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Abstract 14 

Metal–organic frameworks (MOFs) have emerged as highly versatile materials for the de- 15 

velopment of next-generation optical biosensors due to their tunable porosity, large sur- 16 

face area, and customizable chemical functionality. In recent years, MOF-based platforms 17 

have shown great promise in various optical transduction modalities, including fluores- 18 

cence, luminescence, and colorimetric sensing, enabling highly sensitive and selective de- 19 

tection of biological analytes. This review provides a comprehensive overview of recent 20 

advancements in MOF-based optical biosensors with a focus on applications in pathogen 21 

detection and environmental monitoring. We highlight key design strategies, including 22 

MOF functionalization, hybridization with nanoparticles or dyes, and integration into mi- 23 

crofluidic and wearable devices. Emerging trends such as point-of-care diagnostics, label- 24 

free detection, and real-time monitoring are also discussed. Finally, the review outlines 25 

current challenges and future directions for the practical deployment of MOF-based opti- 26 

cal biosensors in clinical and field environments. 27 
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 32 

1. Introduction 33 

The global burden of infectious diseases and environmental pollution continues to 34 

challenge public health systems, food and water safety, and ecological stability [1,2]. Path- 35 

ogenic microorganisms such as bacteria, viruses, and fungi are responsible for widespread 36 

morbidity and mortality, while contaminants like heavy metals, pesticides, and organic 37 

pollutants threaten ecosystems and human well-being [3–5]. Early, accurate, and on-site 38 

detection of these biological and chemical hazards is critical for controlling disease out- 39 

breaks, ensuring environmental compliance, and supporting timely intervention 40 
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strategies [6]. However, conventional analytical approaches, including culture-based mi- 41 

crobiological assays, polymerase chain reaction (PCR), enzyme-linked immunosorbent as- 42 

say (ELISA), atomic absorption spectroscopy (AAS), and high-performance liquid chro- 43 

matography (HPLC), though highly reliable in laboratory settings, often fall short in field 44 

applications due to their reliance on expensive instrumentation, time-intensive work- 45 

flows, and the need for skilled personnel [7,8]. 46 

 47 

In this context, biosensors have emerged as transformative tools that combine bio- 48 

logical recognition elements with signal transduction mechanisms to detect target ana- 49 

lytes with high specificity and sensitivity [9]. Among various types of biosensors, optical 50 

biosensors have gained considerable attention due to their unique advantages [10]. These 51 

systems transduce molecular recognition events into optical signals typically via fluores- 52 

cence, luminescence, chemiluminescence, surface plasmon resonance, or colorimetric 53 

changes that are readily detectable, often in real-time [11,12]. Optical biosensors offer sev- 54 

eral benefits over electrochemical or piezoelectric counterparts, including rapid signal 55 

generation, minimal interference from sample matrices, and compatibility with visual and 56 

smartphone-based detection platforms [13]. Their capacity for multiplexing, miniaturiza- 57 

tion, and non-contact readouts further supports their deployment in decentralized, point- 58 

of-care (POC), and resource-limited settings [14]. 59 

 60 

The effectiveness of optical biosensors in pathogen detection is largely attributed to 61 

their ability to provide rapid, highly sensitive, and selective analysis with minimal sample 62 

processing [15]. By targeting pathogen-specific biomarkers such as nucleic acids, proteins, 63 

lipopolysaccharides, or whole cells, these biosensors can discriminate between closely re- 64 

lated species and strains [16]. Fluorescence-based sensors, for instance, can exploit hybrid- 65 

ization probes, aptamers, or antibody-antigen interactions to trigger measurable emission 66 

changes upon binding with the target [17,18]. Similarly, colorimetric biosensors enable 67 

naked-eye detection through visually discernible color shifts induced by enzyme-cata- 68 

lyzed reactions or nanoparticle aggregation [19]. Such attributes not only enable early di- 69 

agnosis and environmental warning systems but also facilitate continuous monitoring in 70 

real time, which is particularly important during disease outbreaks or exposure to dy- 71 

namic pollution sources [20]. 72 

 73 

Despite these advantages, the performance of optical biosensors is heavily dependent 74 

on the materials used for signal generation, amplification, and biorecognition [21]. This 75 

has led to intensive research into advanced materials capable of enhancing sensitivity, 76 

selectivity, and operational stability [22]. Among these, metal–organic frameworks 77 

(MOFs) have emerged as a highly promising class of materials for next-generation biosen- 78 

sor development [23]. MOFs are crystalline porous materials composed of metal ions or 79 

clusters coordinated with organic linkers, yielding tunable three-dimensional architec- 80 

tures [24]. They exhibit exceptionally high surface areas (often exceeding 5000 m²/g), ad- 81 

justable pore sizes, and a high degree of chemical modularity [25]. These features make 82 

MOFs uniquely suited for hosting functional molecules, facilitating molecular interac- 83 

tions, and enhancing signal transduction in optical biosensing platforms. 84 

 85 

The intrinsic and tunable optical properties of MOFs further contribute to their utility 86 

in this field [26]. Some MOFs exhibit intrinsic luminescence due to the electronic transi- 87 

tions of metal clusters or organic linkers, while others can serve as protective carriers for 88 

fluorescent dyes, quantum dots, or nanoparticles, preventing photobleaching and quench- 89 

ing [27]. MOFs can also act as signal amplifiers through mechanisms such as fluorescence 90 

resonance energy transfer (FRET), photoinduced electron transfer (PET), or inner filter 91 
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effects (IFE), depending on their structural and electronic characteristics [28,29]. Moreo- 92 

ver, the surface of MOFs can be readily functionalized with aptamers, DNA strands, pep- 93 

tides, or antibodies, providing specificity toward targeted biological or environmental an- 94 

alytes [30]. These combined properties enable the design of highly sensitive, selective, and 95 

versatile optical biosensors with low detection limits and excellent performance in com- 96 

plex sample matrices [31]. 97 

 98 

Recent advances have demonstrated the successful application of MOF-based optical 99 

biosensors in detecting a wide range of pathogens, including Escherichia coli, Staphylo- 100 

coccus aureus, Salmonella enterica, and SARS-CoV-2, as well as in monitoring toxic envi- 101 

ronmental contaminants such as Pb²⁺, Hg²⁺, Cr⁶⁺, organophosphates, and nitroaromatic 102 

compounds [32–34]. These sensors have exhibited outstanding analytical performance 103 

with detection limits in the femtomolar to picomolar range, rapid response times, and 104 

strong resistance to interference [35]. Notably, the incorporation of MOFs into portable 105 

devices, paper-based sensors, microfluidic chips, and wearable formats has opened new 106 

avenues for decentralized monitoring, offering low-cost, user-friendly, and field-deploy- 107 

able sensing solutions [36,37]. Such innovations are particularly valuable for epidemio- 108 

logical surveillance, water quality assessment, agricultural monitoring, and early warning 109 

systems in underserved regions [20,38]. 110 

 111 

This review provides a comprehensive examination of recent developments in MOF- 112 

based optical biosensors with a focus on their applications in pathogen detection and en- 113 

vironmental monitoring. We begin by introducing the fundamental principles of optical 114 

biosensing and the rationale for using MOFs as functional materials. The review then ex- 115 

plores various design strategies including MOF functionalization, hybridization with na- 116 

nomaterials, and structural tailoring for enhancing sensing performance. Representative 117 

examples across different optical modalities such as fluorescence, luminescence, and col- 118 

orimetry are discussed in detail. Special attention is given to emerging trends such as la- 119 

bel-free detection, smartphone integration, wearable sensors, and real-time monitoring. 120 

Finally, we address key challenges in the field, including MOF stability under physiolog- 121 

ical conditions, reproducibility, scalability, and regulatory acceptance, and outline future 122 

research directions for advancing the practical implementation of MOF-based optical bi- 123 

osensors. 124 

 2. Fundamental Mechanisms Underpinning MOF-Based Optical Bio- 125 

sensors 126 

Metal–organic frameworks (MOFs) are an emerging class of crystalline hybrid mate- 127 

rials composed of metal ions or clusters coordinated to organic linkers [39]. Their high 128 

surface area, structural order, and synthetic tunability make them ideal platforms for bio- 129 

sensing. In optical biosensing, MOFs offer unique benefits, including facile integration of 130 

signal elements (e.g., fluorophores), high analyte adsorption capacity, and modularity for 131 

engineering molecular recognition and transduction pathways. These properties under- 132 

pin their roles in developing sensitive, selective, and versatile biosensing platforms 133 

(Scheme 1). 134 

 135 
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 136 

Scheme  1. MOF-based optical biosensor detecting pathogens and heavy metals via fluorescence 137 

and color changes in environmental samples. 138 

 139 

2.1. Structural and chemical tunability 140 

One of the most advantageous features of MOFs is their structural and chemical tuna- 141 

bility, which allows precise control over pore size, surface chemistry, and framework to- 142 

pology [40]. These properties are critical in biosensing, governing analyte accessibility and 143 

interaction dynamics within the sensing matrix [41]. The organic linkers and metal nodes 144 

can be systematically modified or replaced by introducing functional groups or coordina- 145 

tion sites tailored for specific targets such as nucleic acids, proteins, or small molecules 146 

[42]. Post-synthetic modification techniques ligand exchange, covalent grafting, and metal 147 

ion doping expand the chemical diversity and functional capabilities of MOFs, facilitating 148 

enhanced binding affinities and selective recognition [43]. 149 

Building on this concept, Yan et al. demonstrated that a MIL-53(Al)-NH₂ framework 150 

could be engineered to capture FcMBL-conjugated elements for Bacillus cereus detection 151 

(Figure 1) [44]. Through aptamer-functionalized magnetic beads and a dual-recognition 152 

mechanism, the MOF biosensor achieved rapid detection (LOD: 4 CFU/mL) across a wide 153 

dynamic range (20–2 × 10⁸ CFU/mL). This example underscores how structural flexibility 154 

allows the integration of both recognition and optical transduction components within the 155 

same sensing matrix. This illustrates how structural flexibility enables synergistic incor- 156 

poration of capture and signal elements. 157 

 158 
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 159 

Figure 1. a) Fabrication of FcMBL@NM5AN; b) Detection of B. cereus in mixed samples employing 160 

a dual recognition approach. Copyright 2023 Elsevier [44]. 161 

 162 

Expanding on the idea of multifunctionality, another study used a MOF-based gated 163 

nanoprobe integrated with hairpin DNA sequences to differentiate wild and vaccine 164 

strains of Brucella [45]. The MOF matrix acted as a protective scaffold for fluorophores, 165 

enabling precise and gated fluorescence release upon DNA hybridization. The dual-signal 166 

platform achieved a LOD of 6.4 × 10⁻¹⁰ M with over 90% detection accuracy, showcasing 167 

how framework integrity enhances selectivity and minimizes background interference. 168 

This highlights the dual role of MOFs in molecular protection and signal responsiveness. 169 

 170 

In addition to biochemical detection, MOFs are increasingly being employed in early 171 

disease diagnosis. El-Sheikh et al. reported Zn-MOF nanoparticles (~118 nm) with tunable 172 

photoluminescence and thermal stability for detecting prostate-specific antigen (PSA) 173 

[46]. The sensor achieved a detection limit of 0.145 fg/mL over a linear range of 0.1 fg/mL 174 

to 20 pg/mL, demonstrating the feasibility of ultra-sensitive MOF-based clinical diagnos- 175 

tics. 176 

 While fluorescence-based detection dominates current applications, MOFs’ respon- 177 

sive frameworks are also exploited in colorimetric sensing. A notable example is the flex- 178 

ible MIL-53(Al) framework, which exhibits reversible structural transformations upon in- 179 

teraction with VOCs like ketones, alcohols, and water [47]. These guest-induced changes 180 

in pore geometry influence its photoluminescence, allowing selective visual detection. 181 

a)

b)
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Though not quantitative in terms of LOD, this qualitative shift reinforces the utility of 182 

framework responsiveness in environmental monitoring. 183 

Bridging the gap between structural engineering and signal enhancement, future di- 184 

rections may involve combining MOFs with LSPR-based fiber optic biosensors for real- 185 

time and label-free detection [48]. Although not inherently MOF-based, LSPR systems 186 

could benefit significantly from MOFs' porous, tunable architecture, enabling better mo- 187 

lecular recognition, reduced noise, and signal amplification in portable diagnostic for- 188 

mats. As the examples above illustrate, structural and chemical tunability is foundational 189 

for optimizing the sensitivity, selectivity, and responsiveness of MOF-based optical bio- 190 

sensors. 191 

 192 

2.2. Optical transduction mechanisms (e.g., fluorescence, colorimetry, SERS) 193 

Transitioning from structure to function, MOFs' ability to convert biological recogni- 194 

tion events into measurable optical signals is key to their biosensing utility. The primary 195 

optical transduction mechanisms include fluorescence, colorimetric changes, and surface- 196 

enhanced Raman scattering (SERS) [49–51]. Among these, fluorescence is the most widely 197 

utilized, where MOFs either possess intrinsic luminescence or act as hosts for fluoro- 198 

phores and quantum dots. Signal modulation occurs via mechanisms such as FRET, PET, 199 

or IFE, enabling precise "turn-on" or "turn-off" sensing modes [52,53].  200 

One exemplary system used a copper-based MOF to develop a fluorescence biosen- 201 

sor for aflatoxin B1 detection [54]. The MOF simultaneously acted as a Cu²⁺ ion reservoir 202 

and antigen carrier. A target-induced click reaction triggered hybridization of fluorescent 203 

DNA strands, producing an amplified signal with an ultralow LOD of 0.48 pg/mL and a 204 

670-fold improvement in sensitivity over conventional ELISA, emphasizing MOF-enabled 205 

transduction efficiency. 206 

Expanding from simple fluorescence signaling, light-responsive nanoscale MOFs 207 

(NMOFs) are gaining traction due to their ability to undergo optical changes in response 208 

to external stimuli [55]. Originally designed for cancer imaging, these NMOFs now serve 209 

biosensing roles by enabling spatiotemporally controlled optical outputs, further enrich- 210 

ing the design space for smart biosensors. 211 

The development of ratiometric fluorescence systems has also advanced biosensor 212 

reliability. A hybrid CD/Co-MOF nanocoral served as a dual-channel sensor for alkaline 213 

phosphatase (ALP) detection [56]. The phosphate-triggered ligand exchange disrupted 214 

the MOF, releasing carbon dots (restoring fluorescence) and diminishing the second-order 215 

scattering signal. This allowed for a ratiometric optical output with an LOD of 0.6 mU/L 216 

and a linear range spanning six orders of magnitude, significantly enhancing precision 217 

and reproducibility. 218 

Moreover, tuning the photophysical property of MOFs provides sensitive guest mol- 219 

ecule loading capacity and overall improved sensing efficiency. MOFs exhibit highly tun- 220 

able photoluminescent properties arising from their metal nodes, organic linkers, or en- 221 

capsulated guest species, making them excellent candidates for optical transduction in 222 

biosensors [57]. By judicious selection of metal ions, organic ligands, and synthetic condi- 223 

tions, the fluorescence behavior of MOFs can be precisely engineered to enable sensitive 224 

and selective detection of a wide range of analytes. Fluorescence-based MOF sensors typ- 225 

ically operate via “turn-on” or “turn-off” mechanisms, with “turn-on” systems being par- 226 

ticularly valuable for real-time sensing due to their enhanced signal-to-noise performance. 227 

These tunable optical responses facilitate the development of MOF-based sensors capable 228 

of detecting hazardous chemicals, biological molecules, and environmental contaminants, 229 

thus showcasing their potential as versatile platforms for fluorescence-based biosensing. 230 

 231 
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 232 

2.3. Functionalization strategies for specificity and sensitivity 233 

While MOFs inherently offer high porosity and modularity, specificity in biosensing 234 

is typically achieved through functionalization. This includes covalent attachment or ad- 235 

sorption of recognition elements (e.g., aptamers, antibodies, peptides, nucleic acids) and 236 

surface engineering via molecular imprinting or electrostatic interactions [58–60].  237 

In a notable example, a gold nanoparticle-loaded ZIF-MOF (Au NPs@ZIF) was func- 238 

tionalized with DNA aptamers to construct a ratiometric fluorescence sensor for detecting 239 

Staphylococcus aureus [61]. The platform integrated methylene blue and ferrocene fluor- 240 

ophores, achieving intrinsic signal calibration and detecting S. aureus with a LOD of 1 241 

CFU/mL and a broad linear range of 5 to 10⁸ CFU/mL. This highlights the impact of com- 242 

bining biorecognition and ratiometric signaling. 243 

Complementing this strategy, a lateral flow immunoassay (LFIA) was developed us- 244 

ing a bimetallic Au/Ir@Cu/Zn-MOF functionalized with anti-S. aureus antibodies [62]. The 245 

porous MOF structure enhanced signal intensity through nanoparticle dispersion and 246 

photothermal synergy, achieving a visual detection limit of 10³ CFU/mL a 100-fold im- 247 

provement over non-MOF probes. Beyond detection, this functionalized MOF exhibited 248 

bactericidal effects, expanding its application to combined diagnostics and therapy.  249 

Functionalization also plays a central role in small molecule detection, as shown by 250 

a dual-emission ratiometric sensor for adenosine triphosphate (ATP) [63]. The MOF core 251 

encapsulated Ru(bpy)₃²⁺ as a stable fluorescent reference, while dsDNA on the surface 252 

allowed SYBR Green I intercalation. ATP presence disrupted the DNA duplex, selectively 253 

quenching the SGI signal while preserving the Ru signal. This enabled an LOD of 0.63 µ M. 254 

Embedded into agarose hydrogel and paired with a smartphone fluorescence reader, the 255 

sensor achieved real-time bacterial detection down to 10 CFU/mL in milk samples. 256 

Finally, MOF-based systems also enable multiplexed biosensing, as shown in a dual- 257 

channel electrochemical biosensor using Au@CuMOF and Au@PbMOF nanotags (Figure 258 

2) [64]. Functionalized with DNA probes targeting Salmonella typhimurium (invA gene) 259 

and Listeria monocytogenes (inlA gene), the platform produced distinct DPV signals for 260 

each ion (Cu²⁺ and Pb²⁺), achieving LODs of 2.33 CFU/mL for S. typhimurium and 6.61 261 

CFU/mL for L. monocytogenes, with wide linear ranges and minimal cross-reactivity (Ta- 262 

ble 1). 263 

These studies collectively underscore how surface functionalization strategies em- 264 

power MOFs with high analyte specificity, minimal background interference, and versa- 265 

tile transduction formats for real-world biosensing applications.  266 

  267 
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 268 

Figure 2. a) Schematic illustration of the synthesis steps for CuMOF, PbMOF, Au@CuMOF, and 269 

Au@PbMOF, b) Diagram showing the working principle of the dual-channel electrochemical bio- 270 

sensor for detecting S. typhimurium (invA gene) and L. monocytogenes (inlA gene). Copyright 2023 271 

Elsevier [64]. 272 

 273 

 274 

Table 1. Summary of MOF-Based Optical Biosensors. 275 

Design Strategy Target Microor-

ganism / Analyte 

Detection Method Advantages Ref. 

MIL-53(Al)-NH₂ with 

FcMBL and aptamer-

functionalized beads 

Bacillus cereus Fluorescence Dual-recognition; LOD: 4 CFU/mL; 

wide linear range (20–2 × 10⁸ 

CFU/mL); rapid detection 

[44]  

MOF with hairpin 

DNA for gated dye re-

lease 

Brucella (wild vs. 

vaccine strain) 

Fluorescence DNA-responsive release; LOD: 6.4 × 

10⁻¹⁰ M; >90% accuracy; minimal 

cross-reactivity 

[45]  

Zn-MOFs with modifi-

able chemistry 

Prostate-Specific 

Antigen (PSA) 

Fluorescence LOD: 0.145 fg/mL; linear range: 0.1 

fg/mL–20 pg/mL; stable and selective 

[46]  

Cu-MOF with antigen 

and click-reaction sig-

nal amplification 

Aflatoxin B1 Fluorescence LOD: 0.48 pg/mL; 670× sensitivity 

over ELISA; proximity-triggered am-

plification 

[54]  

CD/Co-MOF nanocoral 

(ratiometric probe) 

Alkaline Phos-

phatase (ALP) 

Fluorescence  Dual-signal response; LOD: 0.6 

mU/L; broad linear range; reduced 

background interference 

[56]  

Au NPs@ZIF-MOF 

functionalized with ap-

tamers 

Staphylococcus 

aureus 

Fluorescence LOD: 1 CFU/mL; wide dynamic 

range (5–10⁸ CFU/mL); intrinsic sig-

nal calibration 

[61]  



Sensors 2025, 25, x FOR PEER REVIEW 9 of 51 
 

 

Au/Ir@Cu/Zn-MOF 

with anti-S. aureus an-

tibodies 

Staphylococcus 

aureus 

   Immunoassay LOD: 10³ CFU/mL; 100× more sensi-

tive; multifunctional (biosensing + 

antibacterial) 

[62]  

Ru(bpy)₃²⁺@Zr-MOF 

with dsDNA and SYBR 

Green I 

ATP (viable bac-

terial marker) 

   Fluorescence LOD: 0.63 µ M; real-time pathogen 

detection (down to 10 CFU/mL in 

milk); smartphone-readout capabil-

ity 

[63]  

Au@CuMOF and 

Au@PbMOF functional-

ized with DNA probes 

S. typhimurium 

and L. monocyto-

genes 

Electrochemical Dual-pathogen detection; LOD: 2.33 

& 6.61 CFU/mL; high selectivity; 

broad linear range 

[64]  

 276 

 277 

3. MOF-Based Electrochemical and Optical Biosensors for Pathogen De- 278 

tection 279 

The emergence of infectious diseases and antimicrobial resistance has heightened the 280 

urgency for rapid, sensitive, and portable pathogen detection technologies. MOFs, owing 281 

to their modularity, high porosity, and tunable optical/electrochemical properties, have 282 

gained prominence in biosensor design [65,66]. MOFs can be tailored for diverse trans- 283 

duction strategies including fluorescence, colorimetry, surface-enhanced Raman scatter- 284 

ing (SERS), and electrochemical readouts [67]. This section reviews recent progress in 285 

MOF-based biosensors for microbial detection, focusing on three aspects: (i) microbial tar- 286 

gets (bacteria, viruses, fungi), (ii) detection strategies (label-free vs. labeled), and (iii) per- 287 

formance metrics such as sensitivity and limit of detection. 288 

 289 

 290 

3.1. Bacteria, viruses, fungi  291 

Recent advancements highlight the broad utility of MOF-based biosensors in target- 292 

ing bacterial, viral, and fungal pathogens [68]. By tailoring the pore environment, surface 293 

functional groups, and framework composition, MOFs can be functionalized with ap- 294 

tamers, antibodies, and enzymes to achieve highly specific and sensitive detection. A no- 295 

table example is a zirconium-based MOF functionalized with DNA aptamers for the flu- 296 

orescence-based detection of Escherichia coli O157:H7. The system exploited a fluores- 297 

cence “turn-on” mechanism triggered by the specific binding between aptamer and path- 298 

ogen, providing a highly selective and responsive readout [69]. Similarly, lanthanide- 299 

doped MOFs enabled time-resolved fluorescence sensing of Staphylococcus aureus, min- 300 

imizing autofluorescence and background interference. For viral targets, MOFs integrated 301 

with gold nanoparticles (AuNPs) and antibody tags were employed in a colorimetric plat- 302 

form for the detection of SARS-CoV-2 antigens. This system enabled visual detection 303 

within 15 minutes, making it a viable option for rapid point-of-care testing [70]. Though 304 

less explored, fungal diagnostics have also benefited from MOF integration. In one case, 305 

MOFs functionalized with lectins or enzyme mimics enabled SERS-based fingerprinting 306 

of Candida albicans, demonstrating the material’s adaptability even in fungal biosensing 307 

[71].  308 

To expand the scope to broader detection targets, a phage-functionalized Fe-MOF 309 

nanozyme (Fe-MOF@SalmpYZU47) was developed for colorimetric detection of multiple 310 

Salmonella enterica serovars [72]. This platform used a broad-host-range bacteriophage 311 

(SalmpYZU47) immobilized on an Fe-based MOF, imparting both biorecognition and en- 312 

zymatic mimicry. The peroxidase-like activity of the MOF nanozyme was selectively in- 313 

hibited in the presence of S. enterica, yielding a colorimetric signal with a linear range of 314 
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1.0 × 10² to 1.0 × 10⁸ CFU/mL and a detection limit of 11 CFU/mL. The system achieved 315 

recovery rates of 91.88–105.34% in food samples, underscoring its practical utility (Figure 316 

3).  317 

 318 

Figure 3. a) Isolation and purification process of phage SalmpYZU47; b) synthesis pathway of the 319 

Fe-MOF@SalmpYZU47 nanozyme; and c) schematic of colorimetric detection of multiple S. enterica 320 

strains in food using the developed Fe-MOF@SalmpYZU47 platform. Copyright 2024 Springer Na- 321 

ture [72]. 322 

To further demonstrate point-of-care applicability, a portable and cost-effective vis- 323 

ual biosensor was developed by integrating MOFs with a pregnancy test strip (PTS) plat- 324 

form for the detection of E. coli O157:H7 [73]. The design incorporated a hybridization 325 

chain reaction (HCR) amplification mechanism. Magnetic beads (MBs) functionalized 326 

with a single-stranded capture probe (CP) hybridized with an aptamer (AP) specific to E. 327 
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coli. Upon target binding, the aptamer was released, allowing the CP strands to trigger 328 

HCR with biotin-labeled DNA polymers. Streptavidin-modified MOFs encapsulating hu- 329 

man chorionic gonadotropin (hCG) were subsequently recruited to the polymers. The 330 

hCG acted as a signal generator on the commercial PTS, allowing visual detection with a 331 

LOD of 530 CFU/mL.  332 

In another study focused on respiratory pathogens, a dual-channel electrochemical 333 

immunosensor was constructed using a nanocomposite of graphene oxide and Cu–MOFs 334 

for the simultaneous detection of Mycoplasma pneumoniae and Legionella pneumophila 335 

[74]. The platform employed pyrene linkers for antibody immobilization via EDC–NHS 336 

chemistry and exhibited a broad dynamic range (1 pg/mL to 100 ng/mL). The dual-sensor 337 

format was successfully validated in spiked water samples, emphasizing its real-world 338 

applicability. 339 

The detection of foodborne pathogens in dairy matrices has also advanced signifi- 340 

cantly. A polydopamine/CoFe-MOFs@Nafion-based electrochemical immunosensor was 341 

developed for Salmonella detection in milk [75]. CoFe-MOFs provided structural stability 342 

and high antibody immobilization efficiency, while Nafion prevented detachment from 343 

the electrode. Electrodeposited polydopamine facilitated covalent bonding with anti-Sal- 344 

monella antibodies via Michael addition and Schiff base reactions. The sensor exhibited a 345 

detection range of 1.38 × 10² to 1.38 × 10⁸ CFU/mL, with an LOD of 1.38 × 10² CFU/mL. 346 

A similar label-free electrochemical immunosensor was fabricated by incorporating 347 

CoFe-MOFs with multi-walled carbon nanotubes (MWCNTs), followed by gold nanopar- 348 

ticle (AuNP) electrodeposition [76]. This hybrid enhanced conductivity and surface area 349 

for antibody anchoring, yielding a detection range of 1.04 × 10⁴ to 1.04 × 10⁸ CFU/mL and 350 

an LOD of 2.89 × 10³ CFU/mL. 351 

Beyond electrochemical platforms, dual-mode optical biosensors have been devel- 352 

oped to improve accuracy and redundancy. A colorimetric/fluorescent biosensor for Sal- 353 

monella typhimurium utilized magnetic covalent organic frameworks (MCOFs), gold na- 354 

noparticles, and aggregation-induced emission luminogens (AIEgens) [77]. The aptamer- 355 

mediated system prevented nanoparticle–MCOF aggregation in the presence of target 356 

bacteria, altering the signal in both detection modes. The biosensor achieved LODs of 1000 357 

CFU/mL (colorimetry) and 10 CFU/mL (fluorescence), with smartphone-based linear dis- 358 

criminant analysis enhancing field usability. 359 

A dual-mode Cu-MOF-based aptasensor targeting C-reactive protein (CRP), a bi- 360 

omarker elevated in bacterial and viral infections (including COVID-19), combined fluo- 361 

rescence and colorimetric readouts [78]. The Cu-MOF acted both as a signal quencher and 362 

enzyme mimic. RNA aptamer binding to CRP released the quenched signal, enabling de- 363 

tection with LODs of 40 pg/mL (fluorescence) and 240 pg/mL (colorimetry), outperform- 364 

ing conventional assays. Moreover, though not directly microbial, a fluorometric Zn-MOF 365 

biosensor was reported for HER2 a cancer biomarker demonstrating high selectivity and 366 

a low detection limit of 1.38 pM [79]. Similarly, UiO-66-NH₂ MOFs loaded with methylene 367 

blue and TMB enabled simultaneous electrochemical detection of tumor-related mi- 368 

croRNAs (let-7a and miRNA-21) with detection limits of 3.6 fM and 8.2 fM, respectively 369 

(Figure 4) [80]. These findings reveal that MOF-based biosensors designed for oncology 370 

can be readily repurposed for pathogen related biomarkers such as CRP and miRNA. 371 

 372 
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 373 

Figure 4. Schematic illustration of a homogeneous electrochemical biosensing platform based on 374 

functionalized UiO-66-NH₂ MOFs for simultaneous detection of multiple microRNAs (let-7a and 375 

miRNA-21). Electroactive dyes (MB and TMB) are encapsulated within the MOFs and gated by du- 376 

plex DNA. Copyright 2019 ACS [80].  377 

Finally, a study utilizing porphyrinic covalent organic frameworks (p-COFs) though 378 

not strictly a MOF demonstrated promising photoelectrochemical detection of CRP using 379 

silver nanoparticle enhanced aptamer platforms [81]. The p-COF system showed reduced 380 

electron transfer upon CRP binding, resulting in photocurrent suppression. The material’s 381 

high photostability and conductivity provide insights into the broader applicability of 382 

crystalline porous frameworks for microbial biosensing. 383 

 384 

3.2. Detection platforms (label-free vs. labeled) 385 

MOFs are highly versatile scaffolds capable of supporting diverse detection strate- 386 

gies [82]. In biosensing, MOFs can be tailored to operate through either label-free or la- 387 

beled detection platforms, depending on whether external signal reporters are used. La- 388 

bel-free platforms offer simplicity and faster readout by directly converting target recog- 389 

nition events into measurable signals, while labeled platforms employ fluorescent tags, 390 

enzymes, nanozymes, or amplification reactions to boost signal sensitivity and specificity 391 

[83–85].  392 

 393 

3.2.1. Label-Free Detection Platforms 394 

Label-free biosensors are increasingly favored in point-of-care diagnostics and real- 395 

time monitoring due to their inherent simplicity, cost-effectiveness, and minimal sample 396 

preparation requirements. These platforms exploit direct interactions between the MOF 397 

sensor surface and the target pathogen, which result in detectable optical or electrochem- 398 

ical changes without the need for additional signal labels. 399 

In the electrochemical arena, MOFs have also proven to be robust platforms for nu- 400 

cleic acid sensing. A polyaniline@nickel-MOF (Ni-MOF) nanocomposite was developed 401 

into a highly sensitive, label-free biosensor for detecting hepatitis C virus (HCV) RNA 402 
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without the need for amplification [86]. The nanocomposite was assembled layer-by-layer 403 

onto a glassy carbon electrode functionalized with a DNA probe. Hybridization with tar- 404 

get RNA altered the electrochemical impedance, allowing for detection across an excep- 405 

tionally wide concentration range (1 fM to 100 nM) with a detection limit as low as 0.75 406 

fM. This performance rivals the sensitivity of RT-PCR, illustrating the power of MOF- 407 

based materials in nucleic acid diagnostics. 408 

Similarly, MOFs have shown strong promise for exosome detection, which is relevant 409 

in both infectious and non-infectious diseases. A label-free biosensor based on Zr-MOFs 410 

encapsulating methylene blue was employed for the detection of exosomes from glioblas- 411 

toma multiforme (GBM) [87]. By utilizing a peptide that binds to EGFR and EGFRvIII 412 

markers overexpressed in GBM exosomes the MOF–electrode interface could directly 413 

transduce binding events into electrochemical signals. The biosensor achieved a detection 414 

limit of 7.83 × 10³ particles/μL with a wide detection range (9.5 × 10³ to 1.9 × 10⁷ parti- 415 

cles/μL), offering a non-invasive diagnostic tool for early disease detection. 416 

Colorimetric detection systems have also benefited from MOF-based innovations. 417 

For instance, a visual dual-pathogen detection platform was developed using a positively 418 

charged Pt-COF nanozyme and a Chromotrope 2R–modified membrane to simultane- 419 

ously identify Listeria monocytogenes and Salmonella typhimurium (Figure 5) [88]. The 420 

positively charged nanozyme facilitated electrostatic adsorption onto the pathogen-en- 421 

riched membrane, enabling subsequent catalytic oxidation of TMB in the presence of 422 

H₂O₂. The assay achieved dual detection limits of 1.31 and 1.61 CFU/mL, demonstrating 423 

the potential of label-free MOF nanozymes for multiplexed, field-deployable detection. 424 

  425 
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 426 

Figure 5. a) The synthesis procedure of the Pt-covalent organic framework (Pt-COF), b) Illustration 427 

of the imprinted PCM visual platform used for the rapid and sensitive detection of Listeria mono- 428 

cytogenes and Salmonella typhimurium. Copyright 2024 Elsevier [88]. 429 

In another application tailored for food safety, CoFe-MOFs hybridized with gra- 430 

phene were employed for label-free electrochemical detection of Salmonella in milk [89]. 431 

Incorporation of Au–NH₂ not only stabilized the antibody immobilization but also en- 432 

hanced conductivity and surface area. The resulting sensor displayed an impressive linear 433 

range from 2.4 × 10² to 2.4 × 10⁸ CFU/mL, with an LOD of 1.2 × 10² CFU/mL, confirming 434 

its suitability for complex sample matrices. 435 

 Going further into optical biosensing, a platform based on ultrathin MOF 436 

nanosheets (MOF-NSs) was designed for label-free, multiplexed DNA detection [90]. 437 

These nanosheets acted as highly selective adsorbents for dye-labeled ssDNA probes, 438 

which were released upon hybridization with target DNA from various pathogens. This 439 

release restored fluorescence, enabling simultaneous detection of Salmonella enterica, Lis- 440 

teria monocytogenes, and Vibrio parahaemolyticus, with detection limits as low as 15 pM. 441 

Taken together, these label-free approaches underscore the utility of MOFs in simplifying 442 

biosensor design while maintaining high sensitivity and specificity. Their adaptability 443 

across optical and electrochemical modalities makes them ideal candidates for rapid, on- 444 

site pathogen detection. 445 
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 3.2.2. Labeled Detection Platforms 446 

While label-free systems emphasize simplicity, labeled biosensors are designed to 447 

maximize signal output through strategic incorporation of external signal reporters. These 448 

platforms often yield superior sensitivity and specificity, and are particularly valuable in 449 

early-stage diagnostics where pathogen levels are extremely low.  450 

One of the most compelling examples is a microfluidic immunosensor for Salmonella 451 

detection, which integrated Fe-MIL-88NH₂ MOF nanocubes loaded with platinum nano- 452 

particles (PtNPs) as peroxidase-mimicking nanozymes [91]. The sensor used a sandwich 453 

immunoassay format where magnetic nanoparticles first captured the target bacteria, and 454 

the MOF-PtNP probes catalyzed H₂O₂ decomposition to generate oxygen. This oxygen 455 

was detected via a smartphone-based thermal imaging system, enabling visual, label- 456 

based detection with a sensitivity of 93 CFU/mL within one hour. This example demon- 457 

strates how labeled MOF platforms can be coupled with portable readouts to enable real- 458 

time pathogen detection. 459 

Further extending this approach, a Cu-MOF/PEDOT:PSS composite platform was de- 460 

veloped for the labeled electrochemical detection of E. coli O157:H7 [92]. Sulfonic acid 461 

groups were introduced into the MOF to facilitate antibody attachment, and the antigen– 462 

antibody interaction was transduced via enhanced electron transfer in the conductive 463 

composite. This system achieved a wide detection range (3 × 10²–3 × 10⁸ CFU/mL) with a 464 

detection limit of 7.4 CFU/mL, illustrating how labeled strategies can be adapted for ro- 465 

bust electrochemical biosensing.  466 

Visual biosensors have also benefitted from enzyme encapsulation in MOFs. A prom- 467 

inent example involved enzyme-loaded ZIF-8 particles for the detection of E. coli O157:H7 468 

[93]. The stable, porous MOF matrix preserved enzyme activity, enabling colorimetric de- 469 

tection with a detection limit of just 1 CFU/mL, and visible detection by eye down to 10 470 

CFU/mL in complex matrices such as milk, seawater, and cosmetics. This approach exem- 471 

plifies how MOFs can enhance enzyme stability while allowing simple and effective vis- 472 

ual detection. 473 

Despite the sensitivity advantages of enzymatic labels, immobilization often reduces 474 

their catalytic efficiency. This limitation was addressed using MOF-encapsulated iron por- 475 

phyrin nanozymes, such as MILL-88@TcP [94]. Upon ethanol mediated release, the TcP 476 

exhibited 1430-fold higher catalytic efficiency compared to traditional MIL-88. This 477 

nanozyme-linked immunosorbent assay (N-ELISA) format enabled sensitive detection of 478 

Salmonella typhimurium with a detection limit of 1.68 × 10² CFU/mL over 500 times more 479 

sensitive than conventional HRP-based ELISAs while maintaining excellent specificity. 480 

Incorporating nucleic acid amplification into MOF-based labeled systems can further 481 

enhance sensitivity. One example is a fluorescence biosensor combining recombinase- 482 

aided amplification (RAA), CRISPR/Cas12a-based recognition, and ZIF-8 loaded with flu- 483 

orescein sodium (FLS) [95]. In this system, ZIF-8 served both as a carrier and a pH-sensi- 484 

tive release vehicle for FLS. Upon target recognition, the MOF released the dye, producing 485 

intense fluorescence for sensitive detection of Salmonella typhimurium with a detection 486 

limit of 1.3 × 10² CFU/mL within two hours. 487 

Other innovative formats include dual-aptamer sandwich immunoassays and mag- 488 

netic separation strategies. A colorimetric sensor for E. coli used streptavidin-labeled Cu- 489 

MOFs as catalytic probes with peroxidase-like activity [96]. This system achieved a detec- 490 

tion limit of 2 CFU/mL and a linear range from 16 to 1.6 × 10⁶ CFU/mL. Similarly, a mag- 491 

netic separation-enhanced colorimetric platform was developed using platinum-loaded 492 

ZIF-8 (Pt@ZIF-8) nanozymes for detecting Salmonella typhimurium, reaching a detection 493 

limit of 11 CFU/mL in poultry samples [97]. This biosensor achieved a low detection limit 494 

of 11 CFU/mL, with a linear range of 10¹–10⁴ CFU/mL, and demonstrated high recovery 495 

(∼109.8%) in spiked chicken carcass samples. The use of MOF-based nanozymes in a 496 
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labeled configuration, combined with efficient magnetic separation, highlights the poten- 497 

tial of this platform for sensitive and scalable foodborne pathogen detection without the 498 

need for pre-enrichment steps. 499 

For rapid point-of-care testing, a pipette tip-based biosensor was devised, incorpo- 500 

rating immune-functionalized nickel meshes and fluorescent MOFs modified with bo- 501 

ronic acid groups (MOFs@B(OH)₂) [98]. The platform enabled selective binding of Salmo- 502 

nella in a conical separation unit, followed by acid-triggered release of the fluorescent 503 

label. The detection limit reached 18.8 CFU/mL, and results were available in just 20 504 

minutes, highlighting the translation of labeled MOF biosensors into practical diagnostic 505 

tools. Moreover, a labeled electrochemical immunosensor was developed for the sensitive 506 

and rapid detection of Salmonella typhimurium in milk. The sensor incorporated plati- 507 

num nanoparticles and a Co/Zn-MOF supported on carboxylated multiwalled carbon 508 

nanotubes (MWCNTs), which synergistically improved both sensitivity and signal stabil- 509 

ity [99]. In the optimized system, antibodies specific to S. typhimurium were immobilized 510 

on the sensor, enabling selective recognition and signal generation. The immunosensor 511 

exhibited a wide linear detection range from 1.3 × 10² to 1.3 × 10⁸ CFU/mL and a low 512 

detection limit of 94 CFU/mL. The platform also demonstrated strong specificity, repro- 513 

ducibility, and stability, showing strong promise for extension to other labeled detection 514 

strategies targeting foodborne pathogens. 515 

Overall, labeled MOF-based detection platforms offer amplified signals and higher 516 

sensitivity than their label-free counterparts. These systems can be tailored for specific 517 

readouts (fluorescence, electrochemical, colorimetric) and integrated with microfluidics 518 

or portable devices, making them powerful tools for sensitive, real-world biosensing ap- 519 

plications. 520 

 521 

3.3. Performance metrics (sensitivity, selectivity, LOD) 522 

The performance of MOF-based optical biosensors is primarily evaluated through 523 

sensitivity, selectivity, and limit of detection (LOD), all of which are critical for effective 524 

pathogen diagnostics. High surface area and adjustable pore structures enable MOFs to 525 

achieve low detection limits by increasing analyte capture and signal response. The per- 526 

formance of biosensors and therapeutic platforms is often gauged by their sensitivity, se- 527 

lectivity, and functional efficiency. In a recent study, self-fueled MOF-based micromotors 528 

were designed to combine autonomous motion with intrinsic antibacterial functionality, 529 

offering a highly integrated sensing-therapeutic approach. These micromotors spontane- 530 

ously degrade in aqueous environments, releasing ionic species that not only fuel their 531 

self-propulsion via ionic diffusiophoresis but also act as antibacterial agents. The release 532 

of metal cations enhanced the selective killing of Escherichia coli (E. coli), with motion- 533 

assisted activity significantly improving antibacterial efficacy (Figure 6) [100]. In an in 534 

vivo wound model, this system led to accelerated wound healing, demonstrating both 535 

biological specificity and functional effectiveness. While traditional biosensing metrics 536 

such as detection limit (LOD) are not directly reported, the system’s selective antibacterial 537 

action and self-powered delivery highlight its potential for future high-performance bio- 538 

sensing and theranostic applications, particularly where both biological targeting and 539 

therapeutic impact are required. A comprehensive summary of MOF-based biosensors, 540 

including sensor materials, target microorganisms, detection methods, detection limits, 541 

and linear ranges, is provided in Table 2. 542 
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 543 

Figure 6. Schematic representation of the fabrication of MOF-based micromotors and their applica- 544 

tion in antibacterial wound treatment. Copyright 2022 ACS [100]. 545 

 546 

Table 2. Summary of MOF-Based Biosensors for Pathogen Detection. 547 

Materials Target Microor-

ganisms 

Method LOD Linear 

Range 

Ref. 

Zr-MOF + DNA aptamer E. coli O157:H7 Fluorescence – – [69] 

Lanthanide-doped MOFs Staphylococcus au-

reus 

Fluorescence – – [69] 

MOFs + AuNPs + antibodies SARS-CoV-2 Colorimetric – – [70] 

MOFs + lectins Candida albicans SERS – – [71] 

Fe-MOF@SalmpYZU47 Salmonella enterica Colorimetric  11 

CFU/mL 

1.0 × 10² to 

1.0 × 10⁸ 

CFU/mL 

[72] 

MOF + PTS  E. coli O157:H7 Visual 530 

CFU/mL 

– [73] 

GO + Cu–MOF  Mycoplasma pneu-

moniae, Legionella 

pneumophila 

Electrochemical 1 pg/mL 1 pg/mL to 

100 ng/mL 

[74] 

CoFe-MOFs@Nafion  Salmonella in milk Electrochemical 1.38 × 10² 

CFU/mL 

1.38 × 10² to 

1.38 × 10⁸ 

CFU/mL 

[75] 
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CoFe-MOFs + MWCNTs + 

AuNPs 

Salmonella Electrochemical 2.89 × 10³ 

CFU/mL 

1.04 × 10⁴ to 

1.04 × 10⁸ 

CFU/mL 

[76] 

MCOF + AuNPs + AIEgens Salmonella typhi-

murium 

Colorimet-

ric/fluorescent 

1000 

CFU/mL 

/ 10 

CFU/mL 

– [77] 

Cu-MOF  CRP Colorimet-

ric/fluorescent 

40 pg/mL 

/ 240 

pg/mL 

– [78] 

Zn-MOF HER2 (non-micro-

bial) 

Fluorescence 1.38 pM – [79] 

UiO-66-NH₂ MOF + MB + 

TMB 

let-7a, miRNA-21 Electrochemical 3.6 fM, 

8.2 fM 

– [80] 

Porphyrinic COFs + AgNPs CRP Photoelectro-

chemical 

– – [81] 

Polyaniline@Ni-MOF HCV RNA Electrochemical 0.75 fM 1 fM to 100 

nM 

[86] 

Zr-MOF + methylene blue GBM exosomes Electrochemical 7.83 × 10³ 

parti-

cles/μL 

9.5 × 10³ to 

1.9 × 10⁷ par-

ticles/μL 

[87] 

Pt-COF nanozyme + Chromo-

trope 2R 

Listeria monocyto-

genes, Salmonella 

typhimurium 

Colorimetric 1.31, 1.61 

CFU/mL 

– [88] 

CoFe-MOFs + graphene + 

Au–NH₂ 

Salmonella in milk Electrochemical 1.2 × 10² 

CFU/mL 

2.4 × 10² to 

2.4 × 10⁸ 

CFU/mL 

[89] 

Ultrathin MOF-NSs Multiple bacterial 

DNAs 

Fluorescence 15 pM – [90] 

Fe-MIL-88NH₂ + PtNPs  Salmonella Colorimetric 93 

CFU/mL 

– [91] 

Cu-MOF/PEDOT:PSS E. coli O157:H7 Electrochemical 7.4 

CFU/mL 

3 × 10² to 3 × 

10⁸ CFU/mL 

[92] 

Enzyme-loaded ZIF-8 E. coli O157:H7 Colorimetric 1 

CFU/mL 

– [93] 

MIL-88@TcP  Salmonella typhi-

murium 

Colorimetric 1.68 × 10² 

CFU/mL 

– [94] 

ZIF-8 + FLS + CRISPR/Cas12a 

+ RAA 

Salmonella typhi-

murium 

Fluorescence 1.3 × 10² 

CFU/mL 

– [95] 

Cu-MOF + streptavidin E. coli Colorimetric 2 

CFU/mL 

16 to 1.6 × 

10⁶ CFU/mL 

[96] 

Pt@ZIF-8  Salmonella typhi-

murium 

Colorimetric 11 

CFU/mL 

10¹–10⁴ 

CFU/mL 

[97] 

MOF@B(OH)₂ + Ni mesh  Salmonella Fluorescence 18.8 

CFU/mL 

– [98] 
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PtNPs + Co/Zn-MOF + 

MWCNTs 

Salmonella typhi-

murium 

Electrochemical 94 

CFU/mL 

1.3 × 10² to 

1.3 × 10⁸ 

CFU/mL 

[99] 

MOF-based micromotors E. coli Theranostic – – [100] 

 548 

 549 

 550 

4. MOF-Based Optical Biosensors for Environmental Monitoring 551 

MOF-based optical biosensors have emerged as promising tools for environmental 552 

monitoring due to their exceptional sensitivity, tunability, and adaptability. These mate- 553 

rials offer unique advantages stemming from their highly porous architectures, large sur- 554 

face areas, and flexible chemical functionalities, which enable selective interaction with a 555 

wide range of environmental analytes. MOFs can be functionalized with luminescent lig- 556 

ands, chromophores, enzyme mimics, or responsive molecules to produce measurable op- 557 

tical responses such as fluorescence, colorimetric change, or photoluminescence upon in- 558 

teraction with specific contaminants. The integration of these responsive MOFs into plat- 559 

forms such as fiber optics, paper chips, or hybrid nanocomposites further enhances their 560 

usability in portable, field deployable formats. This makes MOF-based optical biosensors 561 

especially suitable for real-time, on-site analysis of environmental pollutants including 562 

heavy metals, pesticides, toxins, and microbial agents [101,102].  563 

The accumulation of toxic heavy metals in the environment, particularly in water 564 

sources, poses a significant threat to public health and has been linked to neurodegenera- 565 

tive diseases like Alzheimer’s [103]. Optical biosensors offer a powerful tool for environ- 566 

mental monitoring by enabling the rapid, selective, and ultra-sensitive detection of trace 567 

levels of heavy metals such as mercury, cadmium, lead, and arsenic, thereby supporting 568 

early warning and contamination control efforts [104]. 569 

 570 

4.1. Detection of pollutants (heavy metals, pesticides, toxins, etc.) 571 

MOF-based optical biosensors enable rapid and sensitive detection of environmental 572 

pollutants such as heavy metals, pesticides, and toxins by translating molecular interac- 573 

tions into fluorescence or colorimetric signals [105,106]. Their customizable pore struc- 574 

tures and surface chemistry allow selective recognition of target analytes, making them 575 

powerful tools for real-time environmental monitoring. 576 

In the domain of heavy metal detection, an innovative zirconium-based MOF 577 

(dMOR-2), synthesized using a 2-picolylamine-modified terephthalate ligand, has been 578 

developed to simultaneously function as an optical sensor and an adsorbent [107]. Dis- 579 

persed in water with polyvinylpyrrolidone, dMOR-2 demonstrated outstanding fluores- 580 

cence sensing capabilities for Cu²⁺, Pb²⁺, and Hg²⁺ with detection limits below 2 parts per 581 

billion (ppb), even in complex aqueous matrices. Its sensing performance was attributed 582 

to chelation-induced fluorescence modulation by the picolylamine group. In parallel, 583 

dMOR-2 was also integrated into a calcium alginate composite and exhibited high adsorp- 584 

tion capacities for these metal ions, thereby highlighting its multifunctional role in detec- 585 

tion and remediation  586 

Moreover, Pu et al. reported an azobenzene-based luminescent probes were incorpo- 587 

rated into a bio-MOF-1 matrix to create optical biosensors for the detection and adsorption 588 

of heavy metal ions, particularly Cu²⁺ [108]. These MOF-integrated sensors (P1@BMOF 589 

and P2@BMOF) exhibited high selectivity, low detection limits (as low as 0.20 μM), and 590 

enhanced stability, demonstrating effective fluorescence quenching responses and strong 591 

adsorption capacities, making them promising tools for environmental monitoring of 592 
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toxic metal pollutants. A different approach involving defect engineering was employed 593 

to enhance the sensitivity of lanthanide-based luminescent MOFs. Specifically, Eu@UiO- 594 

MOFs were synthesized with modulator-induced missing-linker defects, which fine- 595 

tuned the photophysical properties of the framework [109]. The defect-rich Eu@UiO- 596 

MOFs, with an average of 0.53 missing linkers per Zr₆ node, exhibited significantly am- 597 

plified fluorescence responses upon Cd²⁺ binding and enabled ultrasensitive detection at 598 

a limit of 114 ppb. These results emphasized the importance of structural defect modula- 599 

tion in improving MOF-based optical biosensor performance.  600 

For chromium detection, a fiber-optic sensor platform was developed by coating a 601 

U-bent fiber optic probe with zeolitic imidazolate framework-67 (ZIF-67) via in situ dep- 602 

osition and subsequent thermal treatment [110]. The fabricated FOS/ZIF-67 sensor took 603 

advantage of the evanescent wave absorbance at 395 nm characteristic of Cr(VI), achieving 604 

a detection limit as low as 1 ppb. In addition to its wide linear detection range and rapid 605 

response, the sensor displayed high selectivity, operational stability in real water samples, 606 

and robust shelf life making it highly suitable for practical deployment in environmental 607 

monitoring. In a separate example, a manganese-based MOF (SM-1), formed from 2,5- 608 

furandicarboxylic acid and 4,7-phenanthroline, exhibited anionic framework characteris- 609 

tics with uncoordinated nitrogen sites that enhanced its stability and analyte interaction 610 

[111]. SM-1 functioned as a dual-mode fluorescent sensor, showing a “turn-on” response 611 

for Ag⁺ and Cd²⁺, and a “turn-off” signal for Hg²⁺ ions. The MOF achieved low detection 612 

limits in aqueous media and also demonstrated potential for environmental remediation 613 

through its reversible iodine adsorption capability.  614 

 615 

To address the detection of spectroscopically silent ions, an optical biosensor target- 616 

ing Pb²⁺ was designed by growing MOF-5 in situ on tannic acid-functionalized gold na- 617 

noparticles deposited on a U-bent fiber [112]. This plasmonic absorption-based sensor 618 

translated the refractive index shift upon Pb²⁺ binding into enhanced plasmonic signals, 619 

achieving a detection limit of 0.5 ppb. The sensor exhibited outstanding selectivity, stabil- 620 

ity, and operational effectiveness in complex sewage samples, illustrating its suitability 621 

for on-site water quality surveillance.  622 

Furthermore, a fluorescence “turn-off” immunosensor was developed using amine- 623 

functionalized MIL-101(Fe) MOFs conjugated with monoclonal antibodies specific to Pb²⁺ 624 

ions [113]. The biosensor exhibited high aqueous stability and biocompatibility, enabling 625 

selective detection of Pb²⁺ at concentrations as low as 9.51 ppb in real water samples, meet- 626 

ing the safety limits set by the WHO and EPA. Complementing these optical platforms, a 627 

dual-mode biosensor combining photoelectrochemical (PEC) and electrochemical (EC) re- 628 

sponses was constructed using a phthalocyanine-based covalent organic framework 629 

(CoPc-PT-COF) grown covalently onto a Cu-MOF substrate [114]. This hybrid structure 630 

combines the high photo- and electroactivity of phthalocyanine and bipyridine units with 631 

the porous and functional surface of the MOF. The enhanced photoelectric properties of 632 

CoPc-PT-COF@Cu-MOF, along with its favorable band structure, enable amplified signal 633 

output in both PEC and EC detection modes. DNA probes immobilized on the hetero- 634 

structure selectively recognize Cr³⁺ ions through specific interactions, allowing for highly 635 

sensitive detection in aqueous environments. The biosensor achieved remarkably low de- 636 

tection limits 14.5 fM (PEC) and 22.9 fM (EC) across a wide concentration range (0.1 pM 637 

to 100 nM), with excellent selectivity, stability, and reproducibility. It also demonstrated 638 

successful detection of trace Cr³⁺ in real-world samples such as river and tap water. This 639 

work highlights the potential of MOF-based photoelectrochemical biosensors for ad- 640 

vanced environmental monitoring, particularly in tracking ultra-trace levels of toxic 641 

heavy metals in complex water matrices. 642 
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Though not directly based on optical readout, a hybrid electrochemical sensor com- 643 

bining Bi₂CuO₄, UiO-67, and Al-MOF achieved simultaneous detection of Cd²⁺, Cu²⁺, Pb²⁺, 644 

and Hg²⁺ with remarkable detection limits down to the picomolar range (e.g., 0.02 pM for 645 

Cd²⁺) [115]. This unique architecture not only provides superior electrocatalytic redox ac- 646 

tivity but also ensures high stability, reproducibility, and selectivity (Figure 7). Remarka- 647 

bly low detection limits were achieved for each metal ion, down to picomolar levels (e.g., 648 

0.02 pM for Cd²⁺). The detection mechanism involves both adsorption and electrochemical 649 

accumulation of metal ions on the MOF-modified electrode surface. Demonstrating real- 650 

world applicability, the sensor was successfully employed to detect heavy metals in vari- 651 

ous complex food matrices such as rice, milk, and tea, highlighting its potential for envi- 652 

ronmental and food safety monitoring. 653 

 654 

Figure 7. Illustration of the Bi₂CuO₄@Al-MOF@UiO-67/SPCE sensor used for detecting Cd²⁺, Cu²⁺, 655 

Pb²⁺, and Hg²⁺ ions in food samples. Copyright 2024 Elsevier [115]. 656 

 657 

4.2. Detection of Pesticides and Herbicides 658 

The pervasive use of pesticides and herbicides in agriculture introduces toxic resi- 659 

dues into ecosystems, necessitating robust detection methods. MOF-based optical biosen- 660 

sors offer field-friendly alternatives to chromatographic techniques through their rapid 661 

response and visual readouts. 662 

One such example is a Cu-MOF nanoprobe developed using a one-pot reaction 663 

among Cu²⁺, 5-aminoisophthalic acid (AIA), and trimesic acid (H₃BTC) [116]. The MOF 664 

exhibited strong quenching behavior due to ligand-to-metal charge transfer (LMCT) and 665 

photoinduced electron transfer (PET). Upon glyphosate exposure, competitive binding 666 

disrupted the framework, releasing the AIA ligand and triggering fluorescence recovery. 667 

The sensor achieved a detection limit as low as 33 nM, significantly below the U.S. EPA 668 

maximum contaminant level. In addition to environmental sensing, the probe enabled 669 

real-time imaging of glyphosate in plant tissues and screening of agricultural samples.  670 
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Another effective platform is a paper-based biosensor composed of acetylcholines- 671 

terase (AChE) immobilized on a ZIF-8-modified cellulose matrix [117]. The MOF encap- 672 

sulation enhanced enzyme stability under variable pH, temperature, and storage condi- 673 

tions, while the peroxidase-like activity of ATCI allowed for efficient signal generation. 674 

The sensor achieved a low detection limit of 0.29 μg/L and a linear range of 0.5–50 μg/L 675 

for dichlorvos within 20 minutes. Integration with a 3D-printed holder and smartphone 676 

readout enabled portable, instrument-free point-of-care testing. This work demonstrates 677 

the potential of MOF-enabled colorimetric biosensors as reliable, field-deployable tools 678 

for environmental and agricultural monitoring, particularly in ensuring food safety and 679 

pesticide regulation. 680 

 681 

4.3. Detection of Microbial Pathogens 682 

 683 

MOF-based optical biosensors have also made considerable progress in detecting 684 

pathogenic microorganisms, offering a non-invasive and highly specific alternative to cul- 685 

ture-based methods. By integrating biological recognition elements such as antibodies 686 

and aptamers, MOFs can detect bacteria through fluorescence quenching or enzymatic 687 

signal recovery. A notable development in this domain is a terbium-based MOF con- 688 

structed with 1,3,5-benzenetricarboxylic acid (Tb-BTC), functionalized with anti-E. coli 689 

antibodies [118]. coli antibodies to enable selective bio-recognition. The optical response, 690 

based on changes in fluorescence intensity, allows for the detection of E. coli across a wide 691 

concentration range (1.3 × 10² to 1.3 × 10⁸ CFU/mL), with an exceptionally low detection 692 

limit of 3 CFU/mL and a rapid response time of just 5 minutes. This work highlights the 693 

significant potential of MOF-based fluorescent platforms for optical biosensing applica- 694 

tions. Due to its high sensitivity, selectivity, fast response, and successful demonstration 695 

in complex matrices such as fruit juice, the Tb-BTC system holds promise for real-time 696 

environmental monitoring of microbial contamination in water or food sources. 697 

In a similar approach, a zirconium–praseodymium-based MOF nanozyme (ZrPr- 698 

MOF) was combined with aptamer-based recognition to develop a colorimetric sensor for 699 

Salmonella Typhimurium [119]. The presence of S. Typhimurium disrupts the aptamer– 700 

nanozyme interaction, restoring catalytic activity and enhancing the colorimetric re- 701 

sponse. The biosensor showed excellent sensitivity under optimized conditions, with a 702 

linear detection range of 10²–10⁸ CFU/mL and a low detection limit of 37 CFU/mL. Addi- 703 

tionally, a paper-based format of the biosensor was demonstrated for portable, point-of- 704 

care detection, successfully identifying S. Typhimurium in spiked milk samples. This 705 

study highlights the promise of MOF-based nanozyme optical biosensors for rapid, selec- 706 

tive, and on-site microbial monitoring in food safety and environmental surveillance ap- 707 

plications. 708 

 709 

4.4. Detection of Biochemical and Volatile Environmental Contaminants 710 

Beyond heavy metals, pesticides, and pathogens, environmental pollutants encom- 711 

pass a broad category of volatile and biochemical substances, including quorum sensing 712 

molecules, plant stress markers, volatile organic compounds (VOCs), biochemical waste, 713 

and gaseous pollutants. MOFs, owing to their high porosity, structural tunability, and 714 

optical versatility, have been successfully employed to detect these diverse targets with 715 

excellent sensitivity and selectivity using a variety of optical modalities. 716 

For instance, quorum sensing molecules such as N-(3-oxodecanoyl)-L-homoserine 717 

lactone (3-O-C10-HL), which mediate microbial communication and contribute to biofilm 718 

formation, have been detected using a sophisticated optoelectronic biosensor system 719 

[120]. This system integrated a Z-scheme heterojunction comprising CAU-17 MOF and 720 
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Bi₂S₃ nanostructures, configured into an organic photoelectrochemical transistor 721 

(OPECT). Functionalized with self-screening aptamers, the sensor enabled highly selec- 722 

tive detection of 3-O-C10-HL down to 0.441 pM, presenting a promising platform for ma- 723 

rine biofouling monitoring and early-stage microbial activity surveillance. 724 

In the realm of plant health diagnostics, hydrogen peroxide (H₂O₂) serves as a key 725 

signaling molecule indicating biotic or abiotic stress. Traditional methods for H₂O₂ detec- 726 

tion typically involve destructive sample processing, which can further stress the plant 727 

and are labor-intensive. To overcome these limitations, the authors developed a ZIF-8- 728 

based color-to-thermal biosensor formed directly on plant tissues (roots, petioles, or 729 

leaves) by spraying a mixture of horseradish peroxidase (HRP), ABTS, and ZIF-8 precur- 730 

sors [121]. Upon exposure to near-infrared (NIR) light, the oxidized product (ABTS•⁺) 731 

produced heat, allowing thermal signal detection of sub-micromolar concentrations of 732 

H₂O₂ (Figure 8). Because plant tissues have minimal absorption in the NIR region, the 733 

biosensor enabled remote optical readout with a high signal-to-noise ratio, without dam- 734 

aging the plant. This work demonstrates the utility of MOF-based optical biosensing plat- 735 

forms for noninvasive, real-time monitoring of plant stress responses, offering significant 736 

promise for applications in precision agriculture, environmental monitoring, and plant 737 

physiology research. 738 

 739 

Figure 8. Illustration of ZIF-8-Based Plant H₂O₂ Biosensor (a) Nicotiana benthamiana under stress 740 

(e.g., pathogens, heat, wounding) produces H₂O₂. (b) A mixture of HRP, ABTS, and 2-methylimid- 741 

azole is sprayed onto plant tissues, followed by Zn²⁺ to form ZIF-8 encapsulating the sensing com- 742 

ponents in situ. (c) H₂O₂ oxidizes ABTS to ABTS•⁺, which generates a thermal signal under NIR 743 

light, enabling remote detection via a thermometer [121]. 744 

 745 

Volatile organic compounds (VOCs), which include industrial solvents such as etha- 746 

nol, acetone, and methanol, are significant air pollutants due to their toxicity and flamma- 747 

bility. A localized surface plasmon resonance (LSPR)-based optical fiber sensor was de- 748 

veloped using a layer-by-layer deposition of gold nanoparticles and HKUST-1 on a fiber 749 

tip [122]. Varying the number of MOF coating cycles (40, 80, 120) allowed tuning of the 750 

sensor’s sensitivity, with significant optical responses observed only at higher coating 751 

thicknesses. The sensor exhibited a measurable redshift in resonance wavelength upon 752 

VOC exposure due to refractive index changes from VOC adsorption into the MOF layer, 753 
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with high sensitivity and low detection limits for acetone, ethanol, and methanol. The 754 

sensor also demonstrated reversible behavior, rapid response and recovery times, and 755 

minimal interference from humidity and temperature, highlighting its promise as a relia- 756 

ble MOF-based optical platform for real-time environmental VOC monitoring. 757 

In addition to air and plant stress analytes, MOF-based biosensors have addressed 758 

biochemical pollutants such as urea and morphine. A tapered single-mode–coreless–sin- 759 

gle-mode (SCS) optical fiber, functionalized with urease-loaded ZIF-8, allowed urea de- 760 

tection via enzyme-mediated changes in local refractive index [123]. The detection mech- 761 

anism relies on the binding of urea to urease, which induces changes in the local refractive 762 

index, leading to measurable resonance wavelength shifts in the fiber’s transmission spec- 763 

trum. The biosensor demonstrated a linear optical response to urea concentrations rang- 764 

ing from 1 to 10 mM, with a detection limit of 0.1 mM and sensitivity of 0.8 mM/RIU when 765 

operated over a broadband light source (1525–1590 nm). Performance evaluation using 766 

real samples confirmed the sensor's high selectivity and sensitivity, establishing its suita- 767 

bility for optical biosensing applications. This work underscores the potential of MOF- 768 

enzyme hybrid systems, particularly ZIF-8/urease, for environmental monitoring of bio- 769 

chemical contaminants like urea in water, offering a robust and precise sensing platform 770 

for real-world applications. 771 

Complementing this approach, a hydrogel-confined dual-enzyme cascade system 772 

(UFD-DEC), comprising Fe-cdDNA nanozymes and urease, produced a visible color 773 

change upon urea decomposition [124]. By precisely tuning the catalytic activity of Fe- 774 

cdDNA nanozymes using DNA control, the cascade reaction is significantly accelerated 775 

while maintaining high structural stability. Encapsulated within a hydrogel matrix, the 776 

system forms a portable “lab-in-a-tube” device capable of on-site urea detection. The 777 

readout is facilitated via a smartphone-based image analysis algorithm, enabling real- 778 

time, colorimetric signal interpretation with a detection limit of 0.12 mmol/L. This work 779 

showcases a customizable, low-cost, and miniaturized biosensor platform with strong po- 780 

tential for point-of-care diagnostics and environmental monitoring, particularly for urea 781 

profiling in agricultural or clinical contexts. 782 

Wearable and physiological biosensing was also demonstrated using a MOF-based 783 

colorimetric sensor for transcutaneous CO₂ detection [125]. It offers high sensitivity and 784 

selectivity, detecting CO2 levels as low as 26 ppm across a wide range (0–2% CO2) while 785 

resisting interference from skin gases. Human trials confirm its clinical potential, and its 786 

compact, responsive design suits applications in sports and exercise for respiratory mon- 787 

itoring. Overall, this MOF-CMOS sensor’s affordability, reversibility, and sensitivity make 788 

it ideal for wearable remote health tracking devices. 789 

Additionally, a Cr(III)-based MOF nanoparticle fluorescent sensor was engineered 790 

for the optical detection of morphine (Figure 9) [126]. The Cr(III)-MOF-NPs displayed a 791 

characteristic emission at 593 nm, which shifted to 566 nm with enhanced intensity upon 792 

MOR addition, accompanied by a visible color change from brown to yellow, enabling 793 

rapid and selective optical detection. The developed PL sensor showed high sensitivity 794 

with a detection limit of 0.167 nM and strong selectivity for MOR across a concentration 795 

range of 0.1 to 350 nM. It was successfully applied for ultrasensitive morphine quantifica- 796 

tion in spiked serum and urine samples, demonstrating practical utility in complex bio- 797 

logical matrices. 798 
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 799 

Figure 9. Illustration of the MOF assembly and applications for optical based bio- 800 

sensing. Copyright 2020 ACS [126]. 801 

 802 

Additionally, enhancing plasmonic optical biosensors with MXene-MOF hybrids has 803 

improved sensitivity in biochemical detection [127]. Furthermore, combining Ti₃C₂ with a 804 

terbium-based metal–organic framework (Tb-BTC) enabled the fabrication of a selective 805 

optical biosensor for haemoglobin. The Tb-BTC MOF selectively binds to the iron center 806 

in haemoglobin, enhancing the sensor’s specificity. The sensor demonstrated reliable de- 807 

tection of haemoglobin in the range of 100 to 500 μg/mL and maintained selectivity even 808 

in the presence of interfering biomolecules such as immunoglobulin, glucose, uric acid, 809 

and bovine serum albumin. This hybrid MXene-MOF platform showcases significant po- 810 

tential for sensitive and selective optical biosensing in both environmental and clinical 811 

monitoring contexts. A summary of the key MOF-based optical biosensors discussed in 812 

this section, including their materials, target analytes, detection methods, performance 813 

metrics, and references, is provided in Table 3 for easy comparison and overview. 814 

 815 

 816 

Table 3. Summary of MOF-Based Optical Biosensors for Environmental Monitoring. 817 

Materials Target Analytes Methods LOD Linear Range Ref. 

Zr-based MOF  Cu²⁺, Pb²⁺, Hg²⁺ Fluorescence  < 2 ppb - [107]  

P1@BMOF, P2@BMOF  Cu²⁺ Fluorescence  0.20 µ M - [108]  

Defect-rich Eu@UiO-MOFs Cd²⁺ Fluorescence  114 ppb - [109]  

ZIF-67 on fiber optic probe Cr(VI) Evanescent  1 ppb - [110]  

SM-1  Ag⁺, Cd²⁺, Hg²⁺  Fluorescence - - [111]  

MOF-5  Pb²⁺ Plasmonic 0.5 ppb - [112]  

NH₂-MIL-101(Fe)-mAb Pb²⁺ Fluorescence 9.51 ppb - [113]  
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CoPc-PT-COF@Cu-MOF Cr³⁺ PEC + EC  14.5 fM 

(PEC), 

22.9 fM 

(EC) 

0.1 pM – 100 

nM 
[114]  

Bi₂CuO₄ + UiO-67 + Al-MOF  Cd²⁺, Cu²⁺, Pb²⁺, 

Hg²⁺ 

Electrochemical  0.02 pM 

(e.g., 

Cd²⁺) 

- [115]  

Cu-MOF  Glyphosate Fluorescence  33 nM - [116]  

ZIF-8@Cellulose Dichlorvos Colorimetric  0.29 µ g/L 0.5–50 µ g/L [117]  

Tb-BTC MOF  E. coli Fluorescence 3 

CFU/mL 

1.3×10² – 

1.3×10⁸ 

CFU/mL 

[118]  

ZrPr-MOF  Salmonella 

Typhimurium 

Colorimetric 37 

CFU/mL 

10²–10⁸ 

CFU/mL 
[119]  

CAU-17/Bi₂S₃  3-O-C10-HL Optoelectronic 0.441 pM - [120]  

ZIF-8 + HRP  H₂O₂  NIR-induced  Sub-µ M -  [121]  

AuNPs/HKUST-1 VOCs LSPR - - [122] 

Urease@ZIF-8  Urea Refractive index  0.1 mM 1–10 mM [123] 

UFD-DEC  Urea Colorimetric 0.12 

mmol/L 

- [124] 

MOF-CMOS  CO₂  Colorimetric 26 ppm 0–2% CO₂ [125] 

Cr(III)-MOF-NPs Morphine Fluorescence 0.167 nM 0.1–350 nM [126] 

Ti₃C₂ + Tb-BTC MOF Hemoglobin Optical  - 100–500 

µ g/mL 

[127]  

 818 

 819 

5. Integration with Advanced Technologies 820 

The integration of MOF-based optical biosensors with advanced technologies such 821 

as microfluidics, portable electronics, artificial intelligence (AI), and the Internet of Things 822 

(IoT) is driving a new generation of smart sensing platforms for real-time pathogen and 823 

environmental monitoring. These synergistic advancements significantly expand the 824 

practical applicability of MOF-based optical biosensors in diverse settings, from clinical 825 

diagnostics to environmental safety. 826 

 827 

5.1. portable-based sensing 828 

Smartphone-based sensing offers a powerful platform for portable, user-friendly de- 829 

tection using MOF-based optical biosensors [128]. With built-in cameras, advanced pro- 830 

cessors, and connectivity, smartphones can capture and analyze optical signals such as 831 

fluorescence or colorimetric changes generated by MOF sensors. This approach enables 832 

rapid, on-site detection of pathogens or pollutants without the need for complex instru- 833 

mentation. Moreover, smartphone apps can process data in real time, display results, and 834 

upload information to cloud platforms for remote monitoring [129–131]. The widespread 835 

availability and versatility of smartphones make them ideal tools for expanding the acces- 836 

sibility and scalability of MOF-based biosensing technologies. 837 

A smartphone-integrated electrochemical biosensing platform was developed for on- 838 

site toxicity evaluation of heavy metal ions, specifically Cd²⁺, Pb²⁺, and Hg²⁺, using a Hep 839 

G2 cell response model [132]. The system employs a reduced graphene oxide (RGO)/mo- 840 

lybdenum disulfide (MoS₂) composite electrode for enhanced biocompatibility and signal 841 

amplification, with differential pulse voltammetry (DPV) capturing electrochemical 842 
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changes linked to cytotoxicity. This compact sensor interfaces with a smartphone for data 843 

acquisition and visualization, enabling accurate real-time monitoring (IC₅₀ values: Cd²⁺ = 844 

49.83 μM, Hg²⁺ = 36.94 μM, Pb²⁺ = 733.90 μM). Its integration supports food and environ- 845 

mental safety assessment, confirmed by MTT assay, microscopy, and flow cytometry. 846 

Another portable point-of-care testing (POCT) platform was designed for rapid de- 847 

tection of multiple heavy metal ions (HMIs) in milk. The system uses a disposable disk 848 

with six screen-printed electrodes (SPEs) and MOFs to amplify the electrochemical signal 849 

of methylene blue [133]. Differential pulse voltammetry (DPV) enabled highly sensitive 850 

detection of Cd²⁺, Hg²⁺, Pb²⁺, and As³⁺, with detection limits as low as 0.022–0.073 ppb, all 851 

within four minutes. Successfully applied to milk samples, this flexible and efficient MOF- 852 

assisted platform offers a practical solution for on-site environmental and food safety 853 

monitoring. 854 

Li et al. introduced a 3D-printed, smartphone-based optical sensing device as a port- 855 

able, low-cost substitute for conventional UV–vis spectrometers in detecting heavy metals 856 

[134]. The device enables sensitive and accurate measurement without the need for bulky 857 

equipment or trained personnel. Its performance was validated through the successful 858 

detection of four common heavy metal ions in real water samples, showing strong corre- 859 

lation with results from standard UV–vis instruments. This approach highlights the po- 860 

tential of smartphone-based sensors for on-site environmental monitoring, offering high 861 

sensitivity, ease of use, and cost-effectiveness. 862 

A cost-effective, smartphone-based POCT system was developed for simultaneous 863 

detection of multiple metal ions, including Cd²⁺, Cu²⁺, Hg²⁺, and Pb²⁺ [135]. It integrates 864 

custom electrodes with a lightweight handheld electrochemical analyzer, allowing real- 865 

time data acquisition via a dedicated mobile app (DHMI). DPV enabled sensitive, broad- 866 

range detection, and the system demonstrated performance comparable to ICP-MS in real 867 

water samples, offering a user-friendly and reliable tool for environmental surveillance. 868 

A smartphone-integrated chemiresistive sensor was engineered for label-free detec- 869 

tion of Pb²⁺ in water. Using micro-interdigitated electrodes (µ IDEs) functionalized with 870 

graphene oxide and β-cyclodextrin, the device achieved a detection limit as low as 100 pM 871 

[136]. The readout system was compact and energy-efficient, and the integration of ma- 872 

chine learning enhanced classification accuracy in complex matrices. 873 

 Another portable, smartphone-based colorimetric sensing platform was developed 874 

for detecting heavy metal ion pollution in industrial wastewater. The sensor array used 875 

plasmonic nanocolorants and chromophores to detect 13 HMIs (e.g., Hg²⁺, Cd²⁺, Pb²⁺, Cr⁶⁺) 876 

at ppm levels within 15 seconds [137]. Optical fibers transmit sensor images to the 877 

smartphone’s CMOS imager, generating distinct RGB fingerprints analyzed via multivar- 878 

iate pattern recognition techniques (Figure 10). The system effectively identifies both in- 879 

dividual ions and complex wastewater sources (e.g., electroplating, battery, metallurgical, 880 

pesticide) with high reproducibility. Integrated with edge computing and IoT cloud capa- 881 

bilities, this smartphone-based platform offers a low-cost, fast, and intelligent solution for 882 

environmental monitoring, water quality assessment, and pollution source tracing. 883 
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 884 

Figure 10. Overview of the compact smartphone-based CSA analysis system. (a) Diagram showing 885 

the device setup, which includes a smartphone, LED array, light diffuser, optical fiber bundle, and 886 

the CSA component. (b) Real-life image of the complete device. (c) Close-up view of the device's 887 

front panel. (d) Captured image of the CSA, reduced in scale, using the portable platform. Copyright 888 

2022 Elsevier [137]. 889 

Xiao et al. developed a paper-based microarray platform with smartphone-based flu- 890 

orescence detection using carbon nanodots (CDs) for simultaneous detection of Hg²⁺, Pb²⁺, 891 

and Cu²⁺ in Pearl River water [138]. With no need for complex preparation or instrumen- 892 

tation, the system used a custom app (SBR-App) and detected all analytes within five 893 

minutes, underscoring its viability for use in resource-limited settings. Additionally, 894 

MOF-based sensing has shown strong potential in wearable formats. A screen-printed 895 

electrochemical platform using a flexible Silk-polyurethane (Silk-PU) composite film was 896 

reported for the detection of E. coli [139]. Gold nanoparticle-modified electrodes enabled 897 

detection as low as 0.12 CFU/mL, and the platform retained performance after repeated 898 

bending. This system shows strong applicability for flexible, wearable diagnostic devices.  899 

A wearable, biocompatible fluorescent cotton fabric (FCF) functionalized with nano- 900 

silver/europium aggregates and sodium alginate was developed for dual-mode detection 901 

of bacteria (E. coli, S. aureus) and heavy metals via fluorescence quenching [140]. The ma- 902 

terial demonstrates good biocompatibility in NIH3T3 cell tests and combines wearability, 903 

antibacterial properties, and rapid dual-mode detection, making it a promising platform 904 

for on-the-go sensing in environmental and health applications. 905 

 906 
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5.2. Data processing with AI/ML for signal interpretation 907 

The integration of artificial intelligence (AI) and machine learning (ML) into biosens- 908 

ing platforms significantly enhances signal interpretation, enabling more accurate, rapid, 909 

and autonomous analysis of complex sensing data [141]. In smartphone-based and wear- 910 

able biosensors, AI/ML algorithms process optical, electrochemical, or fluorescence data 911 

to filter noise, recognize patterns, and quantify analytes with high precision [142]. Tech- 912 

niques such as principal component analysis (PCA), support vector machines (SVM), and 913 

neural networks are frequently used to classify targets, deconvolute overlapping signals, 914 

and manage multiplex data from sensor arrays [143]. This data-driven approach improves 915 

detection reliability, especially in real-world matrices where environmental variability 916 

and user inconsistencies are common. Advanced optical and electrochemical biosensors 917 

produce complex datasets that demand intelligent interpretation. AI and ML enable real- 918 

time signal analysis, reduce false positives, and improve specificity by learning from large 919 

datasets [144,145]. These tools are transforming raw signals into actionable insights for 920 

environmental and food safety applications. 921 

From 2019 to 2024, advances in nanobiosensors and AI-enabled systems have driven 922 

improvements in pathogen detection and multidrug resistance profiling [146]. These sys- 923 

tems combine diverse modalities electrochemical, photothermal, acoustic with deep learn- 924 

ing algorithms to enable real-time classification and therapeutic decision-making. In one 925 

study, AI was integrated with photonic biosensors to classify bacterial species based on 926 

sensor-generated wavelength data. A decision tree classifier was employed to classify bac- 927 

terial species based on wavelength data generated from photonic sensor simulations [147]. 928 

Preprocessing steps included univariate analysis, kernel density estimation, box plot eval- 929 

uation, feature selection, and outlier removal. The optimized model achieved a classifica- 930 

tion accuracy of 70.27%, with performance validated via a confusion matrix. These find- 931 

ings highlight the potential of AI-driven signal interpretation to enhance the precision and 932 

efficiency of photonic biosensing for bacterial infections. 933 

An AI-powered biosensing framework was developed for pathogen detection in 934 

complex food and water environments. An AI-powered biosensing framework was de- 935 

veloped for rapid and automated identification of bacteria in food and agricultural water 936 

[148]. A deep learning model was trained on augmented images of bacteriophage-tagged 937 

bacterial patterns and fine-tuned on mixed cultures. Despite being trained only on lab- 938 

cultured samples, the model achieved 80–100% accuracy when applied to real-world wa- 939 

ter samples with unseen environmental noise, enabling pathogen prediction in under 5.5 940 

hours. This demonstrates the strong generalization capability of AI for interpreting com- 941 

plex biosensing data and its potential for real-time microbial water quality monitoring. 942 

Moreover, a novel AI-assisted biosensing strategy, SMART (Sensing Method using 943 

Artificial Intelligence Transcoding), was developed for rapid and multiplex detection of 944 

viable foodborne pathogens. This method uses programmable polystyrene microspheres 945 

to visually encode different bacteria, generating distinct optical signals detectable under 946 

standard microscopy [149]. A customized computer vision algorithm, trained via machine 947 

learning, interprets these signals to accurately identify pathogen type and count. The sys- 948 

tem enables amplification-free detection below 10² CFU/mL and distinguishes live from 949 

dead bacteria using phage-guided targeting, offering a fast, sensitive, and specific tool for 950 

food safety monitoring. 951 

Another study emphasized AI integration for comprehensive food quality assess- 952 

ment. Integrating artificial intelligence with biosensors offers a promising solution for ob- 953 

jective, rapid, and comprehensive food quality evaluation [150]. This approach aggregates 954 

diverse food quality data and applies AI-driven models to enhance detection accuracy, 955 

minimize human error, and enable real-time monitoring. The study underscores the 956 



Sensors 2025, 25, x FOR PEER REVIEW 30 of 51 
 

 

transformative role of AI-assisted biosensing in food safety while discussing future op- 957 

portunities and challenges for its practical implementation. 958 

To detect ochratoxin A (OTA) in food, a four-modal MXene-based nano-biosensor 959 

system was developed using V₂C nanosheets and a fully connected artificial neural net- 960 

work (FCANN) trained on RGB signal data. The system uses V₂C MXene nanosheets with 961 

high surface area and peroxidase-like activity for sensitive OTA detection, achieving lim- 962 

its of detection as low as 6.77 pg/mL [151]. A fully connected artificial neural network 963 

(FCANN) was trained on RGB data from the biosensor's outputs, enabling on-site or re- 964 

mote prediction of OTA concentrations within seconds (Figure 11). This AI-assisted ap- 965 

proach enhanced detection accuracy and speed, with strong agreement across sensing 966 

modes and recovery rates between 95.33% and 105.79%, demonstrating high reliability for 967 

real-sample analysis. 968 

 969 

Figure 11. Fabrication strategy of a four-mode nanobiosensor utilizing, V₂C-NMS enables dual- 970 

mode OTA detection via fluorescence recovery and colorimetric signal reduction upon ssDNA dis- 971 

placement. Signal changes were quantified and used to train a fully connected artificial neural net- 972 

work (FCANN) for rapid OTA concentration analysis. Copyright 2025 Elsevier [151]. 973 

Moreover, Wu et al. reported a rapid and accurate detection of multiple pathogens is 974 

vital for food safety, disease control, and environmental monitoring, yet traditional meth- 975 

ods are limited by complexity and equipment requirements. Optical biosensors offer a 976 

promising alternative due to their portability, speed, and multiplexing capabilities. This 977 

work reviews recent progress in optical biosensing for multi-pathogen detection, covering 978 

core techniques such as colorimetry, fluorescence, SERS, and SPR [152]. It also highlights 979 

advancements enabled by microfluidics, nucleic acid amplification, and nanomaterials. 980 

While current systems show strong potential, integrating AI and machine learning for 981 

signal interpretation remains a key future direction to enhance accuracy, automation, and 982 

real-time decision-making in complex detection environments. AI and ML are also being 983 

used for nanosensor design and environmental health monitoring. ML models improve 984 
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cancer diagnostics and enable rapid, scalable data interpretation for food contaminant 985 

analysis, pathogen identification, and nanomaterial toxicity assessment [153].  986 

 987 

6. Challenges and Opportunities 988 

6.1. Stability, reusability, cost-effectiveness 989 

Despite the remarkable optical performance of MOF-based biosensors, their practical 990 

utility remains hindered by challenges related to long-term stability, limited reusability, 991 

and production costs. Many MOFs are prone to structural degradation under ambient or 992 

aqueous conditions, which limits their operational lifespan, especially in complex real- 993 

world matrices. Stability remains a critical issue, particularly because many MOF-based 994 

sensors rely on delicate biorecognition elements like enzymes or antibodies, which require 995 

controlled environmental conditions to maintain functionality over time [154]. MOF- 996 

based wearable sensors face significant challenges related to stability and cost-effective- 997 

ness that hinder their broader adoption. Exposure to moisture, temperature fluctuations, 998 

and mechanical stress during wear can lead to degradation or loss of sensing performance, 999 

especially in long-term or real-world applications [155]. Additionally, achieving con- 1000 

sistent performance across multiple uses or after prolonged storage remains difficult. 1001 

Biosensors designed for one-time use increase material waste and cost, underscoring 1002 

the need for reusable platforms without compromising sensitivity. On the other hand, 1003 

cost-effectiveness remains a barrier to scalability and commercialization. The synthesis of 1004 

MOFs particularly those incorporating rare metals or requiring complex functionalization 1005 

can be expensive and time consuming. Integrating these materials into wearable platforms 1006 

with reliable, affordable fabrication methods for mass production is a major challenge 1007 

[156]. To move toward practical deployment, future research must focus on developing 1008 

more robust, chemically and mechanically stable MOF structures, as well as low-cost, scal- 1009 

able fabrication techniques without compromising sensitivity or selectivity. Achieving 1010 

functional integrity, reproducibility, and affordability is essential for broad adoption in 1011 

resource-constrained environments [157].  1012 

 1013 

6.2. Bridging lab-scale and real-world application 1014 

While numerous MOF-based optical biosensors have demonstrated excellent sensi- 1015 

tivity and selectivity in laboratory conditions, translating these systems to real-world ap- 1016 

plications remains a major hurdle [158]. Complex sample matrices, varying environmen- 1017 

tal conditions, and the need for minimal sample preparation often reduce sensor perfor- 1018 

mance outside controlled settings. Furthermore, challenges such as sensor integration 1019 

with portable devices, user-friendly interfaces, and field-deployable formats must be ad- 1020 

dressed to move from proof-of-concept to practical implementation. Bridging this gap re- 1021 

quires interdisciplinary strategies encompassing engineering, material science, and sys- 1022 

tems-level design. 1023 

Scalability remains a significant limitation in the commercialization of MOF-based 1024 

wearable sensors, particularly due to the high production costs and uncertainty around 1025 

consumer acceptance. For successful market integration, products must not only be cost- 1026 

effective but also user-friendly, safe, and require minimal effort to operate [159]. However, 1027 

many current sensor designs still demand complex preparation steps, such as pre-use cal- 1028 

ibration and incubation in conditioning solutions, which are impractical for wearable ap- 1029 

plications. Additionally, sensor signal drift over time can lead to inaccurate analyte read- 1030 

ings, necessitating frequent recalibration further complicating widespread use [160]. 1031 

These challenges hinder scalability and adoption, though ongoing research into 1032 
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calibration-free and more robust sensor designs offers promising opportunities to over- 1033 

come these barriers and enable large-scale deployment. 1034 

Translating MOF-based optical biosensors from laboratory research to real-world ap- 1035 

plications presents both significant opportunities and notable challenges [161]. On one 1036 

hand, the growing demand for rapid, sensitive, and user-friendly diagnostics particularly 1037 

in the wake of pandemics like COVID-19 creates a favorable landscape for portable, point- 1038 

of-care (POC) devices. Optical biosensors leveraging MOFs offer unique advantages, in- 1039 

cluding high surface area, tunable structures, and versatile functionalization, making 1040 

them well-suited for detecting pathogens with high sensitivity and specificity. 1041 

Techniques such as fluorescence sensing, surface-enhanced Raman spectroscopy 1042 

(SERS), and plasmonic approaches further enhance their analytical performance. How- 1043 

ever, moving beyond proof-of-concept systems requires overcoming key challenges: en- 1044 

suring sensor stability under variable environmental conditions, simplifying sample pro- 1045 

cessing for non-specialist use, reducing fabrication costs, and validating performance with 1046 

complex real-world samples like bodily fluids or environmental matrices. Moreover, reg- 1047 

ulatory approval, reproducibility across batches, and user acceptability remain critical 1048 

hurdles. Nonetheless, with continued advances in materials science, miniaturization, and 1049 

AI-assisted data interpretation, MOF-based optical biosensors hold strong potential to 1050 

transition into practical tools for public health surveillance, food safety, and environmen- 1051 

tal monitoring. 1052 

 1053 

6.3. Opportunities in multimodal sensing and MOF-hybrids 1054 

The future of MOF-based biosensing lies in the development of advanced platforms 1055 

that integrate multiple detection modalities and functional hybrid materials. Combining 1056 

optical sensing with electrochemical, magnetic, or thermal responses can enhance detec- 1057 

tion accuracy, enable cross-validation, and facilitate multiplexed analysis [162]. Moreover, 1058 

hybridizing MOFs with nanomaterials such as quantum dots, plasmonic nanoparticles, or 1059 

2D materials can significantly improve signal transduction, stability, and biocompatibil- 1060 

ity. Such innovations open new avenues for real-time, point-of-care diagnostics, and en- 1061 

vironmental surveillance with enhanced robustness and adaptability [163]. 1062 

The future of MOF-based biosensing lies in the development of advanced platforms 1063 

that integrate multiple detection modalities and functional hybrid materials. Combining 1064 

optical sensing with electrochemical, magnetic, or thermal responses can enhance detec- 1065 

tion accuracy, enable cross-validation, and facilitate multiplexed analysis [164]. Moreover, 1066 

hybridizing MOFs with nanomaterials such as quantum dots, plasmonic nanoparticles, or 1067 

2D materials can significantly improve signal transduction, stability, and biocompatibil- 1068 

ity. Such innovations open new avenues for real-time, point-of-care diagnostics and envi- 1069 

ronmental surveillance with enhanced robustness and adaptability. 1070 

Although this subheading focuses on hybrid sensing and multimodality, it is worth 1071 

noting that one of the key future opportunities is designing MOF-based wearable sensors 1072 

with improved morphology, biocompatibility, and biodegradability, particularly for in 1073 

vivo health diagnostics [165]. For these sensors to function effectively on the human body 1074 

particularly on sensitive areas like the skin they must exhibit not only biocompatibility, 1075 

but also mechanical flexibility and chemical stability, without interfering with diagnostic 1076 

results or causing harm. 1077 

Additionally, safe removal after use is essential to prevent potential side effects, es- 1078 

pecially if any component remains in the body or malfunctions during in vivo applications 1079 

[166]. These requirements pose design and engineering challenges, such as ensuring du- 1080 

rability against mechanical stress and chemical changes within biological environments. 1081 

Despite these hurdles, next-generation MOF-based materials with enhanced 1082 
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biocompatibility, self-degradability, or smart release mechanisms offer a future direction 1083 

for developing safe, efficient, and disposable wearable biosensors tailored for real-time 1084 

health monitoring. 1085 

 1086 

7. Conclusion and Future perspective 1087 

Metal–organic frameworks (MOFs) have emerged as highly promising materials for 1088 

the development of advanced optical biosensors, owing to their exceptional tunability, 1089 

large surface areas, and versatile chemical functionalities. This review has showcased the 1090 

remarkable progress in employing MOFs across various optical sensing modalities such 1091 

as fluorescence, luminescence, and colorimetry for sensitive, selective, and rapid detection 1092 

of pathogens and environmental contaminants. Innovations including MOF hybridization 1093 

with nanomaterials, integration into microfluidic and wearable devices, and the advent of 1094 

label-free and smartphone-compatible platforms underscore their potential to transform 1095 

decentralized diagnostics and environmental monitoring. Despite these advances, several 1096 

challenges must be addressed to facilitate real-world application. The stability of MOFs 1097 

under physiological and environmental conditions, reproducibility in large-scale manu- 1098 

facturing, and cost-effectiveness remain significant hurdles. Additionally, regulatory 1099 

frameworks and standardized validation protocols need to evolve to support the transla- 1100 

tion of these technologies from the laboratory to commercial markets. Overcoming these 1101 

obstacles will be critical for broad adoption and impact. 1102 

 1103 

Looking forward, the future of MOF-based optical biosensors lies in multidiscipli- 1104 

nary efforts to enhance material robustness, biocompatibility, and functional diversity. 1105 

Opportunities abound in developing multimodal sensing platforms that combine multi- 1106 

ple optical transduction methods, enabling improved accuracy and reliability. Further- 1107 

more, coupling MOF sensors with digital technologies such as artificial intelligence and 1108 

real-time data analytics offers exciting prospects for smart, autonomous monitoring sys- 1109 

tems. By addressing current limitations and leveraging emerging trends, MOF-based bio- 1110 

sensors are poised to play a vital role in advancing global health, food safety, and envi- 1111 

ronmental sustainability. 1112 
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2D Two-Dimensional 

3-O-C10-HL N-(3-oxodecanoyl)-L-homoserine lactone 

AAS Atomic Absorption Spectroscopy 

ABTS 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

ABTS⁺ Oxidized Form of ABTS 

AChE Acetylcholinesterase 

AFB1 Aflatoxin B1 

AI Artificial Intelligence 

AIA 2-Aminoisonicotinic Acid 

AIEgen Aggregation-Induced Emission Luminogen 

ALP Alkaline Phosphatase 

AP Aptamer 

ATCI Acetylthiocholine Iodide 

ATP Adenosine Triphosphate 

Au NPs Gold Nanoparticles 

BSA Bovine Serum Albumin 

CD Carbon Nanodot 

cdDNA Catalytic DNA 

CFU Colony Forming Unit 

CFU/mL Colony Forming Units per Milliliter 

CMOS Complementary Metal–Oxide–Semiconductor 

COF Covalent Organic Framework 

CP Capture Probe 

Cr⁶⁺ Hexavalent Chromium 

Cu-MOF Copper-Based Metal–Organic Framework 

DNA Deoxyribonucleic Acid 

DPV Differential Pulse Voltammetry 

dsDNA Double-Stranded Deoxyribonucleic Acid 

E. coli Escherichia coli 

EC Electrochemical 

EDC–NHS 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide–N-hy-

droxysuccinimide 

EGFR Epidermal Growth Factor Receptor 

ELISA Enzyme-Linked Immunosorbent Assay 

Fc Ferrocene 

FcMBL Fragment Crystallizable Mannose-Binding Lectin 

FCF Fluorescent Cotton Fabric 

FLS Fluorescein Sodium 

FOS Fiber Optic Sensor 

FRET Fluorescence Resonance Energy Transfer 

GBM Glioblastoma Multiforme 

GO Graphene Oxide 

H₃BTC 1,3,5-Benzene Tricarboxylic Acid 

HCR Hybridization Chain Reaction 
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HER2 Human Epidermal Growth Factor Receptor 2 

hCG Human Chorionic Gonadotropin 

HPLC High-Performance Liquid Chromatography 

HRP Horseradish Peroxidase 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

IFE Inner Filter Effect 

IoT Internet of Things 

LOD Limit of Detection 

LMCT Ligand-to-Metal Charge Transfer 

LFIA Lateral Flow Immunoassay 

LSPR Localized Surface Plasmon Resonance 

MB Methylene Blue 

miRNA MicroRNA 

MIL Materials of Institute Lavoisier (e.g., MIL-53(Al)) 

ML Machine Learning 

MoS₂ Molybdenum Disulfide 

MOF Metal–Organic Framework 

MXene Transition Metal Carbide/Nitride 2D Material (e.g., Ti₃C₂) 

MWCN Multi-Walled Carbon Nanotube 

N-ELISA Nanozyme-Linked Immunosorbent Assay 

NC Nanocoral 

NB Nanobiosensor 

Ni-MOF Nickel-Based Metal–Organic Framework 

NIR Near-Infrared 

NMOF Nanoscale Metal–Organic Framework 

NS Nanosheet 

OPECT Organic Photoelectrochemical Transistor 

OTA Ochratoxin A 

PCA Principal Component Analysis 

PCR Polymerase Chain Reaction 

PDMS Polydimethylsiloxane 

PEC Photoelectrochemical 

PEDOT:PSS Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

PET Photoinduced Electron Transfer 

POCT Point-of-Care Testing 

PSA Prostate-Specific Antigen 

PtNP Platinum Nanoparticle 

PTS Pregnancy Test Strip 

RAA Recombinase-Aided Amplification 

RGO Reduced Graphene Oxide 

RNA Ribonucleic Acid 

Ru(bpy)₃²⁺ Tris(2,2'-bipyridyl)ruthenium(II) Complex 

S. aureus Staphylococcus aureus 

S. typhimurium Salmonella typhimurium 



Sensors 2025, 25, x FOR PEER REVIEW 36 of 51 
 

 

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2 

SBR Smartphone-Based Reader 

SCS Single-mode–Coreless–Single-mode (fiber) 

SERS Surface-Enhanced Raman Scattering 

SGI SYBR Green I 

SMART Sensing Method using Artificial Intelligence Transcoding 

SOS Second-Order Scattering 

SPE Screen-Printed Electrode 

SPR Surface Plasmon Resonance 

SVM Support Vector Machine 

TcP Tetraphenylporphyrin 

TMB 3,3′,5,5′-Tetramethylbenzidine 

UFD-DEC Urease–Fe-cdDNA Dual-Enzyme Cascade 

UV–vis Ultraviolet–Visible Spectroscopy 

VOC Volatile Organic Compound 

ZIF Zeolitic Imidazolate Framework 

ZIF-8 Zeolitic Imidazolate Framework-8 

Zn-MOF Zinc-Based Metal–Organic Framework 

µIDE Micro-Interdigitated Electrode 

µm Micrometer 
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