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Abstract 

Invasive fungal respiratory infections (IFRIs) remain a major cause of morbidity and mortality among 
immunocompromised patients, yet diagnosis continues to be hindered by nonspecific clinical 
features, limited sample accessibility, and the poor sensitivity or specificity of conventional tests. 
Microfluidic and microelectromechanical systems (MEMS)-based biosensing platforms have 
emerged as promising alternatives, enabling rapid, minimally invasive, and highly specific detection 
of fungal pathogens and host responses. Microfluidic nucleic acid and antigen assays allow on-chip 
amplification and immunodetection with reduced sample volumes and turnaround times, while 
CRISPR-enhanced systems further improve analytical sensitivity. Parallel advances in host-response 
profiling—including transcriptomic, proteomic, and cytokine-based signatures—have demonstrated 
feasibility for integration into lab-on-a-chip platforms. MEMS-based technologies extend this 
potential by facilitating real-time analysis of exhaled volatile organic compounds, mechanical 
biosensing of fungal DNA and antigens, and in situ monitoring of device-associated biofilms. 
Translational studies highlight potential applications across intensive care, hematology–oncology, 
and transplant settings, as well as in outpatient monitoring of high-risk populations. However, 
several challenges remain, including limited multicenter validation, matrix-related biofouling effects, 
and lack of standardization in fungal biomarker panels. Future directions include AI-driven 
interpretation of multianalyte data, multiplexed integration of host and pathogen markers, and 
development of fully cartridge-based systems for near-patient deployment. Collectively, these 
innovations may shift fungal diagnostics toward earlier, more precise, and patient-tailored 
interventions, improving outcomes in vulnerable populations. 

Keywords: fungal infections; respiratory infections; biosensors; invasive fungal respiratory 
infections; immunocompromised; microfluidic 
 

1. Introduction 

Invasive fungal respiratory infections (IFRIs) represent a significant clinical challenge, 
particularly among immunocompromised individuals, and are associated with high morbidity and 
mortality. These infections, predominantly caused by Aspergillus spp., Candida spp., Cryptococcus 
neoformans, and mucormycetes, are increasingly recognized in patients with compromised host 
defenses [1,2]. The lungs are a frequent portal of entry for these opportunistic pathogens, and 
pulmonary involvement can rapidly progress to disseminated disease if not promptly diagnosed and 
treated [3]. 
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Certain populations are especially vulnerable to IFRIs, including recipients of hematopoietic 
stem cell transplantation (HSCT) and solid organ transplantation (SOT), patients with hematologic 
malignancies, individuals undergoing prolonged corticosteroid or immunosuppressive therapy, and 
those in intensive care units (ICUs) [4–6]. In recent years, the COVID-19 pandemic has introduced an 
additional at-risk group, as severe SARS-CoV-2 infection has been linked to increased susceptibility 
to secondary fungal infections such as COVID-19-associated pulmonary aspergillosis (CAPA) and 
mucormycosis [7–9]. The convergence of immunosuppression, pulmonary damage, and altered host-
microbiome interactions in these settings further complicates timely diagnosis. 

A major obstacle in the clinical management of IFRIs remains the delay in diagnosis. 
Conventional diagnostic methods—including culture, histopathology, serologic markers such as 
galactomannan and β-D-glucan, and imaging—are often time-consuming, lack sensitivity or 
specificity, and may require invasive sampling [10,11]. Given the nonspecific nature of early 
symptoms and radiographic findings, IFRIs frequently remain undiagnosed until advanced stages, 
when therapeutic interventions are less effective [12]. Diagnostic delays have been directly associated 
with increased mortality, underscoring the urgent need for novel tools capable of providing rapid 
and specific results at the point of care [13]. 

Recent advances in biosensing technologies offer promising alternatives to traditional 
diagnostics. In particular, the integration of microfluidic systems and microelectromechanical 
systems (MEMS) into biosensing platforms has enabled the miniaturization and automation of 
complex laboratory procedures, making them more suitable for bedside or outpatient use [14,15]. 
These platforms allow for the manipulation of minute sample volumes, rapid analyte detection, and 
the potential for multiplexing, which are critical features in the diagnosis of fungal pathogens that 
require both speed and specificity [16]. 

This review aims to explore recent innovations in microfluidic and MEMS-based biosensing 
platforms tailored for the diagnosis of IFRIs in immunocompromised patients. It will examine current 
challenges in fungal diagnostics, the principles of microfluidic and MEMS technologies, and recent 
examples of biosensor development targeting fungal pathogens. Emphasis will be placed on systems 
that demonstrate potential for rapid, specific, and minimally invasive point-of-care applications, with 
a view toward facilitating early diagnosis and improving clinical outcomes in this vulnerable patient 
population. 

2. Clinical Challenges in Diagnosing Fungal Respiratory Infections 

The clinical diagnosis of IFRIs remains a formidable challenge, particularly in 
immunocompromised populations, where early detection is critical to prevent dissemination and 
death. IFRIs are most commonly caused by Aspergillus fumigatus, Pneumocystis jirovecii, and 
Cryptococcus neoformans, though the exact pathogen profile varies depending on the host’s immune 
status, underlying condition, and geographic context [17–19]. These pathogens can cause rapidly 
progressive pulmonary disease, yet often present with nonspecific symptoms that mimic other 
common respiratory conditions, including bacterial pneumonia and viral infections. 

One of the key barriers to early diagnosis lies in the non-specificity of both clinical and 
radiological features. Fever, cough, dyspnea, and chest discomfort may occur, but are not 
pathognomonic. Radiological findings such as ground-glass opacities, nodules with halo signs, or 
cavitary lesions are suggestive but not definitive for fungal infection, and may also be seen in 
malignancies, viral pneumonia, or drug-induced lung injury [20–22]. This lack of specificity 
complicates the diagnostic workup and often delays targeted antifungal therapy. 

Another substantial difficulty relates to sample acquisition. Bronchoalveolar lavage (BAL) fluid 
remains a cornerstone for microbiological and biomarker testing, yet the procedure is frequently 
contraindicated in critically ill or severely hypoxemic patients due to its invasiveness and risk of 
decompensation [23]. Induced sputum may be unreliable in non-productive cough, and lung 
biopsies, although diagnostic, are rarely feasible outside of select cases due to their invasive nature 
and associated morbidity [7]. 
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Current diagnostic methods suffer from significant limitations in sensitivity, specificity, or 
timeliness. Fungal cultures, although considered the gold standard, are notoriously slow and often 
yield negative results, particularly in patients who have received prior antifungal therapy or have 
low fungal burden [8]. The sensitivity of fungal cultures from BAL fluid or sputum in cases of proven 
invasive aspergillosis can be as low as 30–50% [9]. Furthermore, positive cultures may represent 
colonization rather than true infection, particularly in patients with underlying lung disease. 

Non-culture-based methods, such as serological assays, have improved diagnostic capabilities 
but also pose interpretative challenges. Galactomannan (GM), a component of the Aspergillus cell 
wall, is widely used in serum and BAL samples, yet false positives may arise from dietary factors, 
concurrent antibiotic use (e.g., piperacillin–tazobactam), or cross-reactivity with other fungal species 
[10,11]. β-D-glucan (BDG), a panfungal biomarker, has broader sensitivity but limited specificity, 
making it less useful for differentiating between fungal species [12]. Additionally, both assays may 
yield false negatives in early infection stages or in patients receiving mold-active antifungals. 

Imaging plays a crucial role in the diagnostic workup but is rarely definitive. Computed 
tomography (CT) findings may prompt suspicion for IFRI, but overlap with other causes of 
pulmonary infiltrates remains a persistent problem. As a result, many clinicians resort to empiric 
antifungal treatment in high-risk febrile neutropenic patients, which may lead to overtreatment, drug 
toxicity, increased costs, and antifungal resistance [13]. 

The cumulative effect of these limitations is a diagnostic landscape characterized by uncertainty, 
delayed intervention, and suboptimal outcomes. The need for diagnostic tools that are not only rapid 
and sensitive, but also minimally invasive and amenable to point-of-care deployment is thus both 
clear and urgent. In this context, biosensing platforms employing microfluidic and MEMS-based 
technologies offer a potentially transformative approach to IFRI detection, particularly if designed to 
integrate sample handling, pathogen detection, and result reporting in a compact format suitable for 
use in ICUs, transplant wards, or outpatient clinics. 

3. Microfluidic Platforms for Fungal Pathogen Detection 

3.1. Nucleic Acid Detection 

Nucleic acid-based diagnostics have become the cornerstone of infectious disease detection due 
to their high sensitivity, specificity, and ability to identify pathogens at the species level. For fungal 
respiratory infections, molecular detection methods—particularly polymerase chain reaction (PCR) 
and isothermal amplification—offer significant advantages over culture and serological testing, 
especially when integrated into microfluidic platforms capable of rapid and automated analysis. 

Microfluidic systems have been successfully adapted for on-chip PCR to detect fungal DNA in 
clinical specimens, notably Aspergillus fumigatus, Pneumocystis jirovecii, and Cryptococcus neoformans—
the primary pathogens involved in IFRIs in immunocompromised patients [24–26]. Such devices can 
perform thermal cycling within a microchamber, using minimal sample volumes, and drastically 
reduce time-to-result compared to benchtop PCR systems. Moreover, microfluidic chips facilitate the 
parallelization of reactions, enabling multiplex detection of multiple fungal targets within a single 
cartridge [27]. 

Isothermal amplification techniques, such as loop-mediated isothermal amplification (LAMP), 
are particularly suited to point-of-care integration because they obviate the need for thermal cycling. 
LAMP assays targeting Aspergillus spp., P. jirovecii, and C. neoformans have demonstrated robust 
performance in clinical studies, with some achieving sensitivities and specificities comparable to 
conventional quantitative PCR (qPCR) [28–30]. Their incorporation into lab-on-a-chip platforms has 
enabled simplified workflows, making these tools promising candidates for use in resource-limited 
settings or bedside diagnostics [31]. 

Recent advances have also brought CRISPR-Cas systems into the microfluidic domain. CRISPR-
based diagnostics, which rely on guide RNA-directed cleavage of target DNA or RNA sequences by 
Cas enzymes, have shown exceptional potential for fungal pathogen detection. When coupled with 
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pre-amplification strategies such as LAMP or recombinase polymerase amplification (RPA), CRISPR-
Cas12 and Cas13 platforms can achieve femtomolar sensitivity with high specificity for fungal nucleic 
acids [32]. Emerging studies have reported CRISPR-Cas-enabled microfluidic assays capable of 
distinguishing Aspergillus fumigatus from other Aspergillus species in under an hour, demonstrating 
the potential for rapid species-level identification directly from clinical specimens [33]. 

A critical component of integrating nucleic acid detection into microfluidic biosensors is the 
inclusion of upstream sample processing steps. On-chip lysis, nucleic acid extraction, and purification 
remain technical bottlenecks but are increasingly being addressed through the incorporation of 
microvalves, electrokinetic fluid control, and surface-anchored magnetic beads [34,35]. Fully 
integrated devices combining sample input with lysis, purification, amplification, and detection have 
been developed for respiratory specimens such as BAL fluid or sputum, streamlining the entire 
workflow into a single cartridge-based system [36]. These closed-system microfluidic platforms not 
only minimize contamination risks but also eliminate the need for complex laboratory infrastructure. 

3.2. Fungal Antigen Detection 

Antigen detection represents one of the most widely used approaches in the diagnosis of IFRIs, 
offering the ability to detect fungal cell wall components circulating in blood or respiratory fluids. 
Among the most clinically relevant fungal antigens are GM, BDG, and cryptococcal antigen (CrAg), 
each of which is a validated biomarker for Aspergillus spp., multiple pathogenic fungi, and 
Cryptococcus neoformans, respectively [37–39]. However, traditional antigen detection assays, 
including enzyme-linked immunosorbent assays (ELISAs) and lateral flow assays (LFAs), often 
require laboratory infrastructure, multistep procedures, and relatively long turnaround times. Recent 
advances in microfluidics and paper-based biosensing technologies are enabling the miniaturization 
and acceleration of antigen detection assays, facilitating rapid bedside testing and decentralized 
diagnostics. 

Microfluidic ELISA platforms have been developed to overcome the limitations of conventional 
bench-top immunoassays by integrating fluid handling, antigen–antibody interactions, and signal 
readout within a compact chip. For galactomannan detection, microfluidic immunoassays have 
demonstrated comparable sensitivity to standard ELISA (e.g., Platelia™ Aspergillus), with 
significantly reduced assay time—often under 30 minutes [40–42]. 

Recent years have seen rapid progress in the miniaturization of fungal antigen assays through 
microfluidic and paper-based technologies. For galactomannan, microfluidic fluorescence 
immunosensors have demonstrated on-chip detection using ZnO nanoflower interfaces, highlighting 
the feasibility of sensitive, pump-free assays in lab-on-a-chip formats [43]. Broader advances in 
microfluidic point-of-care testing emphasize portable cartridge designs and automated flow control, 
enabling immunoassays to be performed outside centralized laboratories [44,45]. 

For BDG, traditionally detected with batch assays such as Fungitell™, research has focused on 
microfluidic paper-based devices capable of quantitative ELISA on paper substrates. Such platforms 
reduce assay time, require only microliter sample volumes, and integrate colorimetric readouts that 
are compatible with smartphone imaging [46]. These developments suggest that BDG testing is 
moving closer to true near-patient application. 

CrAg detection has also been transformed by digital and microfluidic approaches. The classical 
LFA remains a global standard, but artificial intelligence–driven mobile phone platforms have been 
shown to automatically interpret semi-quantitative CrAg LFAs, providing both qualitative and 
concentration-dependent readouts in real time [47,48]. This integration of digital readers with 
established LFAs represents an important step toward standardized bedside testing, particularly in 
resource-limited settings. 

3.3. Host Response Profiling 

Rapid, minimally invasive diagnosis of IFRIs in immunocompromised patients is hampered by 
low pathogen burden, sampling constraints (e.g., unsafe bronchoscopy), and slow mycological tests. 
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Profiling the host response—the coordinated transcriptomic, proteomic and cellular immune 
signatures induced by infection—offers a complementary diagnostic axis that (i) can be measured 
from accessible matrices (whole blood, plasma/serum, finger-prick), (ii) is amenable to lab-on-a-chip 
miniaturization for point-of-care use, and (iii) may also provide prognostic and treatment-response 
information. 

3.3.1. Blood Transcriptomics and Circulating microRNAs 

Whole-blood mRNA signatures can distinguish invasive aspergillosis (IA) from controls even 
under immunosuppression, provided analytic pipelines control for confounders introduced by 
steroids and chemotherapy. Steinbrink et al. derived and validated a conserved Aspergillus host-
response signature that retained diagnostic accuracy across immunosuppressive states, highlighting 
feasibility for clinical translation to rapid reverse trancrption qPCR (RT-qPCR) panels on chip [48,49]. 
MicroRNA (miRNA) profiling is similarly promising: specific circulating miRNA patterns supported 
invasive aspergillosis (IA) diagnosis and prognosis in hematology/oncology cohorts, and miR-
132/miR-155 are modulated in human myeloid cells by A. fumigatus [50–52]. These nucleic-acid 
markers align naturally with digital-microfluidic RT-qPCR implementations that deliver multiplexed 
gene-expression readouts from microliter volumes in under an hour [53]. 

3.3.2. Soluble Protein Biomarkers (Cytokines And Pattern-Recognition–Linked Proteins) 

Cytokine surrogates of Th1/Th17 inflammation—most consistently interleukin 6 (IL-6) and IL-
8—are elevated in serum and BAL of hematologic patients with IA and have shown added diagnostic 
value alongside fungal PCR and lateral-flow assays [54–56]. Pentraxin-3 (PTX3), a humoral pattern-
recognition molecule produced by myeloid/endothelial cells, is increased in plasma/BAL in IPA, 
augments galactomannan performance, and has emerging prognostic utility (mortality risk 
stratification; treatment-response kinetics) [57–60]. Such proteins are ideal targets for multiplex 
immunoassays on microfluidic chips (bead-based, droplet-based, or electrochemical) capable of 
parallel IL-6/IL-8/PTX3 detection from a finger-prick [61–65]. 

3.3.3. Antigen-Specific T-Cell Responses 

Aspergillus-reactive T-cell assays [Enzyme-Linked ImmunoSpot (ELISpot)/ELISA for interferon 
(IFN)-γ and IL-10] detect skewed Th1/Th2 responses during IA and have been explored for early 
diagnosis and immune monitoring in hematology and post-transplant settings [66–68]. Microfluidic 
single-cell platforms further enable high-throughput immune phenotyping (e.g., cytokine secretion 
profiling from individual PBMCs), reducing assay time and sample volume [62]. 

3.3.4. Pneumocystis Jirovecii Pneumonia (PCP): Multi-Omics Host Signatures 

In PCP, dynamic host responses across disease course have been characterized by multi-omic 
and immunophenotyping studies, revealing distinct cytokine milieus and lymphocyte perturbations 
driven by the type/degree of immunosuppression [69–71]. While serum (1,3)-β-D-glucan remains 
pathogen-directed, host profiles (e.g., IL-6/IL-8, composite inflammatory indices) can improve risk 
prediction and may be adapted to rapid chips for rule-in/rule-out strategies when bronchoscopy is 
not feasible [55,71]. 

3.3.5. Microfluidic/MEMS Enablement and Sample-to-Answer Workflows 

Microfluidic and MEMS technologies now support integrated host-response testing. Digital-
microfluidic RT-qPCR cartridges for multiplex host-gene signatures using whole blood, with on-
cartridge extraction and 30–60 min turnaround [52]. Bead-array or droplet microfluidic 
immunoassays quantifying IL-6/IL-8/PTX3 (and additional cytokines) in <30 min from ≤50 µL serum, 
with analytical sensitivities in the low pg/mL range [60]. Electrochemical/photonic/MEMS sensors 
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[e.g., silicon nanowire Field-Effect Transistors (FETs)] for ultrasensitive IL-6 and related markers, 
compatible with portable readers for bedside testing [63,64]. 

A tiered algorithm is therefore feasible: (i) finger-prick host-response panel (IL-6/IL-8/PTX3 ± 
parsimonious mRNA signature) to triage high-risk immunocompromised patients with new 
pulmonary infiltrates; (ii) reflex pathogen-directed testing [e.g., plasma cell-free DNA 
(cfDNA)/Metagenomic Next-Generation Sequencing (mNGS) or respiratory PCR] when host test is 
positive or indeterminate; and (iii) serial host-marker monitoring (e.g., PTX3) to assess therapeutic 
response and prognosis [57–59]. 

4. MEMS-Based Tools in Fungal Diagnosis 

4.1. VOC Detection from Exhaled Breath 

Non-invasive detection of IPA through analysis of exhaled volatile organic compounds (VOCs) 
represents a rapidly evolving frontier in fungal diagnostics. Aspergillus fumigatus and other 
filamentous fungi emit unique VOCs during metabolic processes, including compounds such as 2-
pentylfuran, α-trans-bergamotene, β-trans-bergamotene, and trans-geranylacetone, which can be 
detected in the breath of infected patients [72]. 

MEMS-based gas sensors are ideally suited for capturing these VOC signatures due to their 
small footprint, low power requirements, and capacity for real-time, label-free detection. Recent 
advances have enabled MEMS sensors to detect fungal VOCs with high sensitivity and selectivity at 
concentrations relevant to human breath. Arabi et al. (2022) developed MEMS-based bifurcation gas 
sensors capable of detecting volatile biomarkers such as hydrogen sulfide and formaldehyde, 
achieving detection thresholds as low as 1 ppm [73]. While these gases are not specific to fungi, the 
study highlights the precision and miniaturization potential applicable to fungal metabolite 
detection. 

Electronic nose (e-nose) systems integrating MEMS chemiresistive sensors, quartz crystal 
microbalances (QCM), and field asymmetric ion mobility spectrometry (FAIMS) have demonstrated 
strong performance in identifying Aspergillus-specific VOC profiles. For example, a study using 
porphyrin-coated QCM sensors successfully distinguished A. fumigatus from A. terreus and other 
fungi with classification accuracies exceeding 85% in test datasets [74]. Similarly, FAIMS-MEMS 
platforms have shown promise for multiplex fungal VOC detection under clinical conditions [75]. 

Perhaps the most clinically relevant progress comes from breathomics research. Koo et al. 
identified a panel of fungal VOCs from patients with confirmed IPA, including α- and β-trans-
bergamotene and trans-geranylacetone, and reported clear separation between IPA and non-IPA 
groups using breath samples [72]. These findings have since been translated into patented biosensor 
designs, such as those described in US Patent US10227629B2, which proposes selective detection of 
IPA using MEMS sensors tuned to fungal sesquiterpenes [76]. 

To enhance specificity and usability, modern MEMS VOC biosensors incorporate functionalized 
sensing layers, such as metal oxide semiconductors (e.g., SnO2, ZnO), graphene derivatives, and 
molecularly imprinted polymers that preferentially bind fungal metabolites [77]. Sensor responses 
are typically interpreted using machine learning algorithms or multivariate statistical models (e.g., 
PCA, LDA, random forest), enabling differentiation of fungal infections from bacterial or viral mimics 
[78]. 

Clinical implementation of these systems is increasingly feasible, given their compatibility with 
handheld devices, breath collectors, and portable data analysis modules. A fluorescence-based 
MEMS microfluidic sensor capable of detecting fungal antigens in under 40 minutes using exhaled 
breath condensate or serum [79]. 

4.2. Mechanical Biosensors 

Mechanical biosensors, including cantilever-based and resonant mass sensors, are increasingly 
recognized as powerful tools for the label-free and real-time detection of fungal biomarkers such as 
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DNA and cell wall antigens. These micro- and nanoelectromechanical systems [MEMS and 
Nanoelectromechanical Systems (NEMS)] operate by transducing biomolecular interactions into 
measurable mechanical signals—typically changes in mass, resonance frequency, or surface stress—
without requiring enzymatic or fluorescent labels. This makes them ideally suited for integration into 
compact, high-throughput diagnostic platforms targeting fungal infections in immunocompromised 
patients. 

Cantilever biosensors function analogously to atomic force microscopy probes. They are 
typically coated with specific capture molecules—such as antibodies, DNA probes, or aptamers—on 
one surface. When the target analyte binds, it induces surface stress or changes in mass that cause the 
cantilever to deflect or shift its resonant frequency. These shifts can be detected optically (via laser 
reflection) or electrically (via piezoresistive or capacitive methods). Several studies have successfully 
employed this technology for the detection of fungal antigens, including galactomannan and 
cryptococcal capsular polysaccharides, as well as for DNA sequences specific to Aspergillus fumigatus 
and Candida albicans [80]. 

Recent work has demonstrated that micro- or nano-mechanical cantilever sensors functionalized 
with genetic probes (e.g., thiol-modified oligonucleotides on gold surfaces) can detect DNA 
hybridization via changes in cantilever resonance frequency or bending. For example, Mishra & 
Hegner developed a nanomechanical cantilever sensor that showed femtomolar sensitivity for in-situ 
hybridization in a pure target environment [81]. 

Another relevant study by Nugaeva et al., functionalized gold-coated (and uncoated) silicon 
cantilevers with proteins to capture fungal spores (e.g., Aspergillus niger) and detected spore binding 
and growth via resonance-frequency shifts [82]. 

A biosensor fabricated by Liu et al. used Dectin-1 immobilization on a composite film (Nafion-
thionine-AuNP-chitosan) to measure β-glucan in serum. Binding of β-glucans inhibited electron 
transfer and produced measurable amperometric suppression; the assay showed acceptable speed, 
accuracy, and stability [83]. 

4.3. Device-Associated Fungal Biofilm Monitoring 

Indwelling medical devices such as central venous catheters, urinary catheters, and endotracheal 
tubes are critical in the care of immunocompromised patients, yet they also serve as key substrates 
for fungal biofilm formation. Candida albicans, Candida glabrata, and Aspergillus fumigatus are among 
the most common fungal pathogens implicated in device-associated infections, which are notoriously 
resistant to antifungal therapy due to the protective biofilm matrix and altered metabolic state of the 
organisms [84]. 

Detection of biofilms on medical devices currently relies on indirect clinical signs (e.g., persistent 
fever despite therapy) or requires device removal for culture and microscopy, leading to diagnostic 
delay. In this context, MEMS-based biosensors embedded within or onto indwelling devices offer a 
transformative approach for real-time, in situ monitoring of fungal biofilm formation. 

Detection of biofilms on medical devices currently relies on indirect clinical signs or device 
removal for culture and microscopy, leading to diagnostic delay. In this context, embedding MEMS-
class biosensors on or within indwelling devices is a promising route for real-time, in situ monitoring 
of fungal colonization and biofilm growth. Early demonstrations with micromechanical cantilevers 
showed label-free detection of immobilized fungal cells via resonance-frequency shifts—for example, 
Nugaeva et al. used antibody/lectin-functionalized silicon cantilever arrays to capture Aspergillus 
niger and Candida spp., with mass-loading readouts in dynamic mode [83,85]. For Candida spp. label-
free impedance approaches can directly sense yeast attachment: a membrane-based electrochemical 
impedance sensor with anti-Candida capture enabled specific detection of C. albicans [86], and 
subsequent work has refined Electrochemical Impedance Spectroscopy (EIS) workflows for Candida 
spp. in clinical matrices (e.g., urine) with rapid, reagent-light measurements [87,88]. Recent reviews 
focused specifically on Candida spp. biosensing highlight optical and electrochemical platforms 
(including microfluidic/EIS integrations) as viable paths toward catheter-compatible monitoring of 
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fungal biofilms, while noting that fully embedded, clinical-grade MEMS devices for fungi remain an 
active translational frontier [90,91]. 

5. Translational Applications in Immunocompromised Settings 

The development of microfluidic and MEMS-based biosensing platforms holds substantial 
translational potential across a spectrum of clinical settings where immunocompromised patients are 
at risk of IFRIs. These technologies, capable of rapid, sensitive, and minimally invasive diagnostics, 
can be strategically deployed to address the unique challenges of fungal detection in ICUs, 
hematology-oncology departments, transplant centers, and even home-based environments. 

In the ICU, ventilated patients often develop non-specific respiratory deterioration where rapid 
differentiation among bacterial, viral, and fungal etiologies is critical. Severe influenza and COVID-
19 are established risk factors for invasive pulmonary aspergillosis [Influenza-Associated Pulmonary 
Aspergillosis (IAPA)/CAPA], with multicenter ICU data and consensus guidance underscoring 
excess morbidity and mortality when diagnosis is delayed [6,91]. Noninvasive fungal breath 
diagnostics show promise: targeted VOC profiles in exhaled breath distinguished proven/probable 
invasive aspergillosis with high sensitivity and specificity in a clinical cohort [73] and exhaled-breath 
condensate (EBC) GM testing has demonstrated feasibility against BAL GM in immunocompromised 
populations and in ventilated ICU patients [79,92]. 

In hematology–oncology patients during post-chemotherapy neutropenia, preemptive 
strategies anchored on serial serum GM plus high-resolution computed tomography (HRCT) have 
reduced empiric antifungal exposure while maintaining outcomes [93]. For earlier rule-in testing, 
BAL GM is analytically and clinically validated (systematic reviews/meta-analyses), and bedside 
Aspergillus GM LFAs—including reader-assisted formats—provide 15–45-minute turnaround and 
have shown useful performance in cancer and ICU cohorts [94–96]. 

In transplant units, where febrile neutropenia is common and sample volumes are limited, 
pairing rapid serum/respiratory GM LFA with BAL GM (when feasible) supports risk-adapted 
antifungal initiation while minimizing unnecessary drug exposure [94–96]. Beyond the inpatient 
setting, longitudinal surveillance is emerging: electronic-nose breath profiling has detected 
Aspergillus fumigatus airway colonization in cystic fibrosis patients, suggesting a feasible outpatient 
monitoring pathway that could, after validation for invasive disease, enable earlier intervention post-
discharge [97]. 

A proposed diagnostic algorithm integrating host-response screening, reflex confirmatory 
testing, and monitoring is shown in Figure 1. 
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Figure 1. Proposed diagnostic algorithm for invasive fungal respiratory infections (IFRIs). The algorithm 
outlines a tiered workflow for high-risk immunocompromised patients presenting with new pulmonary 
infiltrates. Step 1: Initial host-response screening using a finger-prick microfluidic immunoassay for cytokines 
and pattern-recognition molecules (IL-6, IL-8, PTX3) [54–60]. Step 2: Reflex confirmatory testing with a CRISPR-
enhanced microfluidic assay targeting Aspergillus fumigatus nucleic acids when host-response markers are 
positive or equivocal [32,33]. Step 3: Therapy monitoring via serial PTX3 measurement or a MEMS-based volatile 
organic compound (VOC) breath sensor to track treatment response and prognosis [57–59,72–78]. Compared 
with current practice—empiric antifungal therapy and delayed bronchoalveolar lavage galactomannan (BAL 
GM) testing [10–13]—this approach enables earlier, minimally invasive, and species-specific diagnosis, reducing 
unnecessary antifungal exposure while supporting timely targeted interventions. 

A comparative summary of the biosensor platforms including target analytes, sample types, 
performance metrics, and clinical validation stages—is provided in Table 1. 
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Table 1. Comparative Summary of Biosensor Platforms for Invasive Fungal Infection Diagnosis. 

Biosensor Type 
Target 

Analyte(s) 
Detection Method 

Sample 
Type 

Turnaround 
Time 

Sensitivity/Specificit
y 

Limit of 
Detection 

(LOD) 

Clinical 
Validation 

Stage 
References 

Microfluidic 
LAMP 

Fungal DNA 
(Aspergillus spp., 

P. jirovecii) 

Isothermal nucleic acid 
amplification 

BAL, 
sputum 

~30–60 min 
Up to 90–95%/90% 

(small cohorts) 

Femtomolar 
to 

picomolar 

Preclinical/small 
clinical studies 

[28–31] 

CRISPR-Cas-
based 

Microfluidics 

Fungal DNA 
(A. fumigatus) 

Cas12/Cas13 cleavage + 
fluorescence 

BAL, 
sputum 

<1 hour 
~95%/~95% 
(prototype) 

Femtomolar 
Proof-of-
concept 

[32,33] 

Microfluidic 
ELISA (GM, 

BDG) 

Galactomannan
, β-D-glucan 

Immunoassay (fluorescence, 
colorimetric) 

Serum, 
BAL 

~30 min 
Comparable to 
standard ELISA 

ng/mL 
range 

Early clinical 
testing 

[40–43,46] 

Paper-based 
BDG Assay 

β-D-glucan 
Colorimetric paper 

microfluidics + smartphone 
readout 

Serum <30 min 
Moderate; platform-

dependent 
ng/mL Preclinical [46] 

Digital CrAg 
LFA 

Cryptococcal 
antigen 

Lateral flow + mobile AI-
assisted analysis 

Serum, 
CSF 

<20 min >95%/>95% ng/mL 
Clinically 
validated 

[47,48] 

Host 
Transcriptomics 

(RT-qPCR) 

Host mRNA 
(e.g., IA gene 
signatures) 

Microfluidic RT-qPCR 
Whole 
blood 

~30–60 min 85–95%/85–90% 
pg-level 

RNA 
Small clinical 

cohorts 
[48–53] 

Cytokine 
Biosensors (IL-6, 

IL-8, PTX3) 
Host cytokines 

Bead/droplet/electrochemica
l immunoassay 

Serum <30 min 
Variable; typically 
additive to fungal 

PCR 
pg/mL 

Emerging 
clinical use 

[54–60,63–
65] 

MEMS VOC 
Sensors 

Fungal VOCs 
(e.g., α-/β-trans-

bergamotene) 

MEMS gas sensors + ML 
classification 

Exhaled 
breath 

~15–45 min ~80–95%/~85–95% ppb to ppm 
Pilot clinical 

trials 
[72–78] 

Mechanical 
Biosensors 

(Cantilevers) 

Fungal DNA, 
antigens, spores 

Resonance frequency or 
surface stress shift 

BAL, 
serum 

~10–30 min 
High analytical 

sensitivity; limited 
clinical data 

fg–pg Preclinical [80–82] 

Impedance-
Based Biofilm 

Sensors 

Fungal biofilms 
(Candida spp., 

Aspergillus spp.) 

Electrochemical impedance 
spectroscopy (EIS) 

Catheter, 
urine 

~5–20 min 
Good specificity in 

vitro 
Platform-

dependent 
Lab validation 

only 
[86–88,91] 

BAL: Bronchoalveolar lavage; CSF: Cerebrospinal fluid; LOD: Limit of detection; IA: Invasive aspergillosis; GM: 
Galactomannan; BDG: (1→3)-β-D-glucan; CrAg: Cryptococcal antigen; fg: Femtogram; pg: Picogram; ng: 
Nanogram; ppb/ppm: parts per billion/million. 

6. Clinical Validation Gaps and Real-World Performance 

Although recent developments in microfluidic and MEMS-based fungal diagnostics have shown 
considerable technical promise, most platforms remain in early stages of clinical evaluation, with 
limited validation in immunocompromised patient populations. Many of the cited studies reporting 
high sensitivity and specificity for techniques such as microfluidic LAMP, CRISPR-based nucleic acid 
assays, and antigen detection methods—including galactomannan and β-D-glucan—are based on 
small single-center cohorts, often comprising fewer than 100 subjects, and frequently lack comparison 
against standardized clinical reference methods such as bronchoalveolar lavage galactomannan, 
PCR, or EORTC/MSG criteria [28–33,40–43]. 

While digital CrAg lateral flow assays have achieved broader clinical deployment, including 
semi-quantitative reader-assisted formats that demonstrate diagnostic accuracies exceeding 95% 
[47,48], other platforms such as microfluidic BDG assays, host-response transcriptomic panels, 
multiplex cytokine biosensors, and MEMS-based volatile organic compound sensors remain in the 
preclinical or pilot-testing phase [46,48–60,72–78]. Most evaluations have been limited to controlled 
settings or proof-of-concept studies without robust real-world validation in hematology–oncology, 
transplant, or intensive care unit cohorts. In addition, the reported diagnostic performance is often 
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confounded by heterogeneous sampling protocols, lack of antifungal exposure stratification, and 
absence of gold-standard comparators. 

Mechanical and impedance-based biosensors targeting fungal DNA, cell wall antigens, or 
device-associated biofilms have demonstrated high analytical sensitivity in vitro but have not yet 
progressed to clinical trials [80–88,91]. No published studies currently support their performance in 
real clinical matrices such as serum, BAL fluid, or urine. 

To support clinical translation, future research should focus on well-powered, prospective, 
multicenter studies using harmonized definitions of invasive fungal disease. Real-world performance 
assessments in diverse immunocompromised populations, alongside standardized cost-effectiveness 
and implementation analyses, will be essential to determine the true diagnostic value of these 
biosensing platforms 

7. Regulatory and Economic Considerations 

In addition to analytical and clinical performance, the successful translation of biosensor-based 
diagnostics for IFRIs depends on regulatory classification, reimbursement potential, and economic 
feasibility. In the United States, POC devices must meet the criteria for Clinical Laboratory 
Improvement Amendments (CLIA) waiver, which requires demonstration of analytical simplicity, 
minimal risk of erroneous results, and ease of use by non-laboratory personnel. To date, most fungal 
diagnostics, including the Platelia™ GM and Fungitell™ BDG assays, are not CLIA-waived and 
remain confined to centralized laboratories due to their technical complexity and sample preparation 
requirements [40–43,46]. 

Emerging POC platforms—such as microfluidic LAMP [28–31], CRISPR-Cas-based diagnostics 
[32,33], and MEMS VOC sensors [72–78]—may be eligible for Food and Drug Administration (FDA) 
clearance or Emergency Use Authorization (EUA) if supported by multicenter clinical validation and 
usability studies. However, no such platforms have yet progressed beyond the prototype stage. 
Reimbursement pathways remain uncertain, particularly for biosensors not yet associated with 
established Current Procedural Terminology (CPT) codes. While reader-assisted CrAg lateral flow 
assays have shown clinical promise and could be eligible for POC implementation [47,48], 
microfluidic BDG or GM platforms, as well as host-response panels based on transcriptomics or 
cytokines [48–60], would likely require new cost-effectiveness evaluations and health technology 
assessments. Economic feasibility will be especially important in immunocompromised populations 
managed in outpatient settings or low-resource hospitals, where high test throughput, sample-type 
compatibility (e.g., serum, BAL, breath), and device portability are critical for adoption. 

8. Current Limitations and Future Opportunities 

Despite rapid progress in microfluidic and MEMS-based biosensors for fungal diagnostics, 
several hurdles must be addressed before routine clinical use. Chief among these are the scarcity of 
multicenter clinical validations in at-risk populations, with most reports still benchtop or single-
center proofs-of-concept; even promising noninvasive breath-VOC approaches emphasize the need 
for more in-vivo, clinically powered studies [90,98]. Standardization is another critical gap—
particularly for fungal VOCs, where marker panels vary with strain, growth phase, media, host 
metabolism, and environmental background. Signature sesquiterpenes (e.g., α-/β-trans-
bergamotene, trans-geranylacetone) can differentiate invasive aspergillosis in small cohorts, but 
broader reproducibility across centers and standardized sampling are still required [98,99]. 

From a sample-handling standpoint, performance in real matrices (serum, BAL, exhaled breath 
condensate) is limited by biofouling and matrix effects on transducer surfaces, as well as material 
interactions in microfluidic devices (e.g., hydrophobic small-molecule absorption into PDMS). 
Antifouling coatings [zwitterionic, peptide, hydrogel, Self-Assembled Monolayer (SAM)-based] and 
interface engineering improve robustness but are not yet harmonized across platforms [100–102]. 
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Looking forward, three trends are especially promising. First, artificial intelligence/machine 
learning-assisted interpretation [e.g., Support Vector Machines (SVMs), random forests, neural 
networks] can learn complex, multianalyte patterns from VOC or label-free sensor outputs, 
potentially boosting accuracy and enabling bedside triage [103]. Second, multiplexed panels that 
integrate pathogen targets (antigens/NAs/VOCs) with host-response markers may help discriminate 
colonization from invasive disease and support risk-adapted therapy [90]. Third, miniaturized, 
cartridge-based fungal diagnostics are feasible: for candidemia, T2MR panels already deliver species-
level results directly from whole blood in ~3–4 h with high accuracy in pooled analyses—illustrating 
a translational pathway for future MEMS/microfluidic fungal platforms [90,104]. Strategic 
collaborations among academic labs, clinical microbiology, and industry will be essential to deliver 
validated, standardized, and cost-effective fungal biosensors. 

9. Conclusions 

The rapid evolution of biosensor technologies—ranging from microfluidic nucleic acid 
amplification to MEMS-based breath analyzers—offers unprecedented potential for point-of-care 
diagnosis of IFRIs in immunocompromised patients. These platforms can achieve high analytical 
sensitivity and specificity, rapid turnaround, and compatibility with minimally invasive sample 
types such as serum, BAL fluid, and exhaled breath. Furthermore, innovations in host-response 
profiling and AI-based signal interpretation may enable more nuanced diagnostic strategies that go 
beyond pathogen detection alone. 

However, despite the technical maturity of many platforms, clinical translation remains limited. 
As described above, most devices have only been evaluated in small, preclinical, or single-center pilot 
studies, often without stratification by host immune status or antifungal exposure. Comparative 
performance against established gold standards such as BAL galactomannan, PCR, or EORTC/MSG-
defined criteria is frequently lacking, and real-world validation in high-risk settings—such as HSCT, 
SOT, and ICU cohorts—remains sparse. Without such evidence, the diagnostic utility of these 
biosensors cannot yet be generalized to the broader clinical population. 

To realize the promise of these technologies, future efforts must prioritize multicenter validation, 
robust comparator trials, and economic feasibility studies tailored to the unique clinical contexts in 
which IFRIs occur. Until then, biosensor platforms should be regarded as promising adjuncts rather 
than replacements for existing diagnostic tools. 
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