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Abstract : The integration of metal-organic frameworks (MOFs) with
microfluidic technologies has opened new frontiers in biomedical
diagnostics and therapeutics. Microfluidic chips offer precise fluid
control, low reagent use, and high-throughput capabilities features
further enhanced by MOFs’ high surface area, tunable porosity, and
catalytic activity. Together, they form powerful lab-on-a-chip platforms
for sensitive biosensing, drug delivery, tissue engineering, and microbial
detection. This review highlights recent advances in MOEF-based
microfluidic systems, focusing on material innovations, fabrication
methods, and diagnostic applications. Particular emphasis is placed on
MOF nanozymes, which enhance biochemical reactions for multiplexed
testing and rapid pathogen identification. Challenges such as stability,
biocompatibility, and manufacturing scalability are addressed, along
with emerging trends like responsive MOFs, Al-assisted design, and
clinical translation strategies. By bridging MOF chemistry and
microfluidic engineering, these systems hold great promise for next-
generation biomedical technologies.

Keywords: MOF-based Nanozymes, Microfluidic Chips, Biomedical
Application, Microfabrication, Cell Migration, Point-of-Care Diagnostics.
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1. Introduction

Microfluidic technologies have transformed the landscape of
biomedical research and diagnostics over the past two decades by
enabling the precise manipulation of fluids at the microscale (typically
tens to hundreds of micrometers) [1,2]. These lab-on-a-chip systems offer
significant advantages over conventional techniques, including reduced
reagent consumption, faster analysis, portability, and real-time
monitoring capabilities [3]. Their integration with diverse detection
modalities such as electrochemical, optical, and magnetic methods has
positioned microfluidics as a core technology in applications ranging
from pathogen identification to cancer diagnostics and personalized
medicine [4,5]. However, despite these benefits, conventional
microfluidic platforms often face limitations in sensitivity, selectivity, and
multifunctionality, necessitating the incorporation of advanced materials
to enhance their performance [6].

To address these challenges, metal-organic frameworks (MOFs)
have emerged as a groundbreaking class of porous materials composed
of metal ions/clusters interconnected by organic ligands [7]. Their unique
structural properties including tunable pore size, ultrahigh surface area,
and customizable chemical functionality make them exceptionally suited
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for biomedical applications [8]. MOFs have demonstrated remarkable
capabilities in molecular recognition, catalysis, and drug encapsulation,
proving valuable in biosensing, bioimaging, antimicrobial therapy, and
controlled drug delivery [9]. Additionally, certain MOFs exhibit
nanozyme-like catalytic activity, outperforming natural enzymes in
stability and cost-effectiveness [10].

The integration of MOFs with microfluidic systems marks a
significant advancement in biomedical device engineering. This
combination enables the development of high-performance platforms
that unite the precision and scalability of microfluidics with the
multifunctionality of MOFs [11]. MOF-enhanced microfluidic chips
demonstrate improved detection sensitivity, specificity, and versatility,
capable of capturing and analyzing biomolecules like DNA, proteins, and
pathogens through various signal transduction mechanisms, including
electrochemical, fluorescent, and colorimetric outputs [12,13].
Furthermore, MOFs can be spatially engineered within microchannels to
create specialized reaction zones for multiplexed assays, facilitating high-
throughput screening and complex biological simulations [14,15].

Recent progress in fabrication techniques such as in situ MOF
growth, layer-by-layer assembly, and 3D printing has further expanded
the design possibilities for MOF-microfluidic platforms. These systems
are increasingly being applied to point-of-care diagnostics, organ-on-a-
chip models, and therapeutic monitoring [16,17]. In drug delivery, MOFs
offer controlled release and targeting capabilities; in wound healing, they
enable antimicrobial action and tissue regeneration; and in diagnostics,
they improve sensitivity and detection speed [18-21]. Continued efforts
in optimizing biocompatibility, biodegradability, and large-scale
manufacturing are accelerating their path toward clinical translation.

Given the rapid evolution of this interdisciplinary field, this review
provides a comprehensive overview of recent advancements in MOEF-
based microfluidic chips for biomedical applications. It explores the
principles of material design, integration strategies, and emerging
applications, while critically addressing current limitations and
highlighting future directions including smart MOFs, Al-assisted design,
and regulatory considerations for commercialization. By bridging the gap
between MOF chemistry and microfluidic engineering, this work aims to
inspire innovation in next-generation biomedical technologies.

2. Biomedical Roles of MOFs

Metal-organic frameworks (MOFs) offer unique advantages for
biomedical applications due to their high surface area, tunable porosity,
and structural flexibility. These properties enable efficient drug loading,
controlled release, and functionalization for targeted delivery [22]. MOFs
have also shown promise in biosensing and imaging, particularly when
designed to respond to physiological stimuli [23]. Advances in
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biocompatibility and degradability have further enhanced their potential
for safe and effective use in clinical settings.

2.1. Drug delivery and controlled release

MOFs have emerged as versatile carriers for drug delivery due to
their high loading capacity, tunable pore size, and ability to protect
therapeutic agents from degradation [14]. Their surfaces can be
functionalized for targeted delivery, while their porous structures enable
controlled and sustained drug release. For example, Tran eta al
developed ZIF8 efficiently loaded doxorubicin (62 mg/g) and, when
functionalized with polyacrylic acid (PAA), exhibited good dispersibility,
fluorescent imaging, and pH-responsive release [24]. In vitro, it released
24.7% at pH 7.4 and 84.7% at pH 4.0, demonstrating potential for
controlled drug delivery and theranostic applications. Moreover, a
composite ZIF-8 system (BNZ@ZIF-8; BNZ, Trypanosoma cruzi, and
Benznidazole) was developed for controlled drug delivery, testing its
release under various pH conditions. In vitro cell viability and
cytotoxicity assays showed no significant toxic effects, and dissolution
studies indicated the system could improve BNZ bioavailability through
pH-sensitive release [25]. ZIF-8, a zinc-based MOF, has been widely
studied for pH-responsive drug delivery, where it remains stable under
physiological  conditions but degrades in acidic tumor
microenvironments to release encapsulated drugs such as doxorubicin.
Such responsiveness enhances therapeutic efficacy while minimizing off-
target effects, making MOFs promising candidates for precision
medicine.

2.2. Biosensing and molecular recognition

In biosensing applications, MOF can be engineered to selectively
capture and interact with a wide range of biological targets, including
proteins, nucleic acids, and small molecules. When integrated into
microfluidic devices, these frameworks enable rapid, sensitive, and
multiplexed detection within a miniaturized and automated
environment, significantly reducing sample and reagent consumption
[13]. Recent advancements have demonstrated the utility of MOF-based
microfluidic chips in detecting disease biomarkers, monitoring enzymatic
activity, and enabling real-time analysis of cellular secretions [26].
Mohammad et al. developed enzyme-MOF composites via
biomineralization to enhance enzyme stability while preserving catalytic
activity [27]. Building on this concept, a patterning technique was
employed to immobilize ZIF-8-based enzyme composites glucose oxidase
(GOx) and horseradish peroxidase (HRP) onto flexible substrates within
microfluidic channels using a polydopamine/polyethyleneimine
(PDA/PEI) coating (Figure 1). The resulting glucose biosensor exhibited
high stability, excellent selectivity, a broad linear range (8 uM-5 mM),
and a low detection limit of 8 uM. This approach facilitates robust
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integration of enzyme-MOF materials into microfluidic biosensors and
holds promise for broader biomolecular immobilization.

Dopamine, PEI :

PDA/PEI patterning ZIF-8/GOX&HRP in-situ, thin film

Patterning

PDMS mold on polypropylene
membrane

Figure 1. Schematic drawing of fabrication of biocomposite patterning. Bare PP membrane is coated with
PDA/PEI patterning using PDMS mold with microchannels. Then, ZIF-8/GOx&HRP in situ in which the ZIF-8
and the enzyme GOx and HRP are coprecipitated on the PDA/PEI layer (in situ growth). Copyright 2019 ACS

[27].

Complementing this strategy, Karimian et al. introduced an
integrated platform that combines a bio-MOF-based enantioselective
recognition probe with a PDMS centrifugal microfluidic chip and a
portable, smartphone-assisted colorimetric sensor for detecting L-
tryptophan (L-Trp) [28]. By engineering oval-shaped gold nanoparticles
with controlled morphology and surface passivation, the system
achieved high chiral selectivity. Optimized for simplicity and low reagent
use, it enabled rapid, real-time quantification of L-Trp across a wide
linear range (50 uM-1.5 mM) with a low detection limit of 15 uM, even in
complex biological samples such as serum, milk, plasma, and urine.
Together, these advancements highlight the versatility and applicability
of MOF-based microfluidic platforms for biosensing in clinical
diagnostics, environmental monitoring, and food safety.

Moreover, the combination of MOFs with nanomaterials and signal
amplification strategies has further improved detection limits and
response times, paving the way for portable, point-of-care diagnostic
systems with clinical relevance. Dezhakam et al. developed a highly
sensitive electrochemical biosensor for detecting CA15-3, the fabrication

5
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was carried out by combining MIL-156 MOF@COF nanocomposite with
gold (Au) nanoparticles [29]. The biosensor was fabricated by modifying
a glassy carbon electrode with MIL-156 MOF@COF and Au nanoparticles
(Figure 2), enhancing surface area, conductivity, and antibody binding.
Differential pulse voltammetry (DPV) showed a linear range of 30-100
nU/mL for CA15-3 detection. The biosensor effectively distinguished
breast cancer patients from healthy individuals in serum samples,
demonstrating strong diagnostic potential.

MIL-156@COF
LI

H T
e ® ol o)

Y ofopmes

oAl
! MIL-156 MOF@COF O Au j{ Biotinylated anti-CA 15-3 {% CA15-3
W

Figure 2. Schematically presentation of developed immunosensor. Copyright 2024 Scientific reports [29].

Building on these advancements in MOF-based biosensors for
protein markers like CA15-3, similar strategies are being extended to the
detection of nucleic acid biomarkers such as RNA tumor markers, where
signal amplification plays a critical role in overcoming detection
challenges due to their low abundance [30]. RNA tumor markers have
emerged as promising tools for cancer diagnosis and prognosis due to
their association with abnormal gene expression. However, their low
abundance poses a significant detection challenge [31]. Enhancing signal
amplification is crucial in biosensor design to address this issue,
particularly for sensitive and selective detection. Recent advances in
electrochemical, photoelectrochemical, and fluorescent biosensors have
enabled the precise identification of these biomarkers through innovative
signal amplification strategies [32]. These biosensing platforms hold great
potential for early cancer diagnosis and monitoring, which could lead to
improved patient outcomes and reduced mortality rates.

2.3. Bioimaging enhancement
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MOFs can be engineered to incorporate luminescent metal ions or
fluorophores, enabling their use in microfluidic chips for real-time, high-
resolution imaging with precise spatial and temporal control [33]. For
instance, lanthanide integrated MOFs exhibit strong luminescence,
prolonged emission lifetimes, and low background noise, making them
ideal for visualizing cellular and molecular processes [34]. Their modular
architecture also supports post-synthetic functionalization with targeting
ligands, enhancing selectivity in applications like cancer imaging [35].
Integrating MOFs into microfluidic systems improves imaging efficiency
and consistency, while also reducing reagent usage [36]. Foucault-Collet
et al. developed novel near-infrared (NIR)-emitting nano-MOFs
incorporating Yb® ions and phenylene-based sensitizers, enabling their
use in live-cell imaging [37]. Specifically, we introduce nano-Yb-PVDC-3,
a structurally characterized and biologically stable MOF that resists
photobleaching and exhibits an ICso of 100 pg/mL. Confocal microscopy
and ICP analysis confirm its cellular uptake and cytoplasmic localization.
Despite low quantum yield, its NIR emission is strong enough for
imaging HelLa and NIH 3T3 cells, with clear distinction from cellular
autofluorescence. This demonstrates the potential of Yb**-based nano-
MOFs for NIR biological imaging with single-photon excitation.

Building on the biomedical potential of MOFs demonstrated in
imaging applications, recent advances have also explored their role as
multifunctional therapeutic platforms for cancer treatment. Zhang et al.
reported the development of MOF-based drug delivery systems show
promise in cancer therapy, especially for multimodal treatments (Figure
3) [38]. Here, a biomimetic MOF nanocarrier (FeTPt@CCM) is developed
via microfluidics, combining Fe3*, porphyrin, and an oxaliplatin prodrug,
and coated with a cancer cell membrane for targeted delivery. Once
inside tumor cells, it triggers ferroptosis and enhances photodynamic
therapy through redox and Fenton-like reactions. Together with
chemotherapy, FeTPt@CCM exhibits strong synergistic effects, effectively
inhibiting cancer cell growth and tumor progression, highlighting its
potential for advanced cancer treatment. Consequently, MOF-based
microfluidic platforms offer promising potential for non-invasive,
sensitive, and multiplexed bioimaging in both biomedical research and
clinical settings.
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Figure 3. Schematic illustration of the preparation of the FeTPt@CCM and its capability of synergistic
chemotherapy, PDT, and ferroptosis therapy. a) The design of the multi-bioinspired“Trojan Horse” drug vehicle.
b) The preparation processes of FeTPt through microfluidics, and the generation of FeTPt@CCM through CCM
coating. ¢) After intravenous injection, FeTPt@CCM can efficiently accumulate at the tumor site and enter cancer
cells by endocytosis. Subsequently, the Pt(IV)-(COOH)2 was gradually released to the cytoplasm and reduced to
high cytotoxic Pt(Il) by GSH for chemotherapy. The released Fe* reacted with GSH and H20: through the redox
reaction, which could promote GSH depletion and *OH generation for initiating ferroptosis. In addition, the
TCPP in the FeTPt@CCM could be activated by 670 nm light irradiation to produce 'Oz for PDT. Thus, the
FeTPt@CCM exhibits synergistic therapeutic effects by combining chemotherapy, ferroptosis therapy, and PDT.
Copyright 2023 Advanced Science [38].

The potent in vitro anti-cancer activity of FeTPt@CCM led to in vivo
evaluation of its biodistribution in breast tumor-bearing mice using ICG-
labeled nanoparticles and IVIS imaging. As shown in Figure 4, both FeTPt
and FeTPt@CCM accumulated at tumor sites, peaking at 12 hours post-
injection, with FeTPt@CCM exhibiting significantly stronger
fluorescence. This enhanced tumor targeting is attributed to the cancer
cell membrane (CCM) coating, which enabled homotypic recognition.
Biodistribution analysis confirmed higher accumulation of FeTPt@CCM
in tumors, liver, and kidneys, with intratumoral platinum content 1.53
times greater than FeTPt at 12 hours, demonstrating its superior tumor-
targeting efficiency.



270

271
272
273
274
275
276
277
278
279

280

281
282

micromachines

- Saline - FaT ()
*FeoT - FoTPt(+)

+FeTPt QFQTPIQCOM( ;

' o
)
.;v ey Tumor growth i g =
L L : 1 monitoring L ¢E 'g 06 >’.
-Tday  A10.2,4day 12 h post-injection Sacrificed 1 2 .
.Tumov inoculation ' 0 3 6 9 1215
-------------------------------------------------------- Days

e 20 I

Volume (cm?)
\\\
N\
\
\ \

04 81216 0 4 81216 0 4 8 1216 0 4 8 1216 0 4 8 1216 0 4 B 1216 0 4 8 12 16
Days Days Days Days Days Days Days

4

g: | 9

CREY 2

§ 12 g’ 18] saine  wFeTPI@CCM
*FeT «FaT(+)

% 06 E 12 scett  =FeTRU4)

g 0 ﬁ@ 3 6 *FeTPI@CCM(+)

2 on * \ @ "o 36 9 12 15

@ o Days

QO
FeTPt@CCM FeT (+)

after intravenous injection of FeTPt and FeTPt@CCM. c) Schematic illustration of the therapeutic schedule. d,e)
Tumor growth curves after various treatments. f) Image of tumors isolated from tumor-bearing mice at the end
of the treatment. g) Weight of tumors collected from mice at the end of the treatment. h) H&E, TUNEL, and Ki67
staining of tumor tissues after different treatments. Scale bar = 100 um. i) Body weights of mice during the
treatments. (-) indicates groups without irradiation and (+) indicates groups with irradiation. Each experiment
group has six mice (n = 6). Data are presented as the mean + SD. ™ p <0.01 and ™ p <0.001. Copyright 2023

Advanced Science [38].

FeTPt (+) FeTPI@CCM (+)

Figure 4. In vivo anti-cancer ability of FeTPt@CCM. a) In vivo fluorescence images of tumor-bearing mice (n = 3)

after intravenous injection of FeTPt and FeTPt@CCM. b) Fluorescence images of major organs and tumors at 12 h

Expanding the therapeutic potential of MOF-based nanoplatforms,
recent research has turned toward gene regulation approaches, such as

9
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283 miRNA delivery, to tackle diseases beyond cancer [39]. MicroRNAs
284 (miRNAs) are promising gene regulators for disease therapy but face
285 challenges like toxicity, low uptake, and endosomal entrapment [40]. To
286 overcome these, recently biocompatible ZIF-8 was used to deliver miR-
287 200c-3p via a one-step Y-shaped microfluidic synthesis, yielding miR-
288 200c-3p@ZIF-8 with high encapsulation efficiency, uniform size, and low
289 toxicity [41]. ZIF-8 and miR-200c-3p@ZIF-8 showed low hemolysis (<20%
290 at 1 mg/mL) and high biocompatibility, with no cytotoxicity and
291 enhanced proliferation in CHON-001 and HUVEC cells, confirming their
292 safe use for miRNA delivery (Figure 5 a—d). The cellular uptake and
293 transfection efficiency of miR-200c-3p@ZIF-8 were evaluated using flow
294 cytometry and RT-qPCR. Both miR-200c-3p@ZIF-8 and Lipo3000 showed
295 effective uptake in CHON-001 cells, with strong intracellular fluorescence
296 (Figure 5e-f) and significantly elevated miR-200c-3p expression,
297 confirming efficient transfection. This platform demonstrated therapeutic
298 efficacy in osteoarthritis, offering a scalable strategy for safe and efficient
299 miRNA delivery.
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301 Figure 5. Cytotoxicity and cellular uptake of miR-200c-3p@ZIF-8. (a-b) Hemolytic activity of PEI 25K, ZIF-8, miR-
302 200c-3p@ZIE-8. (c) Fluorescent images of HUVEC cells incubated with PEI 25 K and ZIF-8, stained with Calcein
303 AM (green) and PI (red), respectively. (d) Cytotoxicity assay of ZIF-8 and PEI 25 K at various concentrations for
304 24 h in different cell lines. (e) Flow cytometry analysis of cellular uptake with miR-200c-3p@Lipo3000 and miR-
305 200c-3p@ZIE-8. (f) CLSM images of cellular uptake of free miR-200c-3p, FAM-miR-200c-3p@Lip03000, and FAM-

306 miR-200c-3p@ZIF-8 after 24 h in CHON-001. Copyright 2023 frontiers [41].

307

308 2.4. Antibacterial and antiviral activity

309 MOFs integrated microfluidic chips have shown promising potential
310 in developing antibacterial and antiviral surfaces due to their unique
311 structural and chemical properties [42]. The high surface area, tunable
312 porosity, and functionalizable frameworks of MOFs allow for the
313 controlled release of antimicrobial agents such as metal ions (e.g., Ag*,
314 Cu?, Zn?") or reactive oxygen species (ROS), which can effectively disrupt
315 bacterial membranes and viral envelopes [43]. When embedded within
316 microfluidic devices, MOFs provide a localized and sustained
317 antimicrobial environment, crucial for point-of-care diagnostics,
318 implantable devices, and biosensors [44]. Recent advancements have
319 focused on MOF-based coatings that inhibit microbial adhesion and
320 biofilm formation, thereby enhancing the sterility and longevity of
321 biomedical devices. Surface colonization by microbes and subsequent
322 biofilm development are responsible for approximately 75% of human
323 infections and are often resistant to conventional antibiotic treatments
324 [45]. Antibacterial coatings have thus emerged as a promising strategy to
325 prevent biofilm formation without compromising the properties of the
326 underlying material. In this context, Arenas-Vivo et al. developed a novel
327 silver-based MOF (AgBDC) with strong antifouling properties capable of
328 inhibiting both bacterial adhesion and surface contamination [46]. The
329 stability and biocidal efficacy of AgBDC against E. coli were confirmed
330 through agar diffusion and colony counting assays. When applied as a
331 spin-coated thin film, AgBDC effectively suppressed biofilm formation,
332 as demonstrated by optical density measurements, colony counts, and
333 confocal microscopy using calcofluor staining.

334 On the concept of multifunctional antibacterial surfaces, recent
335 studies have also explored the integration of self-healing capabilities into
336 MOF-based coatings to further extend their durability and effectiveness
337 in harsh environments. A self-healing antifouling coating was developed
338 using an MZ-8/MXene nanocomposite in a polyurethane matrix [47].
339 Triggered by NIR light, it achieved over 92% repair efficiency and
340 reduced bacterial and algal adhesion by over 99% and 93%, respectively.
341 The coating also offered strong anti-corrosion protection, making it
342 suitable for marine and biomedical use.

343 Moreover, the integration of photoresponsive and pH-responsive
344 metal-organic  frameworks (MOFs) enables stimuli-triggered
345 antimicrobial action, making them highly adaptable to dynamic
346 biological environments. To explore this potential, De et al. loaded two

11



347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

367

. micromachines

photosensitizers, Rose Bengal (RB) and porphyrin, onto Zeolite
Imidazolate Framework 8 (ZIF-8) MOFs, achieving uniform particle sizes
(~150 = 50 nm) [48]. The RB@ZIF-8 complex generated more singlet
oxygen and showed better pH-responsive behavior than other
formulations. Additionally, RB@ZIF-8 exhibited a lower ICs, against E.
coli, demonstrating its potential to combat multidrug-resistant bacteria.
A conjectured mechanism illustrating the process is shown in Figure 6a,
with the survival percentage (% survival) of E. coli for different probes
depicted in Figure 6b, while exposure to green LED light revealed
fluorescence intensity for RB, porphyrin, RB@ZIF-8, and porphyrin@ZIF-
8, confirming the bactericidal effect through ROS formation (Figure 6c),
and nucleic acid leakage studies, shown in Figure 6d, were conducted
alongside ROS production to establish the antimicrobial photodynamic
potential of the probes. This innovative approach addresses the
challenges posed by drug-resistant pathogens, which are a growing
threat to healthcare, and offers a solution to the limitations of
antimicrobial photodynamic therapy (aPDT), including photobleaching
and aggregation. These features collectively make MOF-based
microfluidic surfaces a frontier in combating healthcare-associated
infections and improving device biocompatibility.

12



368

369
370
371
372
373

374

375

376
377
378

. micromachines

a

PS@ZIF-8/

100-

©
S

% Cell Viability
» o
2

n
o

o

=\

N
="

Live Bacterium

Dark Condition
M ZIF-8
1 s+« Il Porphyrin
i, l§.7 = RB
™ RB@ZIF-8

Fluorescence intensity
(in thousands)

Q

T T T

X o 3 o O

Concentration (ug/ml)

485/528 nm

* ok k
B Dark i d
150{ mm Light

100+

Oxidative damage &
_ Cellular disruption

I Porphyrin@ZIF-8

0.D. at 260 nm

100+

o
b

)
<

2.0

1.51

1.0

0.5+

% Cell Viability
> o
bl

o

Dead Bacterium

Light Condition

H sk
dekk

H
I

e

O % % 0 o P

Concentration (ug/ml)

Il Light i
B Dark dekk

Figure 6. (a) Diagram illustrating the disruption of microbes upon treatment with PS@ZIF-8. (b) % of E. coli cell

viability after exposure to the probes (RB, porphyrin, ZIF-8, RB@ZIF-8, and porphyrin@ZIF-8) under both dark

and illuminated conditions. (c) Evaluation of ROS production in untreated cells and cells treated with developed

probes under dark and illuminated conditions using DCFDA. (d) Investigation of nucleic acid leakage from E.
coli cells treated with the probes in dark and light (***p <0.001) using a green LED. Copyright 2025 ACS [48].

2.5. Diagnostic and therapeutic relevance

The integration of MOFs into microfluidic systems has significantly
advanced the development of next-generation diagnostic platforms [49].
These platforms capitalize on the precise fluid manipulation capabilities

13
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of microfluidics and the selective recognition or catalytic features of
MOFs to enable rapid, low-volume, and high-throughput analyses [50].
MOF-based microfluidic chips have been successfully employed in the
detection of nucleic acids, proteins, and pathogenic microorganisms,
using fluorescence, electrochemical, or colorimetric readouts.

For instance, Chen et al. developed a 2D MOF-based Nano-DMFC
platform that uses FRET mnanosensors to detect dual miRNAs
simultaneously in single breast cancer cells, accurately identifying 10
circulating tumor cells (CTCs) among 10,000 cells with high
reproducibility in spiked blood samples [51]. Such platforms offer key
advantages for point-of-care diagnostics, including portability, reduced
assay times, and multiplexing capabilities. Consequently, MOF-
integrated microfluidic diagnostic systems present significant potential
for advancing clinical diagnostics, especially in decentralized and
resource-limited healthcare environments.

3. Microfluidic Platforms in Biomedicine
3.1. Types of microfluidic chips
3.1.1. Paper-based

Microfluidic chip technologies have evolved into various formats
based on the materials used, each offering distinct advantages for
biomedical applications. Paper-based microfluidic chips are low-cost,
biodegradable, and require no external power, making them highly
suitable for point-of-care diagnostics, particularly in resource-limited
settings [52]. Recently, to address heavy metal contamination in food, a
low-cost, self-driven paper-based microfluidic device (UPAD) was
developed for simultaneous detection of Pb?", Hg?, Cd?*, and As*" [53].
Fabricated using wax and screen printing, the chip enabled pump-free
fluid flow via capillary action. A fluorescence “turn-on” aptasensor and
smartphone imaging allowed quantification through RGB analysis, with
detection limits as low as 1.65-4.20 nM. Applied to apple and lettuce
samples, the device achieved recovery rates of 84.0%-104.1%,
demonstrating its potential for real-time, on-site heavy metal monitoring.

Expanding beyond environmental monitoring, paper-based
microfluidics are now being applied to biomedical diagnostics such as
total antioxidant capacity (TAC) detection. Wu et al. reported a point-of-
care testing (POCT) strategy using nanozyme-catalyzed colorimetric
paper-based microfluidic sensors, coupled with smartphone imaging
[54]. This approach reduces costs and enhances portability. The
nanozyme, synthesized via solvothermal methods, demonstrates high
catalytic efficiency with Michaelis constants of 0.11 mM for H,O, and
0.129 mM for TMB. The sensor allows for rapid TAC quantification in
body fluids (blood, saliva, sweat) with a detection limit of 33.4 uM and a
linear range of 50-700 uM, providing results in under 15 minutes. This
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platform shows promising potential for biochemical analysis and POCT
applications.

3.1.2. Polymer-based

While paper-based microfluidics excel in low-cost POCT
applications, other materials like Polydimethylsiloxane (PDMS) offer
unique advantages for more complex biomedical and environmental
sensing tasks. PDMS-based chips are the most widely used due to their
biocompatibility, optical transparency, and ease of fabrication, allowing
for rapid prototyping and real-time imaging of biological processes. Cao
et al. developed a MOF-based quartz crystal microbalance (QCM) sensors
offer promise for volatile organic compound (VOCs) detection but suffer
in humid conditions due to MOFs' hydrophilicity [55]. To address this, a
virtual sensor array (VSA) using a MIL-101(Cr)/PDMS composite layer
was developed, enhancing moisture resistance and maintaining stable
performance after water exposure. The sensor achieved high sensitivity
(2.68 mdB ppm™) and low detection limits (20.06 ppm), accurately
identifying four VOCs with 95.3% accuracy under 60-90% humidity,
making it suitable for humid environments like underground spaces.
Figure 7a shows the QCM VOC sensor featuring a PDMS-coated MOF
film, while Figure 7b outlines its fabrication process.

b Bare QCM Cleaned QCM
MOF-coated QCM MOF/PDMS-coated QCM
\
i
JC CHJ CH, : \ / \ /
: |
s~ Sk
o\ |
CHy | Vapor deposition of

; | PDMS nanofilm 4

7/
Cleaned surface MOF nanofilm MOF/PDMS nanofilm

Figure 7. VOC sensor used in this work: (a) photograph of the QCM-based VOC sensor with a MOF/PDMS
coating; (b) schematic illustration of the fabrication process of the MOF/PDMS-coated VOC sensor. Copyright

2024 ACS [55].

Similarly, PMMA microfluidic chips have gained attention for
separation applications. A simplified fabrication process using UV-
initiated polymerization under ambient conditions eliminates the need
for specialized equipment [56]. In this method, microchannel structures
are imprinted from a silicon master using a sandwich mold, followed by
thermal sealing. The approach produces high-quality, reproducible chips
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with smooth channel surfaces and enhanced electroosmotic flow (EOF).
With the ability to generate nearly 100 chips from a single master, this
method supports scalable manufacturing and compatibility with
amperometric and contactless conductivity detection. Moreover, its
applicability to other UV-curable materials makes it a practical and cost-
effective strategy for producing advanced separation microchips.
Together, these PDMS and PMMA-based approaches underscore the
expanding role of alternative polymers in the development of high-
performance MOF-integrated microfluidic platforms.

3.1.3. Glass-Based Microfluidic Chips

Glass-based microfluidic chips are highly valued in analytical
applications due to their superior chemical resistance, optical
transparency, and stability, which make them ideal for high-precision
measurements. However, their fabrication is often more complex and
costly compared to polymer alternatives [57]. Among thermoplastics,
materials such as polymethyl methacrylate (PMMA) and cyclic olefin
copolymer (COC) offer a balance of mechanical robustness and
compatibility with mass production techniques, making them popular
choices for scalable chip manufacturing [58]. The choice of substrate
material critically influences fluid dynamics, sensor integration, and
strategies for immobilizing metal-organic frameworks (MOFs), thereby
directly impacting the overall performance and applicability of MOEF-
based microfluidic systems in diagnostics, drug delivery, and biosensing
[59].

In particular, glass-based biochips have attracted increasing
attention over commonly used polymers like polydimethylsiloxane
(PDMS) due to their enhanced chemical stability, biocompatibility, and
optical clarity. Recent advances have demonstrated the feasibility of a
glass molding process (GMP) applied to D-ZK3 glass for fabricating
microstructures tailored to microfluidic devices [60]. This approach
involved using molds with protruding features to evaluate GMP
performance with respect to surface roughness and structural accuracy.
Molds for representative chip designs a diffusion mixer, a flow focusing
chip, and a cell counting device were fabricated and tested for wear
resistance, confirming the durability of the molds. Functional validation
was performed through a liquid-filling test of the molded chips. These
findings establish that high-quality glass microstructures can be
produced rapidly (within 12 minutes), underscoring GMP’s potential as
a scalable fabrication method for microfluidic platforms.

Separately, wearable technologies such as Google Glass provide
innovative opportunities for real-time biomedical monitoring. Google
Glass is a head-mounted device that wirelessly displays information
hands-free and supports remote control via voice commands, making it
suitable for medical and biomedical applications [61]. An integrated
system was developed combining hardware, firmware, software, and
custom glassware to wirelessly transmit sensor data to Google Glass,
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enabling real-time visualization and bidirectional interaction. This
platform was successfully applied to monitor temperature, pH, and
morphology in liver- and heart-on-chip models, and to remotely control
drug delivery within a microfluidic liver bioreactor. This advancement
demonstrates the potential of wearable devices for enhancing monitoring
and control capabilities in diverse biomedical systems.

3.2. Biomedical applications
3.2.1.  Point-of-care diagnostics

MOF-based microfluidic chips offer significant advantages in
biomedical applications, including diagnostics, organ-on-a-chip systems,
and point-of-care testing (POCT) [62]. In diagnostics, MOF-integrated
chips facilitate rapid detection of biomarkers, pathogens, and small
molecules, offering real-time analysis with minimal sample volume.
Ilacas et al. reported two microfluidic paper-based analytical devices a
well-based format and a lateral flow assay for glucose detection via a
colorimetric assay [63]. Utilizing the MOF Zr-PCN-222(Fe) to encapsulate
glucose oxidase, both platforms enable a visible brown color change upon
reaction with glucose and KI, with signal intensity correlating to glucose
concentration. These results demonstrate the effectiveness of MOF-based
enzyme immobilization for advancing low-cost, portable biosensing
technologies.

Furthermore, for POCT, the combination of MOFs with
microfluidics enables portable, cost-effective, and user-friendly devices
that can deliver accurate results outside traditional laboratory settings
[64]. These innovations collectively demonstrate the transformative
potential of MOF-based microfluidic chips in advancing personalized
and accessible healthcare.In addition to diagnostic applications, MOF-
based microfluidic platforms are increasingly utilized in organ-on-a-chip
systems, enhancing physiological relevance for advanced drug screening
and disease modeling.

3.2.2.  Organ-on-a-chip

As the demand for effective preclinical drug testing increases, in
vitro models such as organ-on-a-chip (OOC) systems have become
essential tools for drug screening and disease modeling. In this context,
metal-organic frameworks (MOFs) have emerged as valuable
components in OOC platforms, capable of mimicking the extracellular
matrix or enabling the controlled release of biochemical cues, thereby
enhancing the replication of complex physiological microenvironments.
For example, Kim et al. demonstrated the potential of MOF-integrated
OOC systems for improved biomimicry [65]. Despite these
advancements, bone-on-a-chip (BOC) models that accurately replicate
the bone microenvironment remain underdeveloped. Considering the
dynamic nature of bone tissue and the global rise in age-related bone
disorders, BOC platforms hold significant promise for studying
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orthopedic diseases and evaluating drug responses without relying on
animal models.

To support the advancement of such platforms, material choice in
OOC fabrication is critical. While polydimethylsiloxane (PDMS) is
commonly used due to its ease of prototyping, it tends to absorb small
hydrophobic molecules, leading to compound loss and reduced assay
reliability. Addressing this limitation, Hirama et al. reported a glass-
based OOC device was developed and evaluated against PDMS-based
systems [66]. The glass device demonstrated stable medium flow,
minimized molecular absorption, and enhanced cell adhesion, offering a
more robust and accurate platform for assessing small hydrophobic
compounds in cell-based assays. Figure 8a,b illustrates the fabrication of
the glass and PDMS devices. Although the glass design was slightly
modified due to fabrication constraints, the final structure remained a

stable microfluidic system (Figure 8c,d).

Glass PDMS

Figure 8. Organ-on-a-chip devices fabricated from glass (a, b) and PDMS (c, d). (a, c) Overall views of the

devices. (b, d) Single culture unit and magnified views of Laplace valves. The scale bars are 500 um. Copyright

2019 Elsevier.

3.2.3. Key performance metrics

Key performance parameters such as flow control, detection
sensitivity, and miniaturization are pivotal for the effective application of
MOF-based microfluidic chips in biomedical contexts [67,68]. Flow
control ensures precise manipulation of fluids within microchannels, a
critical aspect for accurate diagnostics and reliable drug testing [69].
Advances in integrated microfluidic components, including valves and
pumps, have significantly improved fluid dynamics control, enhancing
system performance [70]. Detection sensitivity is another crucial factor, as
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it dictates the platform's ability to detect low-abundance biomarkers or
pathogens [71]. Ling et al. developed a nano-metalloporphyrinic MOF
(NporMOF(Fe)) with high surface area, exposed Fe sites, and strong
catalytic activity was developed as an artificial enzyme for nonenzymatic
electrochemical sensing [72]. The NporMOEF(Fe)-modified electrode
enabled sensitive detection of NO (5-200 pM, LOD: 1.3 uM) and H,O,,
including real-time monitoring from HeLa cells. It also demonstrated
high selectivity against biological interferents, highlighting its potential
for advanced MOF-based biosensing applications. Additionally,
miniaturization is essential for developing portable, cost-effective devices
that are suitable for point-of-care applications [73]. By reducing device
size while preserving or improving performance, miniaturization allows
for broader use in clinical environments, facilitating rapid and efficient
diagnostics [74]. Collectively, these performance parameters contribute
to the ongoing advancement of MOF-based microfluidic platforms,
enhancing their utility in biomedical applications.

4. Strategies for Integrating MOFs into Microfluidic
Platforms

4.1. Fabrication Techniques

ntegrating MOFs into microfluidic systems enhances biomedical
devices by combining MOFs’ unique properties with the precision of
microfluidics [75]. MOFs enable selective analyte capture, signal
amplification, and controlled drug release. Integration methods include
in situ growth, drop-casting, and surface immobilization [76]. These
hybrid systems support sensitive biosensing, real-time diagnostics, and
organ-on-a-chip models with low reagent use and high throughput [77].
Advances in MOF synthesis and microfabrication will further improve
their stability, compatibility, and performance in next-generation
biomedical devices [78].

4.1.1. Insitu growth

Magnetic microrobots offer promising biomedical applications such
as targeted therapy and minimally invasive procedures. Mu et al. this
studied an optimized the crystallinity of ZnO on 2D microrobot
precursors via annealing, enabling efficient growth of ZIF-8 MOF
coatings (Figure 9). Annealing at ~410 °C enhanced surface roughness,
promoting uniform MOF formation [79]. The resulting MOF-based
microrobots demonstrated strong propulsion (up to 107 um/s), precise
navigation in microfluidic channels, and high drug loading capacity,
highlighting their potential for targeted delivery in hard-to-reach areas of
the body.
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Figure 9. Schematic illustration of the fabrication of MOF-based microrobots on Si substrates. Copyright 2021

ACS [79].

Moreover, circulating tumor cell (CTC) detection is limited by their
low presence in blood and the inefficiency of current isolation methods.
To address this, Kefayat et al. developed a CTC dialysis system
combining (i) core-shell Cu-CuFe,O,@MIL-88A  nanoparticles
functionalized with anti-HER?2 antibodies for targeted CTC capture, and
(ii) a 3D-printed microfluidic filter with polycaprolactone/Fe;O,
composite under a magnetic field for efficient isolation from whole blood
[80]. The system achieved over 80% capture efficiency, maintained CTC
viability, and showed no adverse effects on normal blood cells, offering a
promising tool for rapid, large-volume CTC processing.

4.1.2. Layer-by-Layer (LBL) Assembly

Layers of MOFs and complementary materials are built up via self-
assembly or electrostatic interactions [81]. Layer-by-layer (LBL) thin film
assembly has evolved significantly through advancements in materials,
fabrication techniques, and characterization methods. Emerging
approaches, including hybrid systems, bio-integrated assemblies, and
continuous “quasi”-LBL processes, are shaping the future of this field and
expanding its potential for diverse applications [82]. Moreover, photonic-
based sensors represent a highly promising advancement in analytical
chemistry, particularly for clinical applications [83]. Among them,
sensors using photonic integrated circuits (PICs) offer exceptional
sensitivity [84]. When combined with microfluidics, these systems can
analyze samples as small as a few microliters. However, their main
limitation is low specificity. To address this, LBL assembly can be applied
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for precise surface modification, monitored through resonance shift
measurements. Bovine serum albumin (BSA) and tannic acid (TA) were
used to form stable LBL films via hydrogen bonding, with functional
groups available for target conjugation. Silicon nitride-based micro-ring
resonators (MRRs) and Mach-Zehnder interferometers (MZIs),
integrated with microfluidics. This demonstrates the potential of PIC
sensors for real-time surface modification control in point-of-care
devices, aiding early disease detection and treatment monitoring.

To address the challenge of low specificity in photonic-based
sensors, the application of LBL assembly provides a precise technique for
surface modification [85]. This method can be seamlessly integrated with
advanced fabrication processes, such as the fully automated LBL liquid-
phase epitaxy (LPE) technique [86]. For example, Jiang et al. present a
study that emphasizes the use of LBL-LPE for the controlled fabrication
of two-dimensional metal-organic frameworks (2D MOFs). Utilizing
nickel(I) and 2-aminoterephthalic acid (BDC-NH,) as precursors,
uniform and crystalline Ni-MOF thin films were deposited on Si/SiO,
substrates within modular microfluidic chips [20]. The LBL-LPE
approach enabled precise control over film thickness (2-25 nm) and
ensured homogeneous growth. Integration onto metal microelectrode
arrays (MEAs) demonstrated the scalability and reproducibility of the
LBL method, positioning it as an effective strategy for fabricating MOEF-
based sensor arrays.

4.1.3. Immobilization

MOFs are chemically bonded or physically adsorbed onto
functionalized microfluidic surfaces [87]. Recent advancements in
covalent enzyme immobilization within MOFs, covalent organic
frameworks (COFs), and hydrogen-bonded organic frameworks (HOFs)
have demonstrated enhanced enzyme stability and activity [88]. This
method improves enzyme loading capacity and significantly enhances
both the catalytic performance and reusability of enzymes, making
MOFs/COFs/HOFs highly effective as immobilization carriers.

DNA'’s precise and programmable base pairing enables effective
target recognition, while hydrogels provide a three-dimensional network
that facilitates stable immobilization of biomolecules and isolates
interfering substances [89]. This combination in DNA hydrogels
enhances biosensor performance by improving target capture and signal
reliability.

4.14. Encapsulation in polymers

MOFs are embedded in a biocompatible matrix that can be molded
into microfluidic structures [90]. Rohra et al. reported a microfluidic
strategy for fabricating glucose-responsive drug delivery systems by
embedding insulin and gold nanoparticles (AuNPs) within ZIF-8 via a
single-step continuous-flow synthesis [91]. AuNPs mimic glucose
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oxidase activity, oxidizing glucose into gluconic acid and hydrogen
peroxide inside the porous MOEF. The resulting pH drop triggers the
degradation of ZIF-8, releasing the encapsulated insulin. This embedding
approach ensures high loading efficiency (77% in batch, 88% in
microfluidics) and preserves the structural and functional integrity of the
MOF. The system highlights an efficient method for constructing stimuli-
responsive, bioactive MOFs with potential in drug delivery and
biosensing.

In addition to this, a biocompatible scaffold fabricated by
embedding curcumin and  Fe(ll)-based @ MOFs into a
polydimethylsiloxane (PDMS) matrix, forming a Cur/Fe-MOF/PDMS
composite. The embedding strategy involved integrating the drug-
loaded MOF within the porous PDMS sponge [92]. The scaffold exhibited
a uniform porous structure ideal for drug delivery and tissue interfacing.
In vivo results showed no adverse cytotoxic effects, with enhanced tissue
regeneration and revascularization observed in the Cur/Fe-MOF/PDMS
group, supported by H&E staining. A two-phase curcumin release profile
was noted, with initial rapid release attributed to the hydrophilic nature
of the MOF. These findings highlight the composite's potential for
applications in the microfluidic or biomedical field, including
implantable therapeutic platforms and 3D tissue engineering.

Expanding on MOF-based scaffold innovations, microfluidic
strategies have emerged as powerful tools for the controlled synthesis of
functional MOF hollow spheres, enabling precise encapsulation of active
agents while preserving their bioactivity and enhancing performance in
biomedical applications. Jeong et al. reported a functional bio-MOF
hollow spheres ranging from 35 to 2000 um in size were efficiently
synthesized through a single-step, continuous-flow droplet microfluidic
approach via interfacial reaction [93]. The MIL-88A framework was
successfully engineered into both single-shell and double-shell hollow
structures. Additionally, various functional nanoparticles including
silica, cobalt, and UiO-66(Zr) MOFs were embedded within the single-
shell spheres while preserving their inherent properties. Notably, three
enzymes (glycerol dehydrogenase, horseradish peroxidase, and
acetylcholinesterase) were encapsulated under gentle conditions,
retaining their catalytic activity and exhibiting enhanced recyclability
compared to their free counterparts.

Additionally, thermally assisted microfluidic systems facilitate the
scalable and wuniform production of biocompatible MOF-based
nanocomposites, enhancing their potential for diverse biomedical
applications. A thermally assisted platform was developed to
continuously fabricate drug-loaded MOFs@SiO, nanoparticles, achieving
uniform morphology, narrow size distribution, improved structural
stability, and excellent biocompatibility [94]. This adaptable approach can
encapsulate a variety of therapeutic agents and dyes. The successful use
of rose bengal-loaded nanoparticles in in vivo photodynamic cancer
therapy highlights the significant promise of this strategy in biomedical
fields.
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4.1.5. 3D printing approaches

MOFs are mixed with printable inks or resins for direct fabrication
of device components. Chang et al. reported a disulfiram (DSF) is being
tested in clinical trials for cancer treatment with copper (Cu) ions,
forming the diethyldithiocarbamate copper complex [Cu(DDC)2], which
has potent antitumor activity [95]. However, the separate formulation of
DSF and Cu results in low tumor concentrations and reduced efficacy. To
address this, we developed a novel biomimetic nanoparticle formulation
of Cu(DDC):2 using the stabilized metal ion ligand complex (SMILE)
method, creating Metal-Organic Nanoparticles (MONs) with a Cu(DDC)2
core and BSA shell. A 3D-printed microfluidic device was designed to
improve MON fabrication, enabling precise control and large-scale
production. The resulting BSA/Cu(DDC), MONs demonstrated potent
antitumor effects in both in vitro and in vivo models, highlighting their
promise for improved DSF/Cu-based cancer therapies.

In parallel, a 3D printing technique was also utilized to fabricate a
microfluidic electrochemical sensor with precise architectural control.
The internal fluid dynamics of the device were optimized using the finite
element method (FEM) [96]. The sensor incorporated a flexible screen-
printed electrode (SPE) modified with porous Mn,O;, derived from a
manganese-based MOF (Mn-MOF), which significantly enhanced its
electrochemical performance. This microfluidic sensor exhibited high
sensitivity in detecting heavy metal ions, with calibration curves for
Cd(II) and Pb(Il) across linear ranges of 0.5-8 ug/L and 10-100 pg/L,
respectively. Detection limits reached 0.5 pg/L for Cd(I) and 0.2 ug/L for
Pb(II), both well below the thresholds recommended by the World Health
Organization. These findings underscore the effectiveness of the
fabrication method and the superior physical properties of the MOEF-
derived electrode material for accurate and reliable heavy metal ion
detection.

MOFs are loaded onto wax-printed or laminated chromatography
paper for paper-based microfluidic devices (WPADs). The integration of
MOFs with paper substrates has gained increasing attention for
advancing POCT technologies, particularly in biomedical diagnostics.
Paper-based platforms offer cost-effectiveness, portability, and ease of
fabrication, making them ideal for resource-limited settings.
Functionalizing these substrates with MOFs highly porous and tunable
nanomaterials significantly enhances their sensitivity, selectivity, and
multifunctionality. This MOF-paper synergy is increasingly being
incorporated into microfluidic chip designs, enabling compact, efficient,
and user-friendly diagnostic devices for biomedical applications such as
disease biomarker detection, environmental toxin monitoring, and real-
time health screening. Recent innovations demonstrate the potential of
MOF-functionalized paper microfluidic systems to support rapid
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analysis with minimal sample volumes, offering promising prospects for
decentralized healthcare and personalized medicine.

41.6. Hybrid Systems

MOFs offer significant potential for biomedical applications, yet
their cytotoxicity and biocompatibility must be rigorously assessed. This
includes detailed investigations of cellular uptake, biodistribution, and
long-term effects in both in vitro and in vivo settings [97]. To improve
safety and guide the rational design of MOF-based microfluidic systems
for biomedical use, strategies such as surface modification, encapsulation,
and computational modeling are critical [98]. Wagner et al. developed
real-time sensor-based and cellular screening approaches were employed
to assess the toxicity of two widely used functionalized MOFs, MIL-160
(hydrophilic) and ZIF-8 (hydrophobic), which were synthesized in-house
[99]. These MOFs were exposed to human bronchial epithelial (BEAS-2B)
cells, a relevant toxicological model. The screening enabled the
evaluation and differentiation of particle-induced cellular effects,
revealing varying degrees and routes of toxicity in a high-throughput
manner. The results emphasized the importance of conducting toxicity
assessments, including functionalization considerations, before
introducing MOFs into biomedical applications. These findings offer
valuable insights into specific toxicological mechanisms based on cell
viability, morphology, and cell-substrate interactions.

4.2. Compatibility with chip materials and fabrication constraints

In the development of MOF-based microfluidic chips for biomedical
applications, ensuring compatibility with chip materials and fabrication
techniques is essential for optimizing device performance and long-term
stability [100]. Common materials employed in microfluidic chip
fabrication, such as polydimethylsiloxane (PDMS), glass, and silicon,
must facilitate efficient integration with MOFs while maintaining the
structural integrity and functionality of both components [101]. PDMS,
widely used due to its flexibility and transparency, presents challenges
due to its hydrophobic nature, which can impede effective MOF
attachment or interaction with aqueous biological samples [102]. In
contrast, glass and silicon provide enhanced chemical stability and
superior surface properties for MOF deposition, though they often
necessitate more intricate processing techniques. Various fabrication
strategies, including direct deposition, layer-by-layer assembly, and
photolithography, must be optimized to achieve uniform MOF
incorporation while avoiding aggregation, which can compromise the
chip’s functionality [103,104]. Moreover, surface modification approaches
such as silanization or polymer functionalization are often employed to
enhance the interaction between the MOFs and chip materials, ensuring
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Pt-PCN-224

better stability, higher sensitivity, and improved overall performance in
biomedical applications [105,106].

5. Biomedical Applications of MOF-Based Microfluidic
Chips

5.1. Biosensing and diagnostics

5.1.1.  Signal amplification

Timely detection of foodborne pathogens is critical for ensuring food
safety and preventing disease outbreaks. Xing et al. reported a zirconium-
based metal-organic framework (Zr-MOF) functionalized with platinum
nanoparticles (Pt-PCN-224) was engineered as a peroxidase-mimicking
signal amplifier for microfluidic biosensing applications (Figure 10) [107].
Using Escherichia coli O157:H7 as a model organism, the sensor achieved
a wide linear detection range from 2.93 x 102 to 2.93 x 108 CFU/mL, with
an impressive detection limit of 2 CFU/mL. The entire detection process
was seamlessly integrated into a single microfluidic chip, enabling rapid
and efficient analysis. The platform was successfully validated in real
samples, including water, milk, and cabbage, yielding results consistent
with standard culture methods and recovery rates between 90% and
110%. This study demonstrates the potential of MOF-based nanozyme
systems for rapid, sensitive, and specific detection of foodborne bacteria
in point-of-care settings.

Analyzer

Figure 10. [llustration of Microfluidic Biosensing of Foodborne Bacteria Based on Pt-PCN-224 with POD Catalytic

Signal Amplification. Copyright 2023 ACS [107].

Similarly, recently a portable microfluidic device was developed for
rapid point-of-care detection of circulating tumor cells (CTCs) in
pheochromocytoma (PCC) [108]. Using Au@CuMOF nanozymes and
Fe304@SiO, probes for dual recognition, the system enables glucose
meter-based and colorimetric detection via enzyme-mimicking activity.
Integrated with a smartphone app and glucose meter, it detects CTCs in
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whole blood with a 3 cells/mL limit and supports six-sample analysis,
offering a low-cost, high-throughput alternative to traditional
diagnostics.

5.1.2. Pathogen detection and antimicrobial surfaces

Rapid pathogen detection and the development of antimicrobial
surfaces are essential in controlling infectious diseases and preventing
contamination [109]. Recent advancements in biosensors, such as
microfluidic systems and MOFs, have enhanced detection sensitivity and
speed. Meanwhile, antimicrobial surfaces, designed with antimicrobial
agents or properties, offer promising solutions to reduce pathogen spread
in healthcare and food safety [110,111]. This section highlights the latest
innovations in detection methods and antimicrobial surface technologies
[112]. Qi et al. reported a microfluidic biosensor using NH>-MIL-101(Fe)
MOF with peroxidase-like activity was developed for rapid, sensitive
Salmonella  detection [113]. The system captures bacteria with
immunomagnetic nanobeads, labels them with MOFs, and catalyzes a
color change for quantification via a Raspberry Pi app. It detected
Salmonella Typhimurium from 1.5 x 10! to 1.5 x 107 CFU/mL within 1 hour,
with a 14 CFU/mL detection limit and 112% recovery in spiked chicken
samples. This compact, automated system offers fast, reagent-efficient,
and portable foodborne bacterial screening.

Rapid and accurate antimicrobial susceptibility testing (AST) is
essential for managing infections like sepsis [114]. Traditional methods
are slow and labor-intensive. Recently, a high-throughput microfluidic
platform for fast AST has been developed, using MnO,@ZIF-90
nanoprobes with nanozyme and fluorescence properties for dual
detection [115]. The platform combines colorimetric and fluorescence
signals to provide more reliable results. With a detection limit of 10
CFU/mL and results in under 5 minutes, the platform demonstrates its
potential for rapid, cost-effective AST in clinical settings.

5.1.3.  On-chip bacterial/viral detection

Detecting pathogenic bacteria is essential for safeguarding public
health and ensuring the safety of food and water. Aptamer@MOF
biosensors combine the target specificity of aptamers with the tunable
porosity and stability of metal-organic frameworks (MOFs), enabling
sensitive, selective, and real-time detection [116]. Building on this
concept, Lu et al. developed the MAEA biosensor, which integrates
magnetic Fe;0,@MOF@aptamers with an entropy-driven fluorescence
system and mesophilic Clostridium butyricum Argonaute (CbAgo)
enzyme [117]. In this system, phosphorylated aptamers anchored on
zirconium-based MOF nanoparticles selectively capture bacterial targets
and initiate an entropy-driven DNA circuit to generate guide DNA.
CbAgo, directed by these guides, performs precise endonuclease activity,
allowing rapid, amplification- and extraction-free detection of multiple
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pathogens with high sensitivity (<102 CFU/mL). This approach presents a
powerful, selective, and user-friendly platform for multiplexed bacterial
diagnostics.

Complementing this, a label-free electrochemical genosensor was
recently developed using a Zn-MOF/carboxymethyl cellulose (CMC)
composite and Au nanoparticles deposited on a gold electrode to detect
Haemophilus influenzae DNA in human plasma [118]. This system
achieved an impressive detection limit of 1.48 fM and a wide linear range
(0.1 pM-10 nM), with excellent specificity against mismatched and non-
target sequences. The sensor demonstrated reliable performance and
high recovery rates (98.4-103%), confirming its potential for accurate
nucleic acid detection in clinical settings.

In addition to diagnostics, MOF-based materials are playing a
transformative role in therapeutic applications, particularly in addressing
challenges such as chronic wound infections [119]. A notable example is
a multifunctional hydrogel dressing developed from a curcumin-based
MOF (QCSMOF-Van), which is loaded with vancomycin and coated with
quaternary ammonium chitosan [120]. This hydrogel effectively captures
and eradicates bacteria through electrostatic interactions, aided by the
synergistic antibacterial effects of Zn?* ions and vancomycin. Beyond its
antimicrobial activity, the dressing also promotes tissue regeneration by
modulating macrophage polarization and stimulating nerve and blood
vessel growth. This dual-action system offers a comprehensive approach
for infection management and accelerated wound healing, underscoring
the versatile therapeutic potential of MOF-based platforms in modern
biomedicine.

6. Challenges and Future directions
6.1. Limitations of MOF-Based Microfluidic Chips in Biomedical Applications

Despite the significant promise of MOF-based microfluidic chips for
biomedical applications, their practical implementation remains
constrained by a range of critical limitations [121]. One of the foremost
challenges is ensuring the chemical and structural stability of MOFs
under biologically relevant conditions, including aqueous environments,
varying pH levels, and complex physiological media, which can lead to
hydrolysis, surface degradation, or loss of structural integrity [122-124].
Biofouling caused by non-specific adsorption of proteins, cells, or
microbes further compromises device performance, reducing sensitivity
and reliability [125]. In addition, the biocompatibility and potential
toxicity of MOFs must be thoroughly assessed, as the leaching of metal
ions or organic linkers may pose safety risks in clinical settings [126].

The integration of MOFs into confined microscale channels presents
further technical challenges, including achieving uniform distribution,
stable adhesion, and long-term functionality [127]. Moreover, scalability
and reproducibility of device fabrication remain major obstacles to large-
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scale production and consistent performance across batches [128].
Regulatory barriers add another layer of complexity, as comprehensive
evaluation protocols for safety, stability, and efficacy must be established
[129]. These limitations underscore the urgent need for continued
interdisciplinary research aimed at developing robust, biocompatible
MOFs, standardized integration methods, and validated regulatory
frameworks to facilitate the clinical translation and commercial
deployment of MOF-based biofluidic systems [130-132].

6.2. Future Directions and Opportunities

The integration of MOFs into microfluidic platforms has ushered in
a new era of innovation in biomedical applications [135]. Rather than
relying solely on static materials, current research focuses on responsive,
multifunctional systems capable of real-time interaction with biological
environments [136]. Emerging fabrication techniques, data-driven
design, and an increasing push toward clinical translation are shaping the
direction of the field [137]. In particular, advancements in smart
materials, additive manufacturing, artificial intelligence, and regulatory
alignment are collectively steering MOF-based microfluidics toward
greater sophistication and real-world applicability [138].

6.2.1.  Smart and Stimuli-Responsive MOFs

Stimuli-responsive or "smart" MOFs have become central to the
evolution of biomedical microfluidics [139]. These materials exhibit
dynamic behavior in response to environmental triggers such as pH
fluctuations, temperature changes, light exposure, redox states, and
specific biomolecules. For example, pH-sensitive MOFs can be
engineered to release drugs in acidic tumor microenvironments, while
thermo-responsive MOFs support temperature-dependent drug delivery
[140]. Photoresponsive MOFs further enable precise control through
light-activated reactions, applicable in biosensing and phototherapy
[141]. Their integration into microfluidic chips enhances device
functionality by allowing selective and timely responses, thereby
improving therapeutic precision and diagnostic sensitivity in point-of-
care and personalized medicine contexts.

6.2.2.  Al-assisted MOF sensor design

The integration of artificial intelligence (Al) into the design of MOF-
based microfluidic biosensors is emerging as a powerful strategy to
enhance their functionality, efficiency, and precision in biomedical
applications [142]. By leveraging machine learning (ML) and deep
learning (DL) algorithms, Al enables rapid screening and optimization of
MOF structures through the analysis of large datasets, uncovering
complex structure—property—performance relationships [143]. This

28



994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007

1008

1009

1010
1011
1012
1013

micromachines

Carbonized ZIF-67

[

Concentration / uM
[

Current density / A g

10

= Experimental
§ | = ANN predicted

>

R¥<0.9928
RMSE=0.2788
R\ *=0.9954
RMSECV=0.5524

o 7 1421 28 35
Current / pA

Smart sensing

—— Experimental
- = = ANN

-2 08 04 00 04 08
Potential / V vs. SCE

Predictive capacitance

accelerates the discovery of MOFs with tailored features such as high
surface area, biocompatibility, and selective affinity for specific
biomarkers [144]. Lu et al. demonstrated an ML-based approach using
carbonized MOFs (C-ZIF-67) for dual applications in electrochemical
sensing and energy storage [145]. They developed an artificial neural
network (ANN) model, integrated with theoretical calculations, to
predict supercapacitor performance and enhance the electrochemical
detection of niclosamide (NA). This model achieved a 196.6-fold
improvement in electrochemical response compared to a bare glassy
carbon electrode, with a low detection limit of 0.3 nM (Figure 11).
Additionally, the supercapacitor exhibited a high capacitance of 336.67
F/g at 2 A/g, with accurate predictive capability, highlighting the
effectiveness

of combining ML with theoretical modeling for

multifunctional electrode design.
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Figure 11. The fabrication and application of ANN for sensor and supercapacitors. Copyright 2022 Elsevier [145].

In microfluidic systems, Al further contributes by optimizing chip
design, fluid dynamics, and sensor integration, leading to improved
analyte capture and signal transduction [146]. Al-enabled platforms also
facilitate real-time signal processing, data interpretation, and adaptive
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calibration, significantly enhancing the sensitivity and reliability of
diagnostic outputs [147]. The convergence of Al and MOF-based
microfluidics supports the development of smart, automated systems for
high-throughput screening and point-of-care diagnostics [148,149].

Moreover, Al and ML are revolutionizing MOEF-based sensor
development through predictive modeling and accelerated material
discovery [150]. These tools enable the identification of optimal MOFs for
specific analytes by correlating material properties with experimental
outcomes [151]. As real-time sensing becomes increasingly important in
clinical diagnostics, Al-driven systems offer adaptive learning
capabilities that can evolve with patient-specific data, paving the way for
intelligent, self-regulating MOF-microfluidic devices for personalized
healthcare [152,153].

6.2.3. 3D Printing of MOF-Microfluidic Hybrids

3D printing has emerged as a transformative technique in fabricating
MOF-integrated microfluidic devices, offering unmatched design
flexibility and spatial control [154]. This additive manufacturing
approach allows precise embedding of MOFs within defined
microchannel architectures, enabling the creation of complex,
compartmentalized, and multifunctional environments [155]. Such
integration is crucial for simulating organ-like systems (e.g., organ-on-a-
chip), achieving spatially resolved sensing, or delivering site-specific
treatments [156]. Additionally, the rapid prototyping enabled by 3D
printing accelerates device iteration and scalability, paving the way for
translational research and potential commercialization of user-specific
biomedical microdevices.

7. Conclusion and outlooks

Metal-organic framework (MOF)-based microfluidic chips have
emerged as a transformative platform for biomedical applications,
offering unparalleled advantages in sensitivity, selectivity, and
multifunctionality. This review has highlighted key advancements in
MOF material design, integration strategies, and applications in
biosensing, drug delivery, diagnostics, and tissue engineering, while also
addressing critical challenges such as stability, biocompatibility, and
scalability. Looking ahead, the field holds immense potential through the
development of smart, stimuli-responsive MOFs, Al-assisted design for
optimized structures, and hybrid systems combining MOFs with other
nanomaterials for enhanced functionality. Additionally, efforts in
standardization, regulatory compliance, and scalable fabrication will be
crucial for translating these technologies into commercial and clinical use.
By fostering interdisciplinary collaboration among chemists, engineers,
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and clinicians, MOF-based microfluidics can bridge the gap between lab-
scale innovation and real-world biomedical solutions, paving the way for
next-generation point-of-care diagnostics, personalized medicine, and
advanced therapeutic platforms. Continued progress in material science,
microfluidic engineering, and Al-driven optimization will be essential to
unlock the full potential of these systems in revolutionizing healthcare.
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Abbreviation

MOF — metal-organic framework

COFs — covalent organic frameworks

ZIF8 — zeolitic imidazolate framework-8
MIL-88A — Materials of Institute Lavoisier-88A
UiO-66(Zr) — University of Oslo-66 (Zirconium)
LOD - limit of detection

GOx - glucose oxidase

HRP - horseradish peroxidase

PDA - polydopamine

PEI - polyethyleneimine

COF - covalent organic framework

GCE - glassy carbon electrode

CA15-3 — tumor marker

DPV - differential pulse voltammetry
nano-Yb-PVDC-3 — nano-Yb-phenylenevinylenedicarboxylate-3
NIR - near-infrared

FeTPt - MOF incorporated meso-tetra(4-carboxyphenyl)porphine
CCM - cancer cell membrane

IVIS - in vivo imaging system

ICG - indocyanine green

BDC - benzene 1,4-dicarboxylic acid

aPDT — antimicrobial photodynamic therapy
RB - rose bengal

CTC - circulating tumor cells
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FRET - fluorescent resonance energy transfer)
NporMOEF(Fe) — nano-metalloporphyrinic
NO - nitic oxide

H>O; — hydrogen peroxide

BOC - bone-on-a-chip

POCT - point-of-care testing

CTC - circulating tumor cell

LBL - layer-by-layer

PICs — photonic integrated circuits

BSA — bovine serum albumin

TA — tannic acid

MRRs — micro-ring resonators

MZIs — mach—zehnder interferometers
LPE - liquid-phase epitaxy

BDC-NH; - 2-aminoterephthalic acid
MEAs — metal microelectrode arrays
HOFs - hydrogen-bonded organic frameworks
AuNPs - gold nanoparticles

VOCs - volatile organic compound
CbAgo — clostridium butyricum argonaute
PDMS - polydimethylsiloxane

L-Trp — L-tryptophan

POCT - point-of-care testing

TAC - total antioxidant capacity

TMB - 3,3',5,5'-Tetramethylbenzidine

VSA - virtual sensor array

QCM - quartz crystal microbalance

Reference

G. Gharib, I. Biitiin, Z. Muganli, G. Kozalak, I. Namly, S.S. Sarraf, V.E. Ahmadi, E. Toyran, A.J. van Wijnen,
A. Kosar, Biomedical Applications of Microfluidic Devices: A Review, Biosensors 12 (2022).
https://doi.org/10.3390/bios12111023.

A. Al-Ali, W. Waheed, E. Abu-Nada, A. Alazzam, A review of active and passive hybrid systems based on
Dielectrophoresis for the manipulation of microparticles, J. Chromatogr. A 1676 (2022) 463268.
https://doi.org/10.1016/j.chroma.2022.463268.

V.H. Perez-Gonzalez, Particle trapping in electrically driven insulator-based microfluidics:
Dielectrophoresis and induced-charge electrokinetics, Electrophoresis 42 (2021) 2445-2464.
https://doi.org/10.1002/elps.202100123.

K.F. Lei, Microfluidic systems for diagnostic applications: A review, ]. Lab. Autom. 17 (2012) 330-347.
https://doi.org/10.1177/2211068212454853.

V. Iyer, Z. Yang, J. Ko, R. Weissleder, D. Issadore, Advancing microfluidic diagnostic chips into clinical

32



1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202

o o 7
micromachines mI\D\Py
F

(6]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

use: a review of current challenges and opportunities, Lab Chip 22 (2022) 3110-3121.
https://doi.org/10.1039/d21c00024e.

M. Deliorman, D.S. Ali, M.A. Qasaimeh, Next-Generation Microfluidics for Biomedical Research and
Healthcare Applications, Biomed. Eng. Comput. Biol. 14 (2023). https://doi.org/10.1177/11795972231214387.
Z. Ai, L. Jiao, J. Wang, H.L. Jiang, Generation of Hierarchical Pores in Metal-Organic Frameworks by
Introducing Rigid Modulator, CCS Chem. 4 (2022) 3705-3714.
https://doi.org/10.31635/ccschem.022.202201974.

O.M. Yaghi, M. O’Keeffe, N.W. Ockwig, HK. Chae, M. Eddaoudi, J. Kim, Reticular synthesis and the
design of new materials, Nature 423 (2003) 705-714. https://doi.org/10.1038/nature01650.

L. Zheng, F. Wang, C. Jiang, S. Ye, J. Tong, P. Dramou, H. He, Recent progress in the construction and
applications of metal-organic frameworks and covalent-organic frameworks-based nanozymes, Coord.
Chem. Rev. 471 (2022) 214760. https://doi.org/10.1016/j.ccr.2022.214760.

C. Hu, Y. Bai, M. Hou, Y. Wang, L. Wang, X. Cao, C.W. Chan, H. Sun, W. Lj, ]. Ge, K. Ren, Defect-induced
activity enhancement of enzyme-encapsulated metal-organic frameworks revealed in microfluidic
gradient mixing synthesis, Sci. Adv. 6 (2020) 1-8. https://doi.org/10.1126/sciadv.aax5785.

M. Hefayathullah, S. Singh, V. Ganesan, G. Maduraiveeran, Metal-organic frameworks for biomedical
applications: A review, Adv. Colloid Interface Sci. 331 (2024) 103210.
https://doi.org/10.1016/j.cis.2024.103210.

M. Dehnoei, E. Ahmadi-Sangachin, M. Hosseini, Colorimetric and fluorescent dual-biosensor based on
zirconium and preasodium metal-organic framework (zr/pr MOF) for miRNA-191 detection, Heliyon 10
(2024) e27757. https://doi.org/10.1016/j.heliyon.2024.e27757.

S.E. Miller, M.H. Teplensky, P.Z. Moghadam, D. Fairen-Jimenez, Metal-organic frameworks as biosensors
for luminescence-based detection and imaging, Interface Focus 6 (2016).
https://doi.org/10.1098/rsfs.2016.0027.

D.S.R. Khafaga, M.T. El-Morsy, H. Faried, A.H. Diab, S. Shehab, A M. Saleh, G.A.M. Ali, Metal-organic
frameworks in drug delivery: engineering versatile platforms for therapeutic applications, RSC Adv. 14
(2024) 30201-30229. https://doi.org/10.1039/d4ra04441j.

C. Crivello, S. Sevim, O. Graniel, C. Franco, S. Pane, ]. Puigmarti-Luis, D. Munoz-Rojas, Advanced
technologies for the fabrication of MOF thin films, Mater. Horizons 8 (2021) 168-178.
https://doi.org/10.1039/d0mh00898b.

Y. Liu, L. Sun, H. Zhang, L. Shang, Y. Zhao, Microfluidics for Drug Development: From Synthesis to
Evaluation, Chem. Rev. 121 (2021) 7468-7529. https://doi.org/10.1021/acs.chemrev.0c01289.

P. Coliaie, R.R. Bhawnani, A. Prajapati, R. Ali, P. Verma, G. Giri, M.S. Kelkar, A. Korde, M. Langston, C.
Liu, N. Nazemifard, D. Patience, T. Rosenbaum, D. Skliar, N.K. Nere, M.R. Singh, Patterned microfluidic
devices for rapid screening of metal-organic frameworks yield insights into polymorphism and non-
monotonic growth, Lab Chip 22 (2022) 211-224. https://doi.org/10.1039/d11c01086g.

I.G. Koryakina, S. V. Bachinin, E.N. Gerasimova, M. V. Timofeeva, S.A. Shipilovskikh, A.S. Bukatin, A.
Sakhatskii, A.S. Timin, V.A. Milichko, M. V. Zyuzin, Microfluidic synthesis of metal-organic framework
crystals with surface defects for enhanced molecular loading, Chem. Eng. J. 452 (2023) 139450.
https://doi.org/10.1016/j.cej.2022.139450.

P. Mhettar, N. Kale, J. Pantwalawalkar, S. Nangare, N. Jadhav, Metal-organic frameworks: Drug delivery
applications and future prospects, ADMET DMPK 12 (2024) 27-62. https://doi.org/10.5599/admet.2057.

H. Jiang, B. Staeglich, J. Knoch, S. Kumar, N. Dilbaghi, A. Deep, S. Ingebrandt, V. Pachauri, Programming
layer-by-layer liquid phase epitaxy in microfluidics for realizing two-dimensional metal-organic
framework sensor arrays, Environ. Sci. Nano (2025). https://doi.org/10.1039/d4en00764f.

C. Mao, S. Wang, J. Li, Z. Feng, T. Zhang, R. Wang, C. Fan, X. Jiang, Metal-Organic Frameworks in
Microfluidics Enable Fast Encapsulation/Extraction of DNA for Automated and Integrated Data Storage,
ACS Nano 17 (2023) 2840-2850. https://doi.org/10.1021/acsnano.2c11241.

R. V. Pinto, C.C. Cao, P. Lyu, I. Dovgaliuk, W. Shepard, E. Riviere, C.Y. Su, G. Maurin, F. Antunes, J. Pires,
V. André, C. Henriques, A. Tissot, M.L. Pinto, C. Serre, Ultra-Microporous Fe-MOF with Prolonged NO
Delivery in Biological Media for Therapeutic Application, Small 2405649 (2024) 1-9.
https://doi.org/10.1002/smll.202405649.

P. Sezgin, E. Gulcay-Ozcan, M. Vuckovski, A.M. Bondzi¢, I. Erucar, S. Keskin, Biomedical Applications of
Metal-Organic Frameworks Revisited, Ind. Eng. Chem. Res. (2025). https://doi.org/10.1021/acs.iecr.4c03698.
V.A. Tran, SSW. Lee, pH-triggered degradation and release of doxorubicin from zeolitic imidazolate

33



1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257

o o 7
micromachines mI\D\Py
F

(23]

[26]

(27]

(28]

[29]

(30]

(31]

(32]
(33]

[34]

[35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

framework-8 (ZIF8) decorated with polyacrylic acid, RSC Adv. 11 (2021) 9222-9234.
https://doi.org/10.1039/d0ra10423;.

L.R. de Moura Ferraz, A.E.G.A. Tabosa, D.D.S. da Silva Nascimento, A.S. Ferreira, V. de Albuquerque
Wanderley Sales, ].Y.R. Silva, S.A. Junior, L.A. Rolim, J.J. de Souza Pereira, P.J. Rolim-Neto, ZIF-8 as a
promising drug delivery system for benznidazole: development, characterization, in vitro dialysis release
and cytotoxicity, Sci. Rep. 10 (2020) 1-14. https://doi.org/10.1038/s41598-020-73848-w.

P. Horcajada, R. Gref, T. Baati, P.K. Allan, G. Maurin, P. Couvreur, Metal A Organic Frameworks in
Biomedicine, (2012) 1232-1268.

M. Mohammad, A. Razmjou, K. Liang, M. Asadnia, V. Chen, Metal-Organic-Framework-Based Enzymatic
Microfluidic Biosensor via Surface Patterning and Biomineralization, ACS Appl. Mater. Interfaces 11 (2019)
1807-1820. https://doi.org/10.1021/acsami.8b16837.

M. Karimian, K. Dashtian, R. Zare-Dorabei, Microfluidic chip and chiroptical gold nanoparticle-based
colorimetric sensor for enantioselective detection of L-tryptophan, Talanta 266 (2024) 125138.
https://doi.org/10.1016/j.talanta.2023.125138.

E. Dezhakam, R.F. Vayghan, S. Dehghani, T. Kafili-Hajlari, A. Naseri, M. Dadashpour, B. Khalilzadeh, G.S.
Kanberoglu, Highly efficient electrochemical biosensing platform in breast cancer detection based on
MOEF-COF@Au core-shell like nanostructure, Sci. Rep. 14 (2024) 1-13. https://doi.org/10.1038/s41598-024-
78836-y.

A. Elgazar, R. Sabouni, M. Ghommem, A.F. Majdalawieh, Novel metal-organic framework biosensing
platform for detection of COVID-19 RNA, Sci. Rep. 14 (2024) 1-12. https://doi.org/10.1038/s41598-024-
75668-8.

M. El Aamri, G. Yammouri, H. Mohammadi, A. Amine, H. Korri-Youssoufi, Electrochemical Biosensors
for Detection of MicroRNA as a Cancer Biomarker: Pros and Cons, Biosensors 10 (2020).
https://doi.org/10.3390/BIOS10110186.

H. Li, Z. Zhang, L. Gan, D. Fan, X. Sun, Z. Qian, X. Liu, Y. Huang, Signal Amplification-Based Biosensors
and Application in RNA Tumor Markers, Sensors 23 (2023). https://doi.org/10.3390/s23094237.

S. Keskin, S. Kizilel, Biomedical Applications of Metal Organic Frameworks, Ind. Eng. Chem. Res. 50 (2011)
1799-1812. https://doi.org/10.1021/ie101312k.

M. Gutiérrez, Y. Zhang, J.C. Tan, Confinement of Luminescent Guests in Metal-Organic Frameworks:
Understanding Pathways from Synthesis and Multimodal Characterization to Potential Applications of
LG@MOF Systems, Chem. Rev. 122 (2022) 10438-10483. https://doi.org/10.1021/acs.chemrev.1c00980.

L.B. Shano, S. Karthikeyan, L.J. Kennedy, S. Chinnathambi, G.N. Pandian, MOFs for next-generation
cancer therapeutics through a biophysical approach —a review, Front. Bioeng. Biotechnol. 12 (2024) 1-39.
https://doi.org/10.3389/fbioe.2024.1397804.

H. Kaur, S. Sundriyal, V. Pachauri, S. Ingebrandt, K.H. Kim, A.L. Sharma, A. Deep, Luminescent metal-
organic frameworks and their composites: Potential future materials for organic light emitting displays,
Coord. Chem. Rev. 401 (2019) 213077. https://doi.org/10.1016/j.ccr.2019.213077.

A. Foucault-Collet, K.A. Gogick, K.A. White, S. Villette, A. Pallier, G. Collet, C. Kieda, T. Li, S.J. Geib, N.L.
Rosi, S. Petoud, Lanthanide near infrared imaging in living cells with Yb3+ nano metal organic frameworks,
Proc. Natl. Acad. Sci. U. S. A. 110 (2013) 17199-17204. https://doi.org/10.1073/pnas.1305910110.

Q. Zhang, G. Kuang, H. Wang, Y. Zhao, J. Wei, L. Shang, Multi-Bioinspired MOF Delivery Systems from
Microfluidics for Tumor Multimodal ~ Therapy, Adv. Sci. 10 (2023) 1-13.
https://doi.org/10.1002/advs.202303818.

X. Xu, C. Liu, S. Wang, E. Mikild, J. Wang, O. Koivisto, J. Zhou, ].M. Rosenholm, Y. Shu, H. Zhang,
Microfluidic-assisted biomineralization of CRISPR/Cas9 in near-infrared responsive metal-organic
frameworks for = programmable gene-editing, Nanoscale 14 (2022) 15832-15844.
https://doi.org/10.1039/d2nr04095f.

Y.L. Balachandran, X. Li, X. Jiang, Integrated Microfluidic Synthesis of Aptamer Functionalized Biozeolitic
Imidazolate Framework (BioZIF-8) Targeting Lymph Node and Tumor, Nano Lett. 21 (2021) 1335-1344.
https://doi.org/10.1021/acs.nanolett.0c04053.

K. Yang, M. Ni, C. Xu, L. Wang, L. Han, S. Lv, W. Wu, D. Zheng, Microfluidic one-step synthesis of a
metal-organic framework for osteoarthritis therapeutic microRNAs delivery, Front. Bioeng. Biotechnol. 11
(2023) 1-12. https://doi.org/10.3389/fbioe.2023.1239364.

L. Yan, A. Gopal, S. Kashif, P. Hazelton, M. Lan, W. Zhang, X. Chen, Metal organic frameworks for
antibacterial applications, Chem. Eng. J. 435 (2022) 134975. https://doi.org/10.1016/j.cej.2022.134975.

34



1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312

o o 7
micromachines mI\D\Py
F

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

[54]

[55]

[56]

[57]

(58]
[59]
[60]

[61]

G. Chen, Y. Yu, X. Wu, G. Wang, G. Gu, F. Wang, J. Ren, H. Zhang, Y. Zhao, Microfluidic Electrospray
Niacin Metal-Organic Frameworks Encapsulated Microcapsules for Wound Healing, Research 2019 (2019).
https://doi.org/10.34133/2019/6175398.

A.Bendre, V. Hegde, K. V Ajeya, S.T. Manjunatha, D. Somasekhara, V.K. Nadumane, K. Kant, H. Jung, W.
Hung, M.D. Kurkuri, Microfluidic-Assisted Synthesis of Metal — Organic Framework — Alginate Micro-
Particles for Sustained Drug Delivery, (2023) 1-14.

U.T. Uthappa, V. Brahmkhatri, G. Sriram, H.Y. Jung, J. Yu, N. Kurkuri, T.M. Aminabhavi, T. Altalhi, G.M.
Neelgund, M.D. Kurkuri, Nature engineered diatom biosilica as drug delivery systems, ]J. Control. Release
281 (2018) 70-83. https://doi.org/10.1016/j.jconrel.2018.05.013.

A. Arenas-vivo, V.C. Arias, G. Amariei, R. Rosal, I. Izquierdo-barba, T. Hidalgo, H.I. Beltr, S. Loera-serna,
P. Horcajada, Pharmaceutics-15-00301-V2.Pdf, (2023).

P. Wang, B. He, B. Wang, S. Liu, Q. Ye, F. Zhou, W. Liu, MXene/Metal-Organic framework based
composite coating with photothermal self-healing performances for antifouling application, Chem. Eng. J.
474 (2023) 145835. https://doi.org/10.1016/j.cej.2023.145835.

A.De, Y.N. Reddy, S. Paul, V. Sharma, VK. Tippavajhala, J. Bhaumik, Photosensitizable ZIF-8 BioMOF for
Stimuli-Responsive Antimicrobial Phototherapy, Mol. Pharm. (2025).
https://doi.org/10.1021/acs.molpharmaceut.4c00981.

S. Radhakrishnan, M. Mathew, C.S. Rout, Microfluidic sensors based on two-dimensional materials for
chemical and biological assessments, Mater. Adv. 3 (2022) 1874-1904. https://doi.org/10.1039/d1ma00929;.
J.S. Bloom, L. Sathe, C. Munugala, E.M. Jones, M. Gasperini, N.B. Lubock, F. Yarza, E.M. Thompson, K.M.
Kovary, J. Park, D. Marquette, S. Kay, M. Lucas, T.Q. Love, A. Sina Booeshaghi, O.F. Brandenberg, L. Guo,
J. Boocock, M. Hochman, S.W. Simpkins, I. Lin, N. LaPierre, D. Hong, Y. Zhang, G. Oland, B.]. Choe, S.
Chandrasekaran, E.E. Hilt, M.J. Butte, R. Damoiseaux, C. Kravit, A.R. Cooper, Y. Yin, L. Pachter, O.B.
Garner, J. Flint, E. Eskin, C. Luo, S. Kosuri, L. Kruglyak, V.A. Arboleda, Massively scaled-up testing for
SARS-CoV-2 RNA via next-generation sequencing of pooled and barcoded nasal and saliva samples, Nat.
Biomed. Eng. 5 (2021) 657-665. https://doi.org/10.1038/s41551-021-00754-5.

J. Chen, G. Oudeng, H. Feng, S. Liu, H.-W. Li, Y.-P. Ho, Y. Chen, Y. Tan, M. Yang, 2D MOF Nanosensor-
Integrated Digital Droplet Microfluidic Flow Cytometry for In Situ Detection of Multiple miRNAs in
Single CTC Cells., Small 18 (2022) e2201779. https://doi.org/10.1002/smll.202201779.

R. Ray, A. Prabhu, D. Prasad, V. kumar Garlapati, T.M. Aminabhavi, N.K. Mani, J. Simal-Gandara, Paper-
based microfluidic devices for food adulterants: Cost-effective technological monitoring systems, Food
Chem. 390 (2022) 133173. https://doi.org/10.1016/j.foodchem.2022.133173.

M. Yuan, C. Li, Y. Zheng, H. Cao, T. Ye, X. Wu, L. Hao, F. Yin, J. Yu, F. Xu, A portable multi-channel
fluorescent paper-based microfluidic chip based on smartphone imaging for simultaneous detection of
four heavy metals, Talanta 266 (2024) 125112. https://doi.org/10.1016/j.talanta.2023.125112.

H. Wu, J. Chen, P. Lin, Y. Su, H. Li, W. Xiao, ]. Peng, Nanozyme-Catalyzed Colorimetric Detection of the
Total Antioxidant Capacity in Body Fluids by Paper-Based Microfluidic Chips, ACS Appl. Mater.
Interfaces 16 (2024) 39857-39866. https://doi.org/10.1021/acsami.4c07835.

Y. Cao, M. Fu, S. Fan, C. Gao, Z. Ma, D. Hou, Hydrophobic MOF/PDMS-Based QCM Sensors for VOCs
Identification and Quantitative Detection in High-Humidity Environments, ACS Appl. Mater. Interfaces
16 (2024) 7721-7731. https://doi.org/10.1021/acsami.3c16228.

A.Muck, J. Wang, M. Jacobs, G. Chen, M.P. Chatrathi, V. Jurka, Z. Vyborny, S.D. Spillman, G. Sridharan,
M.]. Schéning, Fabrication of Poly(methyl methacrylate) Microfluidic Chips by Atmospheric Molding,
Anal. Chem. 76 (2004) 2290-2297. https://doi.org/10.1021/ac035030+.

T. Tang, Y. Yuan, Y. Yalikun, Y. Hosokawa, M. Li, Y. Tanaka, Glass based micro total analysis systems:
Materials, fabrication methods, and applications, Sensors Actuators, B Chem. 339 (2021) 129859.
https://doi.org/10.1016/j.snb.2021.129859.

P. Gu, K. Liu, H. Chen, T. Nishida, Z.H. Fan, Chemical-assisted bonding of thermoplastics/elastomer for
fabricating microfluidic valves, Anal. Chem. 83 (2011) 446—452. https://doi.org/10.1021/ac101999w.

V. Aggarwal, S. Solanki, B.D. Malhotra, Applications of metal-organic framework-based bioelectrodes,
Chem. Sci. 13 (2022) 8727-8743. https://doi.org/10.1039/d2sc03441g.

T. Wang, J. Chen, T. Zhou, L. Song, Fabricating microstructures on glass for microfluidic chips by glass
molding process, Micromachines 9 (2018) 1-15. https://doi.org/10.3390/mi9060269.

Y.S. Zhang, F. Busignani, J. Ribas, J. Aleman, T.N. Rodrigues, S.A.M. Shaegh, S. Massa, C.B. Rossi, L
Taurino, S.R. Shin, G. Calzone, G.M. Amaratunga, D.L. Chambers, S. Jabari, Y. Niu, V. Manoharan, M.R.

35



1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367

o o 7
micromachines mI\D\Py
F

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

(70]
(71]

(72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

Dokmeci, S. Carrara, D. Demarchi, A. Khademhosseini, Google Glass-Directed Monitoring and Control of
Microfluidic Biosensors and Actuators, Sci. Rep. 6 (2016) 1-11. https://doi.org/10.1038/srep22237.

A. Wang, M. Walden, R. Ettlinger, F. Kiessling, J.J. Gassensmith, T. Lammers, S. Wuttke, Q. Pena,
Biomedical Metal-Organic Framework Materials: Perspectives and Challenges, Adv. Funct. Mater.
2308589 (2023) 1-22. https://doi.org/10.1002/adfm.202308589.

G.C.Ilacas, A. Basa, K.J. Nelms, ].D. Sosa, Y. Liu, F.A. Gomez, Paper-based microfluidic devices for glucose
assays employing a metal-organic framework (MOF), Anal. Chim. Acta 1055 (2019) 74-80.
https://doi.org/10.1016/j.aca.2019.01.009.

Z.Li, L. Xue, J. Yang, S. Wuttke, P. He, C. Lei, H. Yang, L. Zhou, J. Cao, A. Sinelshchikova, G. Zheng, J.
Guo, J. Lin, Q. Lei, C.J. Brinker, K. Liu, W. Zhu, Synthetic Biohybrids of Red Blood Cells and Cascaded-
Enzymes@ Metal-Organic Frameworks for Hyperuricemia Treatment, Adv. Sci. 11 (2024) 1-12.
https://doi.org/10.1002/advs.202305126.

M.K. Kim, K. Paek, S.M. Woo, J.A. Kim, Bone-on-a-Chip: Biomimetic Models Based on Microfluidic
Technologies for Biomedical Applications, ACS Biomater. Sci. Eng. 9 (2023) 3058-3073.
https://doi.org/10.1021/acsbiomaterials.3c00066.

H. Hirama, T. Satoh, S. Sugiura, K. Shin, R. Onuki-Nagasaki, T. Kanamori, T. Inoue, Glass-based organ-
on-a-chip device for restricting small molecular absorption, J. Biosci. Bioeng. 127 (2019) 641-646.
https://doi.org/10.1016/j.jbiosc.2018.10.019.

G. Awasthi, S. Shivgotra, S. Nikhar, S. Sundarrajan, S. Ramakrishna, P. Kumar, Progressive Trends on the
Biomedical Applications of Metal Organic Frameworks, Polymers (Basel). 14 (2022) 1-28.
https://doi.org/10.3390/polym14214710.

I. Imaz, M. Rubio-Martinez, J. An, L. Solé-Font, N.L. Rosi, D. Maspoch, Metal-biomolecule frameworks
(MBioFs), Chem. Commun. 47 (2011) 7287-7302. https://doi.org/10.1039/c1cc11202c.

A. Ecke, J. Bell, RJ. Schneider, A three-dimensional microfluidic flow cell and system integration for
improved electrochemical substrate detection in HRP/TMB-based immunoassayst, Sensors and
Diagnostics 2 (2023) 887-892. https://doi.org/10.1039/d3sd00095h.

S. Gimondji, H. Ferreira, R.L. Reis, N.M. Neves, Microfluidic Devices: A Tool for Nanoparticle Synthesis
and Performance Evaluation, ACS Nano 17 (2023) 14205-14228. https://doi.org/10.1021/acsnano.3c01117.
J. Lei, R. Qian, P. Ling, L. Cui, H. Ju, Design and sensing applications of metal-organic framework
composites, TrAC - Trends Anal. Chem. 58 (2014) 71-78. https://doi.org/10.1016/j.trac.2014.02.012.

P.H. Ling, X.N. Zang, C.H. Qian, F. Gao, A metal-organic framework with multienzyme activity as a
biosensing platform for real-time electrochemical detection of nitric oxide and hydrogen peroxide, Analyst
146 (2021) 2609-2616. https://doi.org/10.1039/d1an00142f.

A. Sen Tan, S.N. Nerurkar, W.C.C. Tan, D. Goh, C.P.T. Lai, ]J. Poh Sheng Yeong, The Virological,
Immunological, and Imaging Approaches for COVID-19 Diagnosis and Research, SLAS Technol. 25 (2020)
522-544. https://doi.org/10.1177/2472630320950248.

W. Cuij, Z. Ren, Y. Song, C.L. Ren, Development and potential for point-of-care heavy metal sensing using
microfluidic systems: A brief review, Sensors Actuators A Phys. 344 (2022) 113733.
https://doi.org/10.1016/j.sna.2022.113733.

H.D. Lawson, S.P. Walton, C. Chan, Metal-Organic Frameworks for Drug Delivery: A Design Perspective,
ACS Appl. Mater. Interfaces 13 (2021) 7004-7020. https://doi.org/10.1021/acsami.1c01089.

Z.Y. Gu, C.X. Yang, N. Chang, X.P. Yan, Metal-organic frameworks for analytical chemistry: From sample
collection to  chromatographic  separation, Acc. Chem. Res. 45 (2012) 734-745.
https://doi.org/10.1021/ar2002599.

P. Mukherjee, A. Khademhosseini, J. Seaberg, H. Montazerian, M.N. Hossen, R. Bhattacharya, Hybrid
nanosystems for biomedical applications, ACS Nano 15 (2021) 2099-2142.
https://doi.org/10.1021/acsnano.0c09382.

C. Altintas, I. Erucar, S. Keskin, MOF/COF hybrids as next generation materials for energy and biomedical
applications, CrystEngComm 24 (2022) 7360-7371. https://doi.org/10.1039/d2ce01296k.

X. Mu, Z. Wang, Y. Zhong, T. Jiang, U.K. Cheang, Development of 2D MOF-Based Microrobots under
Annealing Treatment and Their Biomedical Application, Ind. Eng. Chem. Res. 60 (2021) 9465-9474.
https://doi.org/10.1021/acs.iecr.1c01409.

A. Kefayat, O. Sartipzadeh, F. Molaabasi, M. Amiri, R. Gholami, M. Mirzadeh, F. Shokati, M. Khandaei, F.
Ghahremani, S.A. Poursamar, R. Sarrami-Forooshani, Microfluidic System Consisting of a Magnetic 3D-
Printed Microchannel Filter for Isolation and Enrichment of Circulating Tumor Cells Targeted by Anti-

36



1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422

o o 7
micromachines mI\D\Py
F

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

(93]

[96]

[97]

(98]

HER2/MOF@Ferrite Core-Shell Nanostructures: A Theranostic CTC Dialysis System, Anal. Chem. 96 (2024)
4377-4384. https://doi.org/10.1021/acs.analchem.3c03567.

H. Sohrabi, S. Ghasemzadeh, S. Shakib, M.R. Majidi, A. Razmjou, Y. Yoon, A. Khataee, Metal-Organic
Framework-Based Biosensing Platforms for the Sensitive Determination of Trace Elements and Heavy
Metals: A Comprehensive Review, Ind. Eng. Chem. Res. 62 (2023) 4611-4627.
https://doi.org/10.1021/acs.iecr.2c03011.

J.J. Richardson, J. Cui, M. Bjornmalm, J.A. Braunger, H. Ejima, F. Caruso, Innovation in Layer-by-Layer
Assembly, Chem. Rev. 116 (2016) 14828-14867. https://doi.org/10.1021/acs.chemrev.6b00627.

B. Mohanty, S. Kumari, P. Yadav, P. Kanoo, A. Chakraborty, Metal-organic frameworks (MOFs) and MOF
composites based biosensors, Coord. Chem. Rev. 519 (2024) 216102.
https://doi.org/10.1016/j.ccr.2024.216102.

A. Kuzin, V. Chernyshev, V. Kovalyuk, P. An, A. Golikov, G. Goltsman, D. Gorin, In Situ Monitoring of
Layer-by-Layer Assembly Surface Modification of Nanophotonic-Microfluidic Sensor, Anal. Chem. 94
(2022) 14517-14521. https://doi.org/10.1021/acs.analchem.2c03909.

K. Ikigaki, K. Okada, M. Takahashi, Epitaxial Growth of Multilayered Metal-Organic Framework Thin
Films for Electronic and Photonic Applications, ACS Appl. Nano Mater. 4 (2021) 3467-3475.
https://doi.org/10.1021/acsanm.0c03462.

J.L. Zhuang, A. Terfort, C. Woll, Formation of oriented and patterned films of metal-organic frameworks
by liquid phase epitaxy: A review, Coord. Chem. Rev. 307 (2016) 391-424.
https://doi.org/10.1016/j.ccr.2015.09.013.

M. Vergara-Barberan, E.J. Carrasco-Correa, M.]. Lerma-Garcia, E.F. Simo-Alfonso, ]. M. Herrero-Martinez,
Current trends in affinity-based monoliths in microextraction approaches: A review, Anal. Chim. Acta
1084 (2019) 1-20. https://doi.org/10.1016/j.aca.2019.07.020.

Y. Feng, Y. Xu, S. Liu, D. Wu, Z. Su, G. Chen, J. Liu, G. Li, Recent advances in enzyme immobilization
based on novel porous framework materials and its applications in biosensing, Coord. Chem. Rev. 459
(2022). https://doi.org/10.1016/j.ccr.2022.214414.

L. Xi, Y. Shang, Z. Wang, ]. Wang, Q. Wu, Y. Shen, Y. Ding, Programmable DNA hydrogels for biosensing
and point-of-care test, Coord. Chem. Rev. 518 (2024) 216084. https://doi.org/10.1016/j.ccr.2024.216084.

K. Liang, R. Ricco, C.M. Doherty, M.]. Styles, S. Bell, N. Kirby, S. Mudie, D. Haylock, A J. Hill, C.]. Doonan,
P. Falcaro, Biomimetic mineralization of metal-organic frameworks as protective coatings for
biomacromolecules, Nat. Commun. 6 (2015) 4-11. https://doi.org/10.1038/ncomms8240.

N. Rohra, G. Gaikwad, P. Dandekar, R. Jain, Microfluidic Synthesis of a Bioactive Metal-Organic
Framework for Glucose-Responsive Insulin Delivery, ACS Appl. Mater. Interfaces 14 (2022) 8251-8265.
https://doi.org/10.1021/acsami.1c22153.

S. Nikpour, Z. Ansari-Asl, T. Sedaghat, E. Hoveizi, Curcumin-loaded Fe-MOF/PDMS porous scaffold:
Fabrication, characterization, and biocompatibility assessment, J. Ind. Eng. Chem. 110 (2022) 188-197.
https://doi.org/10.1016/j.jiec.2022.02.052.

G.Y. Jeong, R. Ricco, K. Liang, J. Ludwig, ].O. Kim, P. Falcaro, D.P. Kim, Bioactive MIL-88A Framework
Hollow Spheres via Interfacial Reaction In-Droplet Microfluidics for Enzyme and Nanoparticle
Encapsulation, Chem. Mater. 27 (2015) 7903-7909. https://doi.org/10.1021/acs.chemmater.5b02847.

G. Hu, L. Yang, Y. Li, L. Wang, Continuous and scalable fabrication of stable and biocompatible
MOF@SiO2 nanoparticles for drug loading, J. Mater. Chem. B 6 (2018) 7936-7942.
https://doi.org/10.1039/c8tb02308e.

Y. Chang, ]. Jiang, W. Chen, W. Yang, L. Chen, P. Chen, J. Shen, S. Qian, T. Zhou, L. Wu, L. Hong, Y. Huang,
F. Li, Biomimetic metal-organic nanoparticles prepared with a 3D-printed microfluidic device as a novel
formulation for disulfiram-based therapy against breast cancer, Appl. Mater. Today 18 (2020) 100492.
https://doi.org/10.1016/j.apmt.2019.100492.

Y. Hong, M. Wu, G. Chan, Z. Dai, Y. Zhang, G. Chen, X. Dong, 3D Printed Microfluidic Device with
Microporous Mn203-Modified Screen Printed Electrode for Real-Time Determination of Heavy Metal Ions,
ACS Appl. Mater. Interfaces 8 (2016) 32940-32947. https://doi.org/10.1021/acsami.6b10464.

S. Begum, Z. Hassan, S. Brase, C. Woll, M. Tsotsalas, Metal-Organic Framework-Templated Biomaterials:
Recent Progress in Synthesis, Functionalization, and Applications, Acc. Chem. Res. 52 (2019) 1598-1610.
https://doi.org/10.1021/acs.accounts.9b00039.

CM. Doherty, D. Buso, A]. Hill, S. Furukawa, S. Kitagawa, P. Falcaro, Using functional nano- and
microparticles for the preparation of metal-organic framework composites with novel properties, Acc.

37



1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477

o o 7
micromachines mI\D\Py
F

[99]

[100]

[101]
[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]
[111]
[112]

[113]

[114]

[115]

[116]

[117]

[118]

Chem. Res. 47 (2014) 396—405. https://doi.org/10.1021/ar400130a.

A. Wagner, Q. Liu, O.L. Rose, A. Eden, A. Vijay, Y. Rojanasakul, C.Z. Dinu, Toxicity screening of two
prevalent metal organic frameworks for therapeutic use in human lung epithelial cells, Int. J.
Nanomedicine 14 (2019) 7583-7591. https://doi.org/10.2147/IJN.5215950.

S. Abu-Dawas, H. Alawami, M. Zourob, Q. Ramadan, Design and Fabrication of Low-Cost Microfluidic
Chips and Microfluidic Routing System for Reconfigurable Multi-(Organ-on-a-Chip) Assembly,
Micromachines 12 (2021). https://doi.org/10.3390/mi12121542.

P. Falcaro, R. Ricco, C.M. Doherty, K. Liang, A.J. Hill, M.]. Styles, MOF positioning technology and device
fabrication, Chem. Soc. Rev. 43 (2014) 5513-5560. https://doi.org/10.1039/c4cs00089g.

W. Li, Metal-organic framework membranes: Production, modification, and applications, Prog. Mater. Sci.
100 (2019) 21-63. https://doi.org/10.1016/j.pmatsci.2018.09.003.

X. Tian, F. Li, Z. Tang, S. Wang, K. Weng, D. Liu, S. Lu, W. Liu, Z. Fu, W. Li, H. Qiu, M. Tu, H. Zhang, J.
Li, Crosslinking-induced patterning of MOFs by direct photo- and electron-beam lithography, Nat.
Commun. 15 (2024) 1-15. https://doi.org/10.1038/s41467-024-47293-6.

S. Hermes, F. Schroder, R. Chelmowski, C. Woll, R.A. Fischer, Selective nucleation and growth of metal-
organic open framework thin films on patterned COOH/CF3-terminated self-assembled monolayers on
Au(111), J. Am. Chem. Soc. 127 (2005) 13744-13745. https://doi.org/10.1021/ja0535231.

H.J. Himmel, A. Terfort, C. W6ll, Fabrication of a carboxyl-terminated organic surface with self-assembly
of functionalized terphenylthiols: The importance of hydrogen bond formation, J. Am. Chem. Soc. 120
(1998) 12069-12074. https://doi.org/10.1021/ja981872s.

S.S.Mabaleha, A. Sandaruwani, C. Peng, D. Zou, W. Ren, C.X. Zhao, X. Xu, Microfluidic synthesis of MOFs,
COFs, and HOFs: Insights and advances, Mater. Sci. Eng. R Reports 165 (2025) 101005.
https://doi.org/10.1016/j.mser.2025.101005.

G. Xing, Y. Shang, J. Ai, H. Lin, Z. Wu, Q. Zhang, ].M. Lin, Q. Pu, L. Lin, Nanozyme-Mediated Catalytic
Signal Amplification for Microfluidic Biosensing of Foodborne Bacteria, Anal. Chem. 95 (2023) 13391-
13399. https://doi.org/10.1021/acs.analchem.3c03232.

X. Liu, Y. Fang, X. Chen, W. Shi, X. Wang, Z. He, F. Wang, C. Li, Cascaded nanozyme-based high-
throughput microfluidic device integrating with glucometer and smartphone for point-of-care
pheochromocytoma diagnosis, Biosens. Bioelectron. 251 (2024) 116105.
https://doi.org/10.1016/j.bios.2024.116105.

A. Nakhlband, H. Kholafazad-Kordasht, M. Rahimi, A. Mokhtarzadeh, J. Soleymani, Applications of
magnetic materials in the fabrication of microfluidic-based sensing systems: Recent advances, Microchem.
J. 173 (2022) 107042. https://doi.org/10.1016/j.microc.2021.107042.

F. Daniel, D. Kesterson, K. Lei, C. Hord, A. Patel, A. Kaffenes, H. Congivaram, S. Prakash, Application of
Microfluidics for Bacterial Identification, Pharmaceuticals 15 (2022). https://doi.org/10.3390/ph15121531.
G. Xing, W. Zhang, N. Li, Q. Py, ].M. Lin, Recent progress on microfluidic biosensors for rapid detection
of pathogenic bacteria, Chinese Chem. Lett. 33 (2022) 1743-1751. https://doi.org/10.1016/j.cclet.2021.08.073.
E. Abebe, G. Gugsa, M. Ahmed, Review on Major Food-Borne Zoonotic Bacterial Pathogens, ]. Trop. Med.
2020 (2020). https://doi.org/10.1155/2020/4674235.

W. Qi, L. Zheng, S. Wang, F. Huang, Y. Liu, H. Jiang, J. Lin, A microfluidic biosensor for rapid and
automatic detection of Salmonella using metal-organic framework and Raspberry Pi, Biosens. Bioelectron.
178 (2021) 113020. https://doi.org/10.1016/j.bios.2021.113020.

M.L. Lambert, C. Suetens, A. Savey, M. Palomar, M. Hiesmayr, I. Morales, A. Agodi, U. Frank, K. Mertens,
M. Schumacher, M. Wolkewitz, Clinical outcomes of health-care-associated infections and antimicrobial
resistance in patients admitted to European intensive-care units: A cohort study, Lancet Infect. Dis. 11
(2011) 30-38. https://doi.org/10.1016/S1473-3099(10)70258-9.

X. Liu, X. Chen, S. Yin, Y. Liu, W. Shi, F. Wang, C. Li, Dual-modal detection of antimicrobial susceptibility
in pathogenic bacteria based on the high-throughput microfluidic platform, Chem. Eng. J. 499 (2024)
156506. https://doi.org/10.1016/j.cej.2024.156506.

S.A. Fatah, KM. Omer, Aptamer-Modified MOFs (Aptamer@MOF) for Efficient Detection of Bacterial
Pathogens: A Review, ACS Appl. Mater. Interfaces (2025). https://doi.org/10.1021/acsami.4c21944.

Y. Lu, Z. Huang, Y. Dong, D. Yu, F. Jiang, Y. Han, Y. Chen, Magnetic Fe304@MOF@aptamer-mediated
entropy-driven fluorescence biosensor for multiplexed and DNA extraction- and amplification-free
detection of pathogenic bacteria, Chem. Eng. J. 499 (2024) 155978. https://doi.org/10.1016/j.cej.2024.155978.
H. Sohrabi, M.R. Majidi, F. Nami, K. Asadpour-Zeynali, A. Khataee, A. Mokhtarzadeh, A novel engineered

38



1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532

o o 7
micromachines mI\D\Py
F

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

label-free Zn-based MOF/CMC/AuNPs electrochemical genosensor for highly sensitive determination of
Haemophilus Influenzae in human plasma samples, Microchim. Acta 188 (2021).
https://doi.org/10.1007/s00604-021-04757-6.

A. Mohandas, S. Deepthi, R. Biswas, R. Jayakumar, Chitosan based metallic nanocomposite scaffolds as
antimicrobial wound dressings, Bioact. Mater. 3 (2018) 267-277.
https://doi.org/10.1016/j.bioactmat.2017.11.003.

K. Huang, W. Liu, W. Wei, Y. Zhao, P. Zhuang, X. Wang, Y. Wang, Y. Hu, H. Dai, Photothermal Hydrogel
Encapsulating Intelligently Bacteria-Capturing Bio-MOF for Infectious Wound Healing, ACS Nano 16
(2022) 19491-19508. https://doi.org/10.1021/acsnano.2c09593.

P. Aryal, C. Hefner, B. Martinez, C.S. Henry, Microfluidics in environmental analysis: advancements,
challenges, and future prospects for rapid and efficient monitoring, Lab Chip 24 (2024) 1175-1206.
https://doi.org/10.1039/d31c00871a.

M. Mao, S. Liu, X. Zhong, Y. Lin, C. Lin, G. Hu, K. Liang, C. Huang, Z. Lin, Raising enzymatic stability
during biocatalysis with hierarchically hollow two-dimensional MOF nanocapsules, Cell Reports Phys. Sci.
5 (2024) 102285. https://doi.org/10.1016/j.xcrp.2024.102285.

M. Faustini, J. Kim, G.Y. Jeong, ].Y. Kim, H.R. Moon, W.S. Ahn, D.P. Kim, Microfluidic approach toward
continuous and ultrafast synthesis of metal-organic framework crystals and hetero structures in confined
microdroplets, J. Am. Chem. Soc. 135 (2013) 14619-14626. https://doi.org/10.1021/ja4039642.

D. Li, A. Yadav, H. Zhou, K. Roy, P. Thanasekaran, C. Lee, Advances and Applications of Metal-Organic
Frameworks (MOFs) in Emerging Technologies: A Comprehensive Review, Glob. Challenges 8 (2024) 1-
32. https://doi.org/10.1002/gch2.202300244.

H. Li, M. Yan, W. Zhao, Designing a MOEF-based slippery lubricant-infused porous surface with dual
functional  anti-fouling  strategy, J. Colloid Interface Sci. 607  (2022)  1424-1435.
https://doi.org/10.1016/j.jcis.2021.09.052.

L. Ye, F. Chen, J. Liu, A. Gao, G. Kircher, W. Liu, M. Kappl, S. Wegner, H.]. Butt, W. Steffen, Responsive
Ionogel Surface with Renewable Antibiofouling Properties, Macromol. Rapid Commun. 40 (2019) 1-6.
https://doi.org/10.1002/marc.201900395.

P. Wu, Y. Zhao, X. Zhang, Y. Fan, S. Zhang, W. Zhang, F. Huo, Opportunities and Challenges of Metal-
Organic Framework Micro/Nano Reactors for Cascade Reactions, JACS Au 3 (2023) 2413-2435.
https://doi.org/10.1021/jacsau.3c00344.

J.O. Kim, W.T. Koo, H. Kim, C. Park, T. Lee, C.A. Hutomo, S.Q. Choi, D.S. Kim, I.D. Kim, S. Park, Large-
area synthesis of nanoscopic catalyst-decorated conductive MOF film using microfluidic-based solution
shearing, Nat. Commun. 12 (2021) 1-8. https://doi.org/10.1038/s41467-021-24571-1.

A M. Wright, M.T. Kapelewski, S. Marx, O.K. Farha, W. Morris, Transitioning metal-organic frameworks
from the laboratory to market through applied research, Nat. Mater. 24 (2024) 178-187.
https://doi.org/10.1038/s41563-024-01947-4.

M. Nazari, F. Zadehahmadi, M.M. Sadiq, A.L. Sutton, H. Mahdavi, M.R. Hill, Challenges and solutions to
the scale-up of porous materials, Commun. Mater. 5 (2024) 1-9. https://doi.org/10.1038/s43246-024-00608-
y.

Y. Pan, Microfluidic Synthesis of Metal-Organic and Covalent Organic Frameworks : Techniques and
Benefits, 114 (2024) 136-142.

M. Zhou, W. Zou, X. Zhu, H. Ma, P. Wang, ]J. Shang, P. Luo, In situ growth of UIO-66-NH2 on thermally
stabilized electrospun polyacrylonitrile nanofibers for visible-light driven Cr (VI) photocatalytic reduction,
J. Solid State Chem. 307 (2022). https://doi.org/10.1016/j.jssc.2021.122836.

M. Salehipour, S. Rezaei, M. Rezaei, M. Yazdani, M. Mogharabi-Manzari, Opportunities and Challenges in
Biomedical Applications of Metal-Organic Frameworks, J. Inorg. Organomet. Polym. Mater. 31 (2021)
4443-4462. https://doi.org/10.1007/s10904-021-02118-7.

A. Zafar, C. Takeda, A. Manzoor, D. Tanaka, M. Kobayashi, Y. Wadayama, D. Nakane, A. Majeed, M.A.
Igbal, T. Akitsu, Towards Industrially Important Applications of Enhanced Organic Reactions by
Microfluidic Systems, Molecules 29 (2024). https://doi.org/10.3390/molecules29020398.

V. Chernikova, O. Shekhah, M. Eddaoudi, Advanced Fabrication Method for the Preparation of MOF Thin
Films: Liquid-Phase Epitaxy Approach Meets Spin Coating Method, ACS Appl. Mater. Interfaces 8 (2016)
20459-20464. https://doi.org/10.1021/acsami.6b04701.

X. Zhu, Y. Li, N. Gu, Application of Artificial Intelligence in the Exploration and Optimization of
Biomedical Nanomaterials, Nano Biomed. Eng. 15 (2023) 342-353.

39



1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587

o o 7
micromachines mI\D\Py
F

[137]

[138]

[139]

[140]

[141]

[142]
[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

https://doi.org/10.26599/NBE.2023.9290035.

A. Kouhkord, F. Hassani, M. Amirmahani, A. Golshani, N. Naserifar, F.S. Moghanlou, A.T. Beris,
Controllable Microfluidic System through Intelligent Framework: Data-Driven Modeling, Machine
Learning Energy Analysis, Comparative Multiobjective Optimization, and Experimental Study, Ind. Eng.
Chem. Res. 63 (2024) 13326-13344. https://doi.org/10.1021/acs.iecr.4c00456.

N. Serov, V. Vinogradov, Artificial intelligence to bring nanomedicine to life, Adv. Drug Deliv. Rev. 184
(2022) 114194. https://doi.org/10.1016/j.addr.2022.114194.

Z. Zhou, M. Vazquez-Gonzalez, I. Willner, Stimuli-responsive metal-organic framework nanoparticles for
controlled drug delivery and medical applications, Chem. Soc. Rev. 50 (2021) 4541-4563.
https://doi.org/10.1039/d0cs01030h.

Q. Guan, Y. Fang, X. Wu, R. Ou, X. Zhang, H. Xie, M. Tang, G. Zeng, Stimuli responsive metal organic
framework materials towards advanced smart application, Mater. Today 64 (2023) 138-164.
https://doi.org/10.1016/j.mattod.2023.02.013.

H. Liuy, F. Xing, P. Yu, S. Shakya, K. Peng, M. Liu, Z. Xiang, U. Ritz, Integrated design and application of
stimuli-responsive metal-organic frameworks in biomedicine: current status and future perspectives, J.
Mater. Chem. B 12 (2024) 8235-8266. https://doi.org/10.1039/d4tb00768a.

T. Wasilewski, W. Kamysz, J. Gebicki, Al-Assisted Detection of Biomarkers by Sensors and Biosensors for
Early Diagnosis and Monitoring, Biosensors 14 (2024). https://doi.org/10.3390/bios14070356.

D. Rodoplu Solovchuk, Advances in Al-assisted biochip technology for biomedicine, Biomed.
Pharmacother. 177 (2024) 116997. https://doi.org/10.1016/j.biopha.2024.116997.

J. Chen, L. Fu, R. Xiang, S. Luo, X. Huang, H. Yu, L. Sun, Artificial Intelligence-assisted Microfluidic Bio-
imaging - From Sensors to Applications: A Review, IEEE Sens. J. 25 (2024) 2056-2072.
https://doi.org/10.1109/JSEN.2024.3507081.

X. Lu, P. Liu, K. Bisetty, Y. Cai, X. Duan, Y. Wen, Y. Zhu, L. Rao, Q. Xu, J. Xu, An emerging machine
learning strategy for electrochemical sensor and supercapacitor using carbonized metal-organic
framework, J. Electroanal. Chem. 920 (2022) 116634. https://doi.org/10.1016/j.jelechem.2022.116634.

S.S. Arya, S.B. Dias, H.F. Jelinek, L.J. Hadjileontiadis, A.M. Pappa, The convergence of traditional and
digital biomarkers through Al-assisted biosensing: A new era in translational diagnostics?, Biosens.
Bioelectron. 235 (2023) 115387. https://doi.org/10.1016/j.bios.2023.115387.

M.S. Khan, M.Y. Alshahrani, S. Wahab, G. Gupta, P. Kesharwani, Evolution of artificial intelligence as a
modern technology in advanced cancer therapy, J. Drug Deliv. Sci. Technol. 98 (2024) 105892.
https://doi.org/10.1016/j.jddst.2024.105892.

L.L. Lin, R. Alvarez-Puebla, L.M. Liz-Marzan, M. Trau, ]. Wang, L. Fabris, X. Wang, G. Liu, S. Xu, X.X. Han,
L. Yang, A. Shen, S. Yang, Y. Xu, C. Li, ]. Huang, S.C. Liu, J.A. Huang, I. Srivastava, M. Li, L. Tian, L.B.T.
Nguyen, X. Bi, D. Cialla-May, P. Matousek, N. Stone, R.P. Carney, W. Ji, W. Song, Z. Chen, LY. Phang, M.
Henriksen-Lacey, H. Chen, Z. Wu, H. Guo, H. Ma, G. Ustinov, S. Luo, S. Mosca, B. Gardner, Y.T. Long, J.
Popp, B. Ren, S. Nie, B. Zhao, X.Y. Ling, J. Ye, Surface-Enhanced Raman Spectroscopy for Biomedical
Applications: Recent Advances and Future Challenges, ACS Appl. Mater. Interfaces (2025).
https://doi.org/10.1021/acsami.4c17502.

J. Liu, H. Du, L. Huang, W. Xie, K. Liu, X. Zhang, S. Chen, Y. Zhang, D. Li, H. Pan, Al-Powered
Microfluidics: Shaping the Future of Phenotypic Drug Discovery, ACS Appl. Mater. Interfaces 16 (2024)
38832-38851. https://doi.org/10.1021/acsami.4c07665.

Z.Han, Y. Yang, J. Rushlow, J. Huo, Z. Liu, Y.C. Hsu, R. Yin, M. Wang, R. Liang, K.Y. Wang, H.C. Zhou,
Development of the design and synthesis of metal-organic frameworks (MOFs) - from large scale attempts,
functional oriented modifications, to artificial intelligence (AI) predictions, Chem. Soc. Rev. (2024) 367-395.
https://doi.org/10.1039/d4cs00432a.

Y. Zhao, Y. Zhao, ]. Wang, Z. Wang, Artificial Intelligence Meets Laboratory Automation in Discovery and
Synthesis of Metal-Organic Frameworks: A Review, Ind. Eng. Chem. Res. (2025).
https://doi.org/10.1021/acs.iecr.4c04636.

N. Rabiee, Artificial intelligence assisted with designing metal-organic frameworks (MOFs), Clin. Transl.
Discov. 3 (2023). https://doi.org/10.1002/ctd2.207.

Q. Ouyang, Y.Rong, G. Xia, Q. Chen, Y. Ma, Z. Liu, Integrating Humidity-Resistant and Colorimetric COF-
on-MOF Sensors with Artificial Intelligence Assisted Data Analysis for Visualization of Volatile Organic
Compounds Sensing, Adv. Sci. 2411621 (2025) 1-12. https://doi.org/10.1002/advs.202411621.

Y. Liu, P. Li, R. Cui, C. Qin, L. Wu, X. Zhang, B. Li, J. Ping, Y. Wang, J. Pan, Y. Ying, D. Li, D. Shi, L. Xu,

40



1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601

1602

o o 7
micromachines mI\D\Py
F

[155]

[156]

[157]

[158]

Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs)-based prototyping of
integrated sensing devices for robust analysis, TrAC - Trends Anal. Chem. 174 (2024) 117678.
https://doi.org/10.1016/j.trac.2024.117678.

Y. Liu, N. Ma, N. Gao, G. Ling, P. Zhang, Metal-organic framework-based injectable in situ gel for multi-
responsive  insulin  delivery, J. Drug Deliv. = Sci. Technol. 75 (2022) 103604.
https://doi.org/10.1016/j.jddst.2022.103604.

Y.A. Jodat, M.G. Kang, K. Kiaee, G.J. Kim, A.F.H. Martinez, A. Rosenkranz, H. Bae, S.R. Shin, Human-
Derived Organ-on-a-Chip for Personalized Drug Development, Curr. Pharm. Des. 24 (2019) 5471-5486.
https://doi.org/10.2174/1381612825666190308150055.

D.R. Reyes, H. Van Heeren, S. Guha, L. Herbertson, A.P. Tzannis, J. Ducree, H. Bissig, H. Becker,
Accelerating innovation and commercialization through standardization of microfluidic-based medical
devices, Lab Chip 21 (2021) 9-21. https://doi.org/10.1039/d01c00963f.

Z. Xie, J. Hou, Industrialising Metal-Organic Frameworks—Bridging Laboratory Innovation and Future
Applications, Ind. Eng. Chem. Res. (2025). https://doi.org/10.1021/acs.iecr.5¢00579.

41



