluidics focused on microbial
biomarkers and living microorganisms as sensing and
therapeutic elements (Fig. 1). We highlight developments
combining microbial biosensors and AI-driven analytics,
talk about breakthroughs in a variety of biofluids, and
emphasize the mechanomedical aspects that support
system performance. Finally, we discuss current issues and
future perspectives, envisioning a new generation of
biologically integrated, intelligent wearable systems that
can provide individualized healthcare interventions and
infectious disease monitoring.

Fig. 1 A representative system of AI-enabled wearable microfluidics
for next generation infection monitoring and therapies.

Fig. 2 Schematic overview of pathogens across human biofluids including tears, saliva, wound fluid, exhaled breath condensate (EBC), interstitial
fluid (ISF), sweat, and urine, along with associated wearable devices such as lenses, patches, masks, microneedles, bandages, and catheter bags.
The right panel summarizes categories of microbial signals and host responses during infection.
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2. Wearable microfluidics for
microbial sensing

The efficacy of conventional laboratory-based infection
diagnostics in timely decision-making is often limited by
invasive sampling and time-consuming procedures. Wearable
microfluidic systems represent an advancement in healthcare
that enables rapid and noninvasive monitoring of microbial
infections through real-time analysis of body fluids (Fig. 2).
Peripheral biofluids, such as wound exudate, sweat, ISF,
saliva, tears, and urine, contain appreciable concentrations
of biomarkers valuable for infection diagnosis (Table 1). To
continuously monitor at the point of care, these platforms
combine electrochemical, optical, and molecular sensing
techniques with integrated microfluidic designs (Table 2).

2.1 Dermal fluid-based infection diagnostics

Sweat, ISF, and wound exudate are examples of dermal
biofluids that offer easily accessible biomarkers that
represent both localized and systemic infections. For
example, eccrine sweat is perfect for noninvasive immune
surveillance, since it contains inflammatory cytokines,15

chemokines,16,17 and acute-phase proteins18 mirroring blood

concentrations during infections (Table 1). The
SWEATSENSER device demonstrated the feasibility of tracking
cytokines and other proteins such as IL-6, IL-8, IL-10, TNF-α,
IP-10, TRAIL, and CRP in passive sweat (Fig. 3a and b),
distinguishing individuals with flu-like illness (Table 2).15,19,20

The Sweat AWARE platform that monitored TNF-α, IL-6, and
CRP showed a strong correlation between sweat and serum
levels in infection cases (Fig. 3c and d).21 Similarly, the
InflaStat microfluidic patch incorporates immunoassays to
provide reliable sweat-based inflammation profiling with real-
time calibration, demonstrating clinical feasibility for
continuous, decentralized monitoring (Fig. 3e).22

ISF, accessed minimally invasively via microneedles, closely
mirrors plasma composition.23,24 It contains infection-related
biomarkers such as inflammatory cytokines,25,26 host and
pathogen-derived cell-free DNA,27–30 and pathogen-specific
antigens and antibodies.31–33 Innovative microneedle platforms
were employed for molecular diagnostics. For example, a
hollow microneedle patch that integrated a lateral flow
immunoassay (LFA) for detecting PfHRP2 achieved malaria
diagnosis from ISF.34 A related 3D-printed patch enabled dual
detection of CRP and procalcitonin (PCT) for bacterial infection
and sepsis (Table 2).35 Advanced platforms incorporating a
CRISPR-Cas9 sensor detected cfDNA of Epstein–Barr virus and

Table 1 Major biomarkers in each type of body fluid and the associated pathogens

Type of body fluid Biomarker Target bacteria Ref.

Sweat DNA, RNA Proteobacteria, Actinobacteria, Bacteroidetes 174
IP-10, TRAIL, CRP S. aureus, C. acnes 18, 175

ISF cfDNA Pathogen infection 25
Pyocyanin P. aeruginosa 30
PfHRP2 Plasmodium falciparum 31
TNF-α, IL-1β, IL-6 S. aureus, P. aeruginosa 27
Anti-tetanus toxoid IgG Clostridium tetani 32
SARS-CoV-2 antibodies SARS-CoV-2 33
Uric acid, lactate, glucose S. aureus, C. violaceum, P. aeruginosa 29, 176
pH Bacterial infection 28

Wound fluid DNA/RNA S. aureus 67
Pyocyanin, DNase P. aeruginosa, S. aureus 38, 46, 177
TGF-β1, TNF-α, IL-6, IL-8, CRP S. aureus, P. aeruginosa, E. coli 47–53
Uric acid, lactate, glucose, TMA S. aureus, P. aeruginosa, E. coli 39–41, 54, 55, 178
Temperature, pH S. aureus, E. coli 56, 57
NO P. aeruginosa 59, 179
H2O2 S. aureus, P. aeruginosa 180

Saliva DNA, RNA, LPS, LTA S. salivarius 73
IL-1β, IL-6, MMPs S. mutans, P. gingivalis Haemophilus 77, 181
sIgA SARS-CoV-2 78, 80
pH, lactate S. mutans 82

Tears DNA, RNA, LPS P. aeruginosa 87
Lysozyme, lactoferrin Bacterial infection 88
IL-1β, IL-6, TNF-α, IL-8, CXCL8 S. aureus, S. pneumoniae, P. aeruginosa, M. morganii 90
Glucose, nitrite, pH S. epidermidis, S. viridans 91

EBC DNA, RNA M. tuberculosis 96
Specific antibodies Rhinoviruses, enteroviruses 182
PCT, CRP Klebsiella, streptococcus,

Influenza A virus, Adenovirus
97

VOCs SARS-CoV-2 93
Urine DNA, RNA E. coli 106

PCT, CRP 109, 110
E. coli-specific enzymes 183
Nitrite 102
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bacterial sepsis in vivo for up to 10 days (Fig. 3f and g).36 In a
further refinement, a wireless patch incorporating prokaryotic
Argonaute (NgAgo) tethered to DNA nanostructures enabled
detection of DNA/RNA from Staphylococcus aureus and
Pseudomonas aeruginosa (Fig. 3h).37 Such advancements
highlight the potential of microneedle systems for minimally
invasive, continuous, and laboratory-free infection monitoring.

Wound exudate emerges as a critical biofluid for localized
infection diagnostics, containing microbial DNA/RNA,38

volatile organic compounds (VOCs),39–41 microbial
enzymes,42–46 inflammatory cytokines,47–50 acute-phase

proteins,51–53 and metabolic markers.54–59 Early identification
of these biomarkers in wound fluid is crucial for timely
intervention in infections and chronic wound
management.60,61 Devices such as the WINDOW sensor
employ bioresponsive hydrogels to detect bacterial DNase
activity, facilitating early-stage identification of wound
infections (Fig. 3i and j).62 Electrochemical smart dressings
and battery-free smart bandages integrate multiplexed
sensing of inflammatory cytokines (TNF-α, IL-6, IL-8, and
TGF-β1), pH, temperature, and specific bacterial markers,
allowing real-time diagnostics coupled with automated

Fig. 3 Wearable microfluidics for dermal fluid-based infection diagnosis. (a) SWEATSENSER for electrochemical characterization of CRP and (b)
the stable response of the SWEATSENSER for IP-10 and TRAIL measurement.20 (c) Sweat AWARE perspiration-based biosensing platform and (d)
coefficient of determination (R2) of CRP.21 (e) The mechanism of in situ microfluidic sweat CRP analysis and on-body multiplexed physicochemical
analysis.22 (f) Schematic of the CRISPR-Cas9 system and (g) the real-time i–t curve for detecting EBV cfDNA targets.36 (h) Schematic of MN
wearables on patients' epidermis for detection of cfDNA.37 (i) Schematic of the wireless wound infection sensor WINDOW integrated with
bioresponsive DNAgel and (j) S. aureus load at the wound site.62 (k) Sensing mechanism of aptasensors for cytokines and bacteria and (l) the signal
of S. aureus in serum.63 (m) Schematic of a sensor array in iCares and (n) the multiplexed sensing responses upon adding target molecules.69

Reproduced with permission from ref. 20 Copyright 2022, Wiley-VCH GmbH; ref. 21 Copyright 2024, Springer Nature; ref. 22 Copyright 2023,
Springer Nature; ref. 36 Copyright 2022, Springer Nature; ref. 37 Copyright 2024, Springer Nature; ref. 62 Copyright 2021, American Association
for the Advancement of Science; ref. 63 Copyright 2021, American Association for the Advancement of Science; ref. 69 Copyright 2025, American
Association for the Advancement of Science.
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therapeutic interventions (Fig. 3k and l).63–66 A paper-based
electrochemical dressing was used to detect S. aureus DNA in
diabetic foot ulcers with high sensitivity and selectivity.67

Non-contact wearable systems such as a sealed chamber
further enhance wound diagnostics by analyzing VOCs and
humidity with potential for wound monitoring.68 Notably, a
recent microfluidic smart bandage successfully collected
wound exudate and performed in situ analysis of reactive
species, and provided real-time biomarker monitoring and
AI-assisted wound classification, demonstrating the
translational promise of these approaches (Fig. 3m and n).69

2.2 Mucosal fluid-based infection diagnostics

Mucosal biofluids, particularly saliva and tears, offer easily
accessible biomarkers for detecting oral, ocular, and systemic
infections.70 Saliva contains viral nucleic acids (RNA),71,72

bacterial components,73,74 inflammatory cytokines and
chemokines,75–77 immunoglobulins,78–80 and metabolic
biomarkers (Table 1).81–83 Saliva-based sensors have been
engineered for continuous monitoring of pathogens such as
Helicobacter pylori using ultra-sensitive graphene nanosensors
that detect the bacterial presence through conductivity
changes (Fig. 4a and b).84 Flexible dental patches provide
real-time local pH measurements indicative of bacterial
metabolic activity, enabling simultaneous monitoring and
targeted therapeutic interventions (Fig. 4c and d).85

Tear fluid also contains pathogen-specific biomarkers, such
as DNA/RNA, bacterial enzymes, microbial components,86,87

immunoglobulins,88,89 and proinflammatory cytokines during

ocular inflammation and systemic infections (Table 1).90 These
biomarkers have been utilized by wearable microfluidic contact
lenses and epidermal patches. For example, a microfluidic
contact lens enabled colorimetric sensing for pH, glucose,
protein, and nitrite (Fig. 4e and f).91 Similarly, an epidermal
tear patch that detects vitamin C, calcium, pH, and total
protein was developed.11 Using colorimetric sensors and deep
learning correction (CNN-GRU), the patch enabled accurate
multi-analyte measurement from small tear volumes. While
most tear-based wearables focus on host biomarkers, recent
efforts have targeted therapeutic monitoring. Yin et al.
developed a microfluidic eye patch integrating fluorescence
sensors for detecting fluoroquinolone antibiotics in tears
(Fig. 4g and h).92 Tear-based sensing exemplifies the
integration of minimally invasive sampling with advanced
analytics to provide personalized and continuous healthcare
insights.

2.3 Respiratory fluid-based diagnostics

Exhaled breath condensate (EBC) serves as a powerful
noninvasive diagnostic medium that contains pathogen-
specific VOCs,93,94 nucleic acids,95,96 and inflammatory
markers relevant to respiratory infections and systemic
diseases (Table 1). Systemic infections affect breath chemistry
through elevated levels of PCT and CRP which are
particularly relevant for sepsis and bacterial
pneumonia.93,97,98 Other VOCs, such as ketones, sulfur
compounds, and alcohols, also shift during infection or gut
dysbiosis, though further validation is needed.99 Recent

Fig. 4 Wearable microfluidics for mucosal fluid-based infection diagnosis. (a) Schematic of a graphene wireless nanosensor on a tooth, and (b)
the percentage of resistance change due to H. pylori cell recognition.84 (c) pH monitoring of the S. mutans dental plaque formation process and
(d) the pH test after drinking water, cola and soda.85 (e) Schematic of a microfluidic contact lens and (f) the trend of the (x, y) coordinates at
different nitrite levels.91 (g) Schematic of the collection and detection of tears using an eye sensor patch and (h) the linearly fitted calibration
curves of CIP.92 Reproduced with permission from ref. 84 Copyright 2012, Springer Nature; ref. 85 Copyright 2022, Springer Nature; ref. 91
Copyright 2020, Elsevier B.V.; ref. 92 Copyright 2024, American Chemical Society.
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developments, such as the CRISPR-based freeze-dried sensor
embedded in wearable face masks, have enabled rapid
detection of respiratory pathogens like SARS-CoV-2 directly
from exhaled breath within minutes (Fig. 5a and b).95 The
system integrates a hydration reservoir, μPAD, and lateral
flow strip for colorimetric readout and has been extended to
detect Ebola and MRSA. Multifunctional bioelectronic masks,
which combine aerosol immuno-capture, breath pattern
analysis, and thermal monitoring, facilitate real-time
diagnosis and severity assessment of SARS-CoV-2 respiratory
diseases (Fig. 5c and d).100 Integrated with machine
learning, the system supports adaptation to formats like
face masks, wristbands, and patches for continuous
respiratory monitoring. Advances of a passive cooling
system and a capillary-driven microfluidic network were
developed to condense and analyze EBC. This system allows
multi-analyte detection and analysis using the EBCare mask
to track biomarkers, including ammonium, pH, and nitrite
(Fig. 5e).101 The system demonstrated robust performance
in tracking the respiratory health status in conditions such
as COPD, asthma, and post-COVID recovery.

2.4 Urine-based diagnostics

Urine, rich in biomarkers like nitrite, leukocyte esterase,102,103

cytokines,104,105 and microbial nucleic acids,106–108 is essential for
diagnosing urinary tract and systemic infections (Table 1).109,110

Wearable urinary sensors, including smart diaper systems111 and
catheter-mounted biosensors,112 enable automated and
continuous detection of the bacterial presence. This self-powered

diaper system detected nitrite, outperforming standard dipstick
tests, and is particularly suited for populations with limited
communication, such as infants and elderly patients. The flexible
catheter-mounted optical sensor mounted on a urine collection
bag enabled real-time differentiation of pathogens like Escherichia
coli from Staphylococcus epidermidis and P. aeruginosa, providing
a continuous early-warning system for catheter-associated UTIs
(Table 2). These wearable technologies provide early warnings for
urinary tract infections, significantly improving patient outcomes,
especially in vulnerable populations like infants and elderly
individuals.

2.5 Challenges and future outlook

Despite advances in nanotechnology, intrinsic challenges
remain for wearable sensing across different biofluids. For
example, sweat analysis is still limited by the lack of
knowledge regarding correlation with blood composition, low
sample volume, and variable sweat secretion rates.113 ISF
monitoring faces issues with extraction efficiency, signal
drift, and biological contamination at the MN interface. The
long-term stability of ISF measurement requires overcoming
the reliability issue and preventing irritation or infection.114

Wound fluid is produced slowly and contains complex
cellular, biofilm and enzymatic components which can clog
microfluidic channels, hindering continuous infection
monitoring. Saliva-based wearables also encounter
limitations like irregular flow, complex composition, and
biofouling from proteins and food debris.115 Tears and
breath condensate yield extremely low sample volumes and

Fig. 5 Wearable microfluidics for respiratory fluid-based diagnosis. (a) Schematic of a wearable mask sensor integrated with a μPAD device, and
(b) specificity study of the face-mask sensors.95 (c) Structure, components, and multiple modules of PIDS for monitoring exhaled virus and (d) the
statistical analysis of the current values obtained by a blow test and breath test of 42 volunteers.100 (e) Schematic and sensing signals of the
multiplexed wearable mask EBCare.101 Reproduced with permission from ref. 95 Copyright 2021, Springer Nature; ref. 100 Copyright 2023,
Springer Nature; ref. 101 Copyright 2024, American Association for the Advancement of Science.
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analyte concentrations, making sensitivity and detection
limits critical. Exhaled breath sensors must also resolve
microbial volatiles from ambient background and humidity
effectively. Each fluid thus requires specific engineering
solutions for reliable microbial sensing.

Technological and analytical challenges include reliable
fluid handling, long-term biocompatibility, and high
analytical sensitivity. Advanced microfluidic designs and anti-
fouling coatings are needed to achieve continuous, clog-free
microfluidic flow, minimizing evaporation or contamination.
Biocompatible, breathable materials are essential to avoid
irritation over extended wear. To improve sensitivity and
specificity of the sensing platform, integrated on-chip
calibration and reference sensors are needed to help correct
signal fluctuations. Multi-analyte sensing and cross-
validation between biofluids are another strategy to confirm
an infection signal. These approaches, together with more
robust adhesives and miniaturized pumps, aim to produce
wearable microfluidic systems that reliably monitor microbial
biomarkers across diverse biofluids in real time.

3. Microorganisms as functional
components in wearable microfluidic
systems

Besides detecting microbial biomarkers, recent advances are
now employing living microorganisms themselves as

functional components in wearable microfluidic platforms.
These bio-integrated systems take advantage of the unique
biological characteristics of engineered microorganisms,
including their ability to sense environmental stimuli,
generate biochemical outputs, and produce bioenergy. By
combining synthetic biology and microfluidic technologies,
microorganisms offer innovative solutions for environmental
sensing, personalized diagnostics, and real-time health
monitoring.

3.1 Living biosensors for on-body sensing

Engineered microorganisms, including bacteria and yeast,
have arisen as versatile biosensors due to their inherent
sensitivity to biochemical signals and genetic
programmability. For example, the development of a “living
tattoo”, a wearable patch containing genetically engineered
fluorescent E. coli, demonstrates the capacity for continuous
biochemical monitoring directly on the skin (Fig. 6a).116

Multiplexed detection of multiple analytes is supported by
these bacterial biosensors, which respond dynamically to
chemical stimuli. Similarly, E. coli encapsulated in protective
hydrogels retained strong viability and sensing abilities for
real-time identification of inflammation and microbial
infections.117 Because of their versatility for a range of
sensing applications, yeast-based biosensors integrated into
microfluidic chips have also demonstrated promise in
environmental exposure monitoring, especially for the

Fig. 6 Microorganisms as functional components in wearable microfluidic systems. (a) The design of the living tattoo with different colors that
respond to different chemicals by emitting fluorescence.116 (b) Cross section and photo of the IMBED device.120 (c) Design of a device for
miniaturized wireless sensing with cell-based biosensors and (d) in vitro and in vivo validation of probiotic bacteria engineered to detect NO.121

Reproduced with permission from ref. 116 Copyright 2018, Wiley-VCH GmbH; ref. 120 Copyright 2017, American Association for the Advancement
of Science; ref. 121 Copyright 2023, Springer Nature.
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detection of heavy metals.118,119 However, there are still
issues to be resolved, such as guaranteeing biosafety,
preserving microbial viability in hostile environments, and
resolving any potential regulatory hurdles related to
genetically modified organisms.

3.2 Ingestible microbial diagnostic platforms

Integrating engineered microorganisms within ingestible
devices represents a transformative approach to continuous
gastrointestinal diagnostics. Microfluidic-electronic capsules
containing engineered probiotic bacteria have been
developed to detect gastrointestinal bleeding through heme
sensing (Fig. 6b).120 Upon biomarker detection, these
microorganisms emit a detectable optical signal transmitted
wirelessly to external monitoring devices. Another
miniaturized device integrates genetically engineered
probiotic biosensors with a custom photodetector and
readout chip for real-time tracking of inflammation-
associated signals in the gastrointestinal tract. The bacteria
are genetically encoded to produce luminescence, enabling
precise biological monitoring (Fig. 6c and d).121 This method
has major advantages over conventional diagnostic
techniques and enables minimally invasive, real-time internal
health monitoring. Further research has expanded this
concept and demonstrated that microbial capsules can
identify biomarkers of intestinal inflammation, leading to
individualized internal diagnostics and the tracking of
chronic gastrointestinal disorders.122 Such systems highlight
the potential for microorganisms as sensitive and selective
internal biosensors within wearable and ingestible
microfluidic platforms.

3.3 Challenges and future outlook

Utilizing living microorganisms in wearable biosensors
introduces significant challenges related to stability, safety,
and integration. Engineered microbial cells often lose
function under variable wear conditions due to nutrient
limitations, desiccation, or genetic drift. Without sufficient
support, cell-based sensors may exhibit signal fluctuation or
diminished sensitivity, reducing reproducibility.123 Biosafety
concerns include immune activation, horizontal gene
transfer, and risks from accidental release. Integration into
wearables also requires materials that preserve microbial
viability while ensuring analyte diffusion and safe
containment.124 Response consistency is another issue, as
biological sensors might have variable outputs between
batches or individuals.

Future solutions include synthetic biology safeguards to
enhance biocontainment and encapsulation in hydrogels or
semipermeable membranes to stabilize microbes and prevent
release. Cell-free systems, such as freeze-dried gene circuits,
bypass viability constraints, stabilize responses and minimize
noise while maintaining sensitive detection. In the future,
one can envision mechanically and chemically tuned micro-
bioreactors within wearables that preserve microbes under

optimal conditions, coupled with AI algorithms to interpret
their signals. These approaches aim to deliver safe, robust,
and reproducible microbial biosensors for continuous wear.

4. Microorganism-responsive
therapeutics and smart treatment
strategies
4.1 Microneedle systems for targeted delivery

Microneedle (MN) platforms provide real-time drug
monitoring and targeted antimicrobial therapy in a
minimally invasive manner. MNs enhance drug delivery to
infected sites by rupturing biofilms and tissue barriers. For
stimuli-responsive drug release, bacteria-triggered MNs only
release drugs in the presence of infection. A lipase-responsive
MN system uses microspheres to release antibiotics, such as
doxycycline, upon sensing bacterial enzymes released from S.
aureus or P. aeruginosa. Deferoxamine released from the
hydrogel base promotes tissue regeneration, creating a dual-
function therapeutic strategy (Fig. 7a and b).125 Another
approach incorporates magnetic nanoparticles into
microneedles, generating localized hyperthermia to physically
disrupt bacterial biofilms while releasing antioxidants to
reduce inflammation and promote healing (Fig. 7c and d).126

Besides treating surface infections, advanced MN systems
are being developed for immunomodulation in chronic
diseases such as periodontal infections. MN patches
sequentially release antibiotics and cytokines (IL-4, TGF-β) to
eradicate bacterial pathogens and modulate immune
responses for tissue repair (Fig. 7e and f).127 For cutaneous
leishmaniasis, MN-assisted skin pretreatment enhanced
antifungal drug delivery.128 Other targeted MN designs
include ultrasound-responsive nanoparticle-loaded patches
for treating Propionibacterium acnes infections, facilitating
deep penetration and effective treatment of acne lesions.129

Furthermore, electrochemical biosensors integrated into
stainless-steel MNs provide continuous therapeutic
monitoring of antibiotics, enabling real-time personalized
dosing of antibiotics like vancomycin directly from interstitial
fluid.130 These examples illustrate the broad therapeutic
versatility of MN systems in microbial disease management.

4.2 Intelligent bandages and advanced dressings

With the development of smart bandages and wound
dressings, passive materials have been converted into
multipurpose therapeutic systems that incorporate electronic
actuation, biosensing, and responsive drug release. Smart
bandages contain hydrogels that selectively react to infection-
related P. aeruginosa lipases or S. aureus α-hemolysin, while
leaving commensal bacteria unaffected.131 Other hydrogel
systems respond to infection-related pH or enzyme cues to
selectively activate antimicrobial delivery. Thermoresponsive
hydrogels containing embedded microheaters offer wireless-
controlled drug release when temperature elevations are
related to infection.132 Such systems combine sensor-driven
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drug delivery with real-time physiological monitoring,
exemplifying miniaturized closed-loop therapeutic strategies.
Another wireless smart bandage with integrated sensors and
stimulators could monitor temperature and impedance and
deliver electrical stimulation.133 Emerging wearable
platforms, including microfluidic spinning fibers, flexible
antibiotic pump patches, and drug-eluting contact lenses,
further expand the toolkit for localized, responsive infection
management.134,135 These next-generation devices represent
substantial progress toward wearable therapeutics that
autonomously detect, respond, and adapt to clinical needs,
and fully integrated on-body medical care.

4.3 Bioengineered microbial and biologically-derived
therapies

Biologically-derived therapies employ live microorganisms
and bacteriophages to treat infections and prevent disease.
One notable example is a cryomicroneedle patch that
contains the predatory bacterium Bdellovibrio bacteriovorus,
and is applied directly to infected ocular tissues. This method
significantly reduces bacterial load through predation and
achieves significant bacterial load reduction, highlighting the
potential of ‘living antibiotic’ therapies that are highly
specific and capable of self-amplification via direct delivery
of live predatory bacteria (Fig. 7g and h).136 Similarly,
dressings loaded with bacteriophages show strong efficacy
against pathogens resistant to antibiotics such as
Pseudomonas, by efficiently breaking down biofilms and
preserving localized antimicrobial activity.137

Dissolvable vaccine patches are another example of
preventive applications. Patches delivering HPV and polio

vaccines have shown robust immune responses comparable
to intramuscular injections, with advantages in stability and
ease of administration for resource-limited settings.138,139

Intramuscular injections are commonly associated with rapid
systemic absorption and high peak concentration of a
therapeutic agent. While this approach ensures nearly
complete bioavailability and quick systemic exposure, it has
drawbacks including injection site pain, infection risk, and
less convenient repeat dosing. In contrast, transdermal drug
delivery systems, such as skin patches, can provide a more
sustained, controlled release of the therapeutic agent over
time. Studies have shown that transdermal drug delivery can
prolong the time to peak concentration and reduce
concentration fluctuations compared to more immediate
routes.140

4.4 Challenges and future outlook

Microneedle-based wearables, smart dressings, and living
microbial therapeutics face barriers to clinical translation.
Device systems struggle with optimizing fluid sampling,
sensor stability and biofouling, and integrating microfluidics
with electronics and live components requires trade-offs in
mechanical strength and biocompatibility. Manufacturing
scale-up and regulatory classification are also uncertain
hurdles. Living therapeutics pose unique safety concerns and
off-target effects must be avoided. Notably, no engineered live
biotherapeutic has yet earned regulatory approval,
highlighting the difficulty of demonstrating consistent
efficacy and safety in such emerging therapies.

Future directions focus on integrating advanced materials,
synthetic biology, and AI to address these issues. Smart

Fig. 7 Wearable microfluidics for microorganism-responsive therapeutics. (a) The barrier destruction and wound healing mechanisms of Dox-
DFO@MN Hy and (b) the bacterial response after releasing Dox.125 (c) Schematic of the Fe–Se–HA MN based therapy for infected diabetic wounds
and (d) the sterilization effect of MN patches.126 (e) Antibacterial effect of MN patches and (f) the bacterial density after application of MNs.127 (g)
Illustration of cryoMNs for ocular delivery of predatory bacteria and (h) the time-dependent changes of E. coli concentrations after treatment.136

Reproduced with permission from ref. 125 Copyright 2023, Wiley-VCH GmbH; ref. 126 Copyright 2023, Wiley-VCH GmbH; ref. 127 Copyright 2021,
Elsevier B.V.; ref. 136 Copyright 2021, Wiley-VCH GmbH.
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delivery matrices like stimuli-responsive hydrogels are used
to encapsulate therapeutic microbes for stability and on-
demand release at infection sites.141 Genetic safeguards are
being designed to prevent uncontrolled microbe
proliferation. Closed-loop microneedle patches and dressings
with biosensors and machine learning can dynamically
adjust phage or drug release based on real-time biomarker
feedback. Researchers envision wearable platforms with
interchangeable sensing and treatment units to tailor therapy
to specific needs.

5. Integration of artificial intelligence
in wearable microfluidic systems for
microorganism detection and therapy

The increasing complexity of wearable biosensors generates
extensive datasets, including continuous measurements from
multiple biomarkers and physical parameters. AI such as
machine learning (ML), deep learning (DL) and data fusion
techniques is increasingly integrated into wearable and
microfluidic systems and enables real-time signal
interpretation, correction for physiological variability, and
rapid classification of infection-related biomarkers.9

5.1 Machine learning for enhanced diagnostic precision

Machine learning offers powerful tools for identifying
infection-related patterns in complex biological signals. For
instance, wearable patches monitoring sweat cytokines (e.g.,

IP-10, TRAIL, and CRP) have employed cloud-based ML
algorithms to distinguish bacterial Mycoplasma pneumoniae
infections from viral infections such as COVID-19, delivering
timely and accurate diagnostics.20 A random forest model
trained on key biomarkers like CRP, IL-6, and procalcitonin
achieved high classification performance, demonstrating how
algorithms can differentiate between types of bacterial and
viral infections using biosensor data.142 A skin-conformal
microfluidic wound patch combined exudate analysis with
ML-based pattern recognition to differentiate infection states
in chronic wounds, supporting proactive treatment
decisions.143 Likewise, a 3D-printed epifluidic electronic skin
integrated multimodal sensing and machine learning for
continuous systemic health surveillance (Fig. 8a).144 An all-
flexible chronoepifluidic SERS patch applied autoencoder-
driven quantification of sweat metabolites in real time
(Fig. 8b).145 In parallel, microneedle–microfluidic hybrids
leverage hollow or porous microneedles for ISF sampling,
where ML-guided spectral analysis enables accurate uric acid
and glucose monitoring.146 These advances demonstrate how
wearable, microfluidic, and ML integration is moving
diagnostics toward real-time, fluid-specific, and personalized
infection monitoring. Importantly, such strategies can be
extended to other fluids such as wound exudate, sweat, or
saliva, supporting early detection and tailored interventions.

Predictive analytics through ML models, such as long
short-term memory (LSTM) networks, have been effectively
utilized for early-stage disease detection. For example, a
hybrid CNN–LSTM model distinguished between different

Fig. 8 Integration of artificial intelligence in wearable microfluidic systems. (a) Optical images of an e3-skin and a fully assembled wireless e3-skin
system and (b) the machine learning-powered multimodal e3-skin for personalized health surveillance.144 (c) Schematic illustration of an all-
flexible chronoepifluidic SERS patch and (d) machine-learned metabolic quantification using an autoencoder combined with a logistic regression
model.145 Reproduced with permission from ref. 144 Copyright 2023, American Association for the Advancement of Science; ref. 145 Copyright
2025, Springer Nature.
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types of lung diseases and predicted disease evolution.147

Hybrid convolutional neural network–LSTM (CNN-LSTM)
architectures can predict disease progression, offering
significant clinical value by anticipating severe infection
episodes before symptoms escalate.148,149 Such predictive
modeling can revolutionize personalized infection
monitoring by identifying subtle yet critical physiological
deviations unique to individual patients. Semi-supervised
models have been used to identify deviations from individual
baselines in the context of anomaly detection. Instead of
depending on population-level thresholds, these methods
allow for personalized monitoring.150

5.2 Multimodal data fusion and AI-optimized sensing

By combining chemical, physical, mechanical, and optical
signals, wearable microfluidic devices naturally produce
multimodal data streams. These various signals are
combined by AI-driven multimodal data fusion to produce a
thorough and precise diagnostic landscape.151 Advanced
dimensionality reduction techniques such as principal
component analysis (PCA), t-distributed stochastic neighbor
embedding (t-SNE), and autoencoder networks uncover
intricate correlations among biomarkers and mechanical
parameters, enhancing the interpretability of complex data.

Through the use of evolutionary algorithms and
reinforcement learning, AI also optimizes sensor designs,
examining a wide range of configurations to optimize
robustness, performance, and sensitivity. Environmental
variations, such as fluctuating sweat rates and temperature,
can be enhanced by AI models to isolate clinically relevant
microbial signals.152 For example, autoencoder-based models,
represented by architectures like AERed, significantly reduce
computational load and energy consumption, enabling real-
time data processing on resource-limited wearable
platforms.153 Recent work on stress-monitoring patches used a
combination of sweat-rate sensing and machine learning to
normalize biomarker levels for individual sweat rate
differences, enabling more accurate assessments. Such
multimodal fusion improves the accuracy and personalization
of biosensing by compensating for physiological variability.
Moreover, incorporating an AI-driven design framework has
guided the development of optimization of the microchannel
geometry to enable sensitive chemical detection and
nanoparticle synthesis.154 In such a way, AI could help design
intricate channel networks that ensure consistent
microorganism exposure to analytes and efficient sample
transport.

5.3 AI-driven closed-loop therapeutic control

Integrating AI into wearable therapeutic systems enables
intelligent, autonomous, and precise treatment delivery.
When biosensors continuously detect infections or
inflammation associated biomarkers, immediate therapeutic
interventions are triggered such as localized antibiotic release
or immunomodulatory drug delivery. AI algorithms

continuously monitor biomarker fluctuations and adapt
therapeutic dosing and timing dynamically to achieve
optimal outcomes. This concept of AI therapeutic control is
already emerging. For example, prototypical closed-loop
systems, such as glucose-responsive microneedle patches
guided by AI, demonstrated successful autonomous glycemic
regulation in diabetic models.155 Applying this concept to
infectious disease management could lead to intelligent
wearable patches for early infection detection and treatment
responses, such as antimicrobial delivery or biofilm
disruption therapies.156 This combination of real-time
sensing, predictive analytics, and responsive therapeutics
promises personalization and efficacy in infectious disease
management.

5.4 Challenges and future outlook

Despite the promise of AI in enhancing wearable infection
monitoring, technical and clinical barriers remain. Sensor
heterogeneity, noise, and variability across users or devices
complicate reliable data integration. Motion artifacts,
missing values and environmental interference further
degrade signal quality. Thus, AI models trained on limited
datasets often fail to generalize across populations, leading
to bias and performance loss.157 Moreover, most algorithms
function as “black boxes”, hindering clinician trust and
raising concerns in high-risk infection monitoring. Privacy
and security constraints also restrict centralized data sharing,
limiting the diversity of training datasets and reducing
robustness. These challenges highlight the need for rigorous
model design, validation, and transparent outputs.

Future research should emphasize explainable AI to
enhance transparency and clinician confidence, federated
learning to preserve privacy while utilizing diverse datasets,
and multimodal fusion architectures that integrate
biochemical, physiological, and mechanical signals to
improve predictive accuracy. Progress in data integration
techniques enables the extraction of complementary features
from multiple information streams, and validation is
gradually moving toward prospective clinical trials and
standardized benchmarks. These developments help to
deliver AI-enabled wearables that are interpretable, privacy-
preserving, and clinically validated, paving the way for
integration into infection monitoring and personalized
decision support.

6. Mechanomedicine in wearable
microfluidic systems

Mechanomedicine explores how mechanical forces and the
physical environment govern biological processes,
recognizing that these cues influence biochemical signals in
cell and microbial behaviors.158,159 Recent advancements
have recognized mechanomedicine as an innovative
approach to wearable microfluidic systems, particularly in
the area of infection diagnosis and therapeutic interventions,
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where tissues, fluids, and microbes all present measurable
and actionable mechanics.

6.1 Diagnostic applications utilizing mechanical cues

In infectious diseases, pathogen activity and immune
responses often alter tissue stiffness, edema pressure and
biofluid rheology, such as increased tissue stiffness due to
extracellular matrix remodeling or changes in fluid viscosity
by inflammation response (Fig. 9).160 These subtle changes
could be detected by wearable microfluidic devices with
integrated mechanical sensors to achieve timely and accurate
infection diagnostics. For instance, wearable microfluidic
bandages that track local pressure/stiffness can flag abscess
formation or non-healing states. The microfluidic channels'
hydrodynamics can sense biofluid viscosity changes where
thickening of mucus may indicate respiratory infections for
early alerts. Besides passive readouts, traction force
signatures during epithelial closure are now mapped with
traction microscopy.161 Biochemical sensing in conjunction
with mechanical diagnosis can boost diagnostic confidence
and lower false positives.

6.2 Mechanobiology insights into host–microbe interactions

Pathogenic bacteria frequently form biofilms in tissue or on
medical devices like catheters and implants under various
mechanical conditions, such as fluid shear stress,
compression, and extracellular matrix stiffness.162,163

Microfluidic platforms, capable of simulating controlled
shear environments, have significantly advanced the study of
biofilm formation and antibiotic resistance (Fig. 9).164,165 For
instance, bacteria such as S. aureus and P. aeruginosa exhibit
increased adherence and biofilm robustness under higher
shear conditions.160,166 Wearable microfluidic devices
designed with periodic mechanical stimuli, such as
microfluidic pulses or acoustic vibrations, can exploit these
insights to disrupt microbial early attachment and reduce
infection risk.167,168

Moreover, mechanical stimuli also profoundly influence
immune cell function and microbial virulence gene
expression. Lung pathogens, for instance, respond to
mechanical cues such as cyclic stretch from breathing,
modulating their virulence pathways.169 The human gut
experiences rhythmic contractions and fluid shear from flow

Fig. 9 AI-driven mechanodiagnosis, mechanobiology and mechanotherapies in wearable systems. In tissue-based mechanodiagnosis, AI
algorithms can be used to capture biomechanical features for disease classification and prediction. Microfluidic platforms can simulate the physical
microenvironment to study biofilm formation, antibiotic resistance, and cell and bacterial interaction. Mechanobiology-informed designs are used
for effective infection detection and therapeutics. (a) Working principle of wound treatment by programmable and skin temperature-activated
EMSDs.170 (b) Overall schematics of hydrogel-enabled mechanically active healing of wounds.171 Reproduced with permission from ref. 170
Copyright 2022, American Association for the Advancement of Science; ref. 171 Copyright 2023, Elsevier Ltd.
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of contents.164 Microfluidic organ-on-chip models that
replicate these physiological mechanical dynamics have
demonstrated their value in capturing realistic host–microbe
interactions, indicating the importance of mechanobiology-
informed designs for effective infection detection and
therapeutic strategies.

6.3 Emerging mechanotherapies in wearable systems

Wearable microfluidic platforms integrated with
mechanotherapy offer new therapeutic opportunities that
complement traditional chemical treatments. Wearable
microfluidics are increasingly active rather than passive. A
skin temperature activated device could improve the closure
rates and promote reepithelialization by upregulating EGF,
VEGF, and TGF-β expression, demonstrating synergistic
mechanotherapy and electrotherapy for wound healing
(Fig. 9a).170 Hydrogel-based mechanically active dressings
apply inward contractile forces to wound edges, improving
closure compared to passive coverings (Fig. 9b).171

Mechanically gated microfluidics also enable sampling that
is useful for point-of-care diagnostics. For example, a
pressure-triggered microfluidic contact lens uses blink-
generated forces to open a check valve for controllable
release of antibiotics in tears without electronics.172 Together
with concepts like vibration or ultrasound micro-actuation to
disrupt biofilms using wearable smart wound patches and
deformation-responsive hydrogels that release drugs upon
stretch, these systems indicate opportunities of combining
mechanical and biochemical interventions within wearable
systems to provide an overall approach to infection
treatment.173

6.4 Challenges and future outlook

The incorporation of mechanobiology into wearable
microfluidic systems is still emerging, and several challenges
remain. The first is to understand and measure mechanical
cues in vivo, such as how force shifts affect microbes and
host tissues, but current wearables rarely capture such
mechanical cues. Another challenge is the knowledge gap in
understanding the response of microbial communities to
mechanical cues. Methods are still lacking to systematically
study how varied mechanical cues affect virulence, growth,
and biofilm integrity of different pathogens. Other challenges
include safe integration of mechanical actuators into
wearables, and the complexation of coupling between
mechanical and biochemical signals.

Future directions include bioinspired soft actuators that
deliver safe, controlled forces, and microfluidic
mechanoscreening platforms that probe microbial and host
responses under varied mechanical conditions. Engineering
mechanosensitive microbial reporters may provide real-time
readouts of local forces, while closed-loop systems could
combine vibration or ultrasound with antibiotic release to
synergistically disrupt biofilms. Integrating mechanosensing,
mechano-actuation, and biochemical analytics within

wearable platforms could create multimodal systems that
detect infection-related biomechanical signatures and deliver
targeted mechanotherapeutic interventions, which help
advance infection management beyond conventional
biochemical sensing.

7. Conclusions and future
perspectives

The rapid advancements in wearable microfluidic systems
have opened new frontiers in personalized healthcare for
infectious diseases by enabling continuous, minimally
invasive monitoring and responsive therapeutic
interventions. Current wearable technologies effectively make
use of diverse human biofluids, including sweat, saliva,
interstitial fluid, tears, breath, urine, and wound exudate, for
real-time detection of microbial and host-derived biomarkers.
Future innovations will focus on integrating multi-fluid and
multimodal sensing platforms, allowing comprehensive and
cross-validated infection monitoring, significantly reducing
diagnostic uncertainty.

The integration of AI with wearable microfluidics holds
great promise to greatly improve infection diagnostics and
therapy. AI-driven analytics enable wearable devices to
accurately interpret complex physiological and biochemical
signals, adjusting dynamically to individual patient baselines
and environmental variations. Nonetheless, such
microorganism-integrated wearable platforms still face
critical system-level gaps. Robust machine-learning models
will require extensive training on diverse patient data to
ensure accuracy and generalizability, and careful attention
must be paid to data security and patient privacy in handling
the biosensor data. Advances in flexible electronics,
bioresorbable materials, and stable microfluidic architectures
will be important in translating these devices from laboratory
prototypes into broadly accessible clinical tools. Regulatory
strategies for AI-driven diagnostic devices are still emerging,
and transparent algorithms and thorough validation will be
needed to gain clinical approval.

Mechanomedicine insights into how mechanical cues
influence microbe–sensor interactions remain underexplored,
limiting incorporation of biomechanical and
mechanobiological information for diagnostic and
therapeutic applications. Scalable and sustainable
manufacturing methods, and biocompatible and
mechanically robust materials are needed. Future wearable
devices will likely combine biochemical and mechanical
sensing, bringing insights from tissue stiffness, biofluid
viscosity, and dynamic microbial environments to enhance
diagnostic precision. Integration of mechanomedicine
principles into wearable microfluidics will also facilitate
innovative therapeutic modalities, such as mechanically
responsive hydrogels or actuators that disrupt pathogenic
biofilms or modulate local tissue responses.

In conclusion, AI-driven wearable microfluidic systems
integrating microorganisms and mechanomedicine
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principles offer transformative potential for infection
diagnosis, therapy, and health management (Fig. 10).
Interdisciplinary collaboration among engineers,
microbiologists, clinicians, data scientists, and regulatory
experts will be required to realize these next-generation
wearable devices. With sustained effort, wearable
technologies can fundamentally shift infectious disease
management toward prevention, early intervention, and
personalized care, significantly improving global health
outcomes.
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