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Porous materials applied to biomarkers sensing in exhaled breath for 
monitoring and detecting non-invasive pathologies  

Laurie André,* Nicolas Desbois, Claude P. Gros* and Stéphane Brandès 

The quantification of specific gases among thousand of VOCs (Volatile Organic Compounds) present in the human breath at the ppm/ppb level 

can be used to evidence the presence of diseases in the human body. The detection of these biomarkers in human exhaled breath through a 

noninvasive approach is an important field of research which is still attracting important attention to this day. A portable device working at 

room temperature and usable directly on exhaled breath samples is still a challenge requiring a sensing material with high performances. The 

rich composition of the human breath implies that the sensing material must be highly selective and sensitive (ppm/ppb) in high relative 

humidity (RH) conditions and preferably at room temperature. The present work intends to provide a review on recent works in this application 

field through the use of porous materials and discuss the interest of Metal Organic Frameworks (MOFs) for such application. MOFs are highly 

porous crystalline materials often used for gas detection and capture, thus raising the question of their potential for detection in exhaled 

breath.

Introduction 

A number of pathologies can be detected through the capture 

and quantification of biomarkers (e.g. acetone,1-3 ammonia,4, 5 

nitrites,6, 7 hydrogen sulphide,8-11 …) in human exhaled 

breath.12-18 Biomarkers can be identified after an imbalance in 

the chemical composition of the blood or breath, and appears 

as a result of organs dysfunction or diseases present in the 

human body. Their early detection can be used to reveal an 

anomaly in the early stages of the disease, and can help 

monitoring a treatment’s progress. For instance, kidney or liver 

disorders can be detected through an abnormal amount of 

ammonia released in the blood which diffuses into the breath, 

and early detection can help for an on-time transplant, in case 

of renal insufficiency, with then higher rates of success. The 

presence of ammonia in a healthy human breath ranges from 

500 ppb to 2100 ppb, while the amount measured in unhealthy 

patient from renal disease ranges from 0.82 to 14.7 ppm.4, 5 

Another example is the detection of elevated levels of acetone 

in breath which can be a hint to high glucose levels in the blood 

related to diabetes due to a disturbance in the amount of 

insulin. Indeed, the acetone concentration in the exhaled 

breath of diabetic patients is generally higher than 1.8 ppm, 

while the concentration of acetone gas in exhaled breath of 

healthy individuals is less than 0.9 ppm.1-3 Early detection of 

cancer is also of primary interest and exhaled breath analysis 

has been recently considered as a way of detection.19-23 Recent 

researches multiply careful studies of variations in exhaled 

breath VOCs compositions in order to identify biomarkers which 

could testify for the development of lung cancer,24-31  breast 

cancer,32 head and neck cancer (HNC)33 or gastric cancer.34 A 

portable biomarker sensor, requiring only sample exhaled 

breath from patients, and with a rapid response, is a very 

attractive option to add at the disposal of practitioners to help 

them and their patients to fight against a set of diseases. The 

study and development of gas sensors over the years has 

highlighted the potential of organic, inorganic and hybrid35 

materials for this application. However, despite the years of 

research which have led to highly specific and accurate gas 

analysis methods and sensors, work is still on-going for the 

development of a convenient, non-invasive, affordable and easy 

to carry exhaled breath sensors for the detection of 

pathologies.13 Furthermore, for on-site and direct analysis, it 

would be interesting to have access to gas sensors compatible 

with the as-obtained exhaled breath samples, which means a 

high sensitivity and selectivity at low temperature (20-37°C) and 

high relative humidity (RH), together with a short response time 

and recovery time for on-site diagnosis. Porous materials are 

often studied for gas sensing applications and are thus of great 

interest for gas biomarkers in exhaled breath. Among them, 

Metal Organic Frameworks (MOFs) have attracted considerable 

attention for their very high porosity and unique tunable 

structures. In fact, MOFs have been abundantly studied for 

protection against chemical warfare agents and for the capture 

and removal of toxic chemicals in air.36-40 The capture of 

chemicals such as NH3, H2S and NOx using MOFs is promising for 

application in the detection of biomarkers in exhaled breath. 

The properties of MOFs combined with efficient gas sensing 

devices could provide an interesting approach to the adaptation 

of gas sensors to the need of a portable breath analyser in the 

medical field. As many uses for MOFs have been developed in 

recent years, the present article aims to present recent works 

based on porous materials and to discuss the potential of MOFs 

concerning their potential applications as gas sensors for 

biomarkers and disease detection based on the latest 

advancements.  

 

Introduction to sensing methods 



 

Several approaches are being considered for the analysis of 

breath samples such as GC/MS (Gas Chromatography and Mass 

Spectrometry), SIFT-MS (Selected-Ion Flow-Tube Mass 

Spectrometry), PTR-MS (Proton Transfer Reaction Mass 

Spectrometry), resistance response and optic response 

variations. As a result, many different sensor types are being 

developed for VOCs analysis (Fig. 1).41 Gas chromatography is 

the most commonly used and most efficient gas analysis 

method but is not compatible with a portable device for cheap 

on-site analyses.22 Indeed, gas chromatography and mass 

spectrometry methods are expensive, require equipment which 

is difficult to move around, a strong power source, and need 

experimented operators. However, these methods remain 

efficient to analyse a complex mixture of gases.  

Figure 1. Different sensor types used for volatile organic compounds 
(VOCs) analysis, reproduced with permission from [41] Copyright 
(2020) Elsevier. 

 

Within the reviewed studies, the sensitivity of the sensing 

material refers to the minimum volume concentration at which 

the analyte, the chemical species of interest, is detected. 

Selectivity is tested for a specific set of analytes among other 

interferent gases, as the human breath holds a complex gas 

composition and high humidity. In addition, the response time 

provides the time needed for the sensor to reach the required 

concentration to give a signal. Another approach is to coat 

interdigitated electrodes with the gas sensing material and 

measure variations of conductivity within the device due to its 

interaction with the adsorbed analyte.42-44 The performance of 

a gas sensor can be measured relatively to the variation in 

conductivity vs an electrical current in the sensing layer in the 

reference gas. Another way is to use a quartz microbalance 

(QCM) in combination with a sensing material.45 A quartz crystal 

microbalance is based on a piezoelectric material for which it’s 

oscillation frequency will vary upon adsorption of the analyte, 

and thus weight variation, and the determination of this 

frequency shift can then be linked directly to the sensitivity of 

the material towards the analyte. The detection of the analyte 

adsorption on sensing materials can also be observed using 

optical methods, such as fluorescence quenching of the 

material or its variation in colour or luminescence.46-48 The 

fluorescence quenching following the adsorption of the target 

gas can be used for a rapid identification, and a luminescence 

shift can be measured, indicating the adsorption of the 

expected biomarker. Some of the devices requiring a light 

source might be difficult to miniaturize. In addition, a significant 

change of colour presents the advantage of instant 

identification by the naked eye, but also presents a 

quantification issue. In the meantime, significant work has 

progressed concerning a type of sensing device, the electric 

nose (e-nose), which is a cascade combination of several 

systems. 12, 49-52 

 

Sensors based on polymers and organic materials  

In recent works, polymers have been studied for the detection 

of biomarkers and present the advantage that they do not 

require high temperature to enhance their sensitivity to the 

analyte. They are thus well suited for the fabrication of room 

temperature gas sensors.51 For example, polymers such as 

polyvinylpyrrolidone) (PVP),53 or acid-doped polypyrrole 

coating on filter paper54 were investigated for the detection of 

ammonia. Another example is 2,4-dinitrophenylhydrazine 

(DNPH) deposited on the micropillars of a microreactor chip 

that was used as a sensor for traces of carbonyl compounds 

including ketones in breath.55 The fabrication of an organic-

based acetone sensor working at room temperature was also 

considered by using poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-

(4,4’-(N-(4-sec-butylphenyl)diphenylamine)] (TFB), but the 

material was also sensitive to the presence of ammonia.56 

Recently, a biomass hydrogel based on poly-L-glutamic acid and 

L-glutamic acid (PGA/GA) was synthesized and demonstrated 

good performances for the detection of ammonia (0.5 ppm) at 

room temperature under high relative humidity (80 %).57 

 

Sensors based on metal oxides 

Semiconductor Metal Oxides (MOs) have interesting physical 

and chemical properties that are size dependent.35, 58-60 MOs 

with nanometric dimensions (1–100 nm) present remarkable 

electrical and chemical properties, high specific surface area 

and high surface to volume ratio which is greatly desired for a 

wide range of applications specially for VOCs gas sensors.60 As 

the analyte gas comes into contact and reacts with the metal 

oxide surface thanks to a redox process, the resistance of the 

sensor is modified. Metal oxide-based sensors show higher 

conductivity at higher temperatures, as it promotes the 

reaction between the gas and the surface of the material. These 

materials present great sensitivity and allow the precise 

detection on the ppm and ppb level, but require a high 

temperature (200-400 °C). However, challenges remain to be 

overcome for the development of highly performant chemi-

resistive sensors.59 Pure metal oxides and doped metal oxides 

were studied for the specific detection of biomarkers in exhaled 

breath. For example, the performances of WO3 and Si-doped 



 

  

WO3 detector films, made from nanoparticles synthesized in gas 

phase and directly deposited on interdigitated electrodes, were 

studied for the detection of acetone in synthetic samples 

representing healthy and diabetes diagnosed patients’ breath.61 

A micro analytical device for the detection of lung cancer 

biomarkers (toluene, o-xylene, propanol and cyclohexane) 

based on a Al-Si metal oxide was developed.29 The experiments 

were done at room temperature (25 °C), measuring the 

influence of the high concentration of interfering gases such as 

water vapor (100 % RH) and CO2 (40 000 ppm). Another 

example in recent studies is the comparison of the H2S sensing 

performances (at ppb level, 200 °C) of Fe2O3 nanomaterials 

derived from Prussian blue.10 The experiments reveal that 

material as nanospheres present the best sensing 

performances, before nanocubes, and lastly nanoflower shaped 

particles. The enhancement of flower-like porous SnO2 material 

for acetone sensing was achieved using the high surface activity 

of added Pt nanoparticles.62 The material was able to show a 

sensing response at 153 °C for 100 ppm to 50 ppb. More 

complex systems including heterojunctions are also attracting 

attention for breath analysis application.42, 63-66 As an example, 

Marigold flower-like V2O5/CuWO4 heterojunctions were 

recently studied for the detection of ammonia in exhaled 

breath.42 As another example, the α-Fe2O3–SnO2 

heterostructure consisting of Fe2O3 nanorods dispersed in 

nanosheet arrays displayed good acetone sensing properties 

(high sensitivity, reproducibility, and selectivity).67 The sensing 

performances of the material were tested for 5 ppm at 340 °C 

under varying percentage of RH (20, 40, 60, 80, and 90 %). 

Further improvement based on ZnSnO3/α-Fe2O3 material, in the 

form of urchin-like hierarchical hollow microspheres, was 

achieved for the detection of acetone at 200 °C.68  

 

Organic-inorganic hybrid materials  

The synthesis of hybrid materials is a way to address the many 

challenges posed by the conditions required to detect specific 

biomarkers in exhaled breath, by making the most of organic 

and inorganic sensing materials. 35, 69  As an example, polyaniline 

(PANI) based hybrids combined with metal oxides (TiO2,51, 70 

SnO2,71 In2O3,72 ZnO,73 CeO2
74) are being studied for the 

detection of ammonia at room temperature. An array of 11 

different polyaniline-based sensors were studied for the 

detection of ammonia for the identification of kidney failure.51 

The polyaniline was combined with either chitosan, TiO2 or 

multi-wall carbon nanotubes (CNTs), and polyaniline was doped 

with 4-dodecylbenzenesulfonic acid (DBSA), to make a 

nanocomposite sensing layer deposited on chrome/gold 

interdigitated electrodes. Recently, Diouf et al.7 have developed 

a gas sensor based on ion imprinted polymer and gold 

nanomaterials demonstrating a good selectivity for nitrite ions, 

against nitrate, acetate and ammonium nitrate, for application 

in exhaled breath condensate. Selective chemical sensors 

working at room temperature could also be achieved with 

highly porous SnO2−graphene oxide nanoheterojunctions 

layouts.75 Varying the amount of graphene oxide in the SnO2 

nanoparticles network was shown to change the selectivity of 

the material. For instance, the selectivity was enhanced 

towards ethanol with low graphene oxide amounts, while the 

presence of high amounts of graphene oxide hindered the 

detection of ethanol instead, and raised the selectivity towards 

ethylbenzene. 

Porous materials for biomarkers sensing in 
exhaled breath 

Further improvement of gas sensors can be reached using 

porous structures to increase the selectivity and adsorption 

capacity of gas sensing materials. For instance, hemitubes 

network made from Pt-functionalized WO3 were synthesized 

and studied for the detection of acetone in exhaled breath.76 

Hemitubes networks were prepared by WO3 sputtering on 

polymer nanofibers as sacrificial template, allowing to control 

the tubes wall thickness through the sputtering time. The 

surface of the obtained material was then decorated with Pt 

nanoparticles. The Pt-functionalized WO3 hemitubes showed 

enhanced sensing performance towards acetone, while the 

monitored response to H2S, toluene and ethanol was negligible. 

Pt-decorated porous SnO2 nanotubes were also synthesized and 

studied for the detection of acetone in simulated diabetes 

breath.77 The combination of electrospinning using polystyrene 

(PS) colloid as sacrificial template permitted access to a bimodal 

pore distribution in the material, with the thin-wall of the 

nanotubes presenting both mesopores and macropores, 

facilitating the gas diffusion into the sensing layer. The 

resistivity of the sensing layer was measured in healthy patient’s 

exhaled breath and in simulated diabetic breath containing 

several interfering gases (hydrogen sulphide, toluene, nitrogen 

monoxide, ammonia, carbon monoxide, methane, hydrogen 

and pentane). An heterostructure made of p-type Co3O4 

sensitized n-type SnO2 porous nanospheres also showed high 

selectivity and sensitivity towards acetone.78 In their study, 

Zhang et al.79 focused on the adaptation of Co3O4 based acetone 

sensors for lower temperature application, using hollow carbon 

spheres combined with Co3O4 nanowires to form a mesoporous 

gas sensor material (Co3O4 NWs-HCSs). 

 

MOF-derived metal oxide-based sensors 

In recent studies, MOFs have been used as templates for the 

synthesis of efficient porous metal oxide-based gas sensors. The 

Hollow SnO2 nanotubes have been combined with a PdO-ZnO 

composite for the detection of acetone,80 using the well-known 

MOF ZIF-8, belonging to the zeolite imidazole framework family, 

for the catalyst loading on SnO2 nanotubes. ZIF-8 was first 

loaded with Pd nanoparticles before being used as a template 

for the deposition of PdO@ZnO catalyst onto the nanotubes 

surface by electrospinning. Pt nanoparticles were also 

deposited on highly dispersed MOF-derived microporous ZnO 

and studied for the detection of H2S.81 With a 1 wt% Pt 



 

nanoparticles loading in Pt@ZIF-8, the MOF-derived Pt/ZnO 

sensor presented a good response towards 1 ppm H2S in air, 

with good selectivity and stability. The combination of cobalt-

doped ZnO particles derived from ZIF MOF is currently raising 

interest as it demonstrated promising performances for the 

detection of diabetes biomarker. Optimized Zn/Co mixed oxide 

nanoparticles, with 5 mol% Co, showed high selectivity towards 

5 ppm acetone between simulated diabetic breath and healthy 

exhaled breath samples.82 Another example is the synthesis of 

hollow nanocages made of Co3O4 and loaded with PdO 

nanoparticles by using the MOF ZIF-67 as template.83 This way 

of synthesis gives catalyst functionalized cobalt oxide with 

better response to acetone sensing (Rgas/Rair = 2.51−5 ppm) than 

Co3O4 and PdO-Co3O4 powders. Co3O4 derived from MOF ZIF-67 

was also used as a way to functionalize graphene oxide 

hydrogels with Co3O4, forming together a porous composite 

with enhanced response and selectivity to acetone. In addition, 

Co3O4 derived from Co-MOF-74 was combined with graphene 

oxide to form Co3O4/graphene heterojunction nanoscrolls (Fig. 

2) for the sensing of acetone at low concentration levels.65  

 

Figure 2. Acetone-sensing mechanism of Co3O4/GNS (graphene 

heterojunction nanoscrolls) based sensor, reproduced with 

permission from [65] Copyright (2020) Elsevier. 

 

 

 

 

 

 

 

Table 1. Recently researched MOFs for application in biomarker detection in exhaled breath.

Biomarker Pathology MOF-based material Detection limit 
or lowest 

concentration tested 

Relative 
 humidity 

Working 
Temperature 

 (°C) 

Ref. 

Acetone Diabetes ZIF-90   
UiO-66  
UiO-66*  

20 ppb 
2.79 ppm 

0.79–0.84 μg L−1 

11.3 – 97.8  % 
90 % 

Dry N2 

RT 
253 
240 

45  
106 
105 

Aldehydes Cancers ZIF-7 on stainless fiber* 
ZIF-8  
POM@ZIF-8@ZnO 
Zn(NA) (NA=nicotinic acid)  
Zn(INA) (INA=isonicotinic acid)  
Gold superparticles@ZIF-8  
SERS substrate* 

0.61–0.84 μg L−1 

25 ppm 
0.4 ppm 
10 ppm 
10 ppm 
10 ppb 

Dry N2 

Dry air 
33, 54, 75, 84, 97 % 

Dry air 
Dry air 

0, 50, 80, 100 % 

250 
RT 
RT 
RT 
RT 

RT, 50, 100 

107 

89  

92 

89 

89 

109 

Ammonia Renal failure,  
liver 
dysfunction, 
halitosis 

NDC-Y-fcu-MOF (Naphtalene-based)  
ZIF-8  
Zn(NA) (NA=nicotinic acid)   
Zn(INA) (INA = isonicotinic acid)  
L-Glu-Co, L-Glu-Ni, L-Glu-Cu 

100 ppb 
10 ppm 
10 ppm 
10 ppm 

- 

5 – 85 % 
Dry air 
Dry air 
Dry air 

Air 

RT 
RT 
RT 
RT 
RT 

44 
89 
89 
89 
95 

Hexanal Ethylbenzene 
1-propanol 

Lung cancer Modified ZIF-8@amine 1 ppb 
(Hexanal) 

In solution RT 90 

Nitrite ion Inflammation 
response 

[Tb2(TTHA)(H2O)4]·9H2O  0.732  

Lcontrol/Lsample μg−1 

In water - 
 

6 

Benzene  Smoking HITP doped Cu-HHTP-10C  
 

0.024–0.096 ppm Dry air RT 101 

Chloroform, Methanol - Pristine graphene-Cu BTC 2.82-22.6 ppm Saturated target 
gas vapour 

RT 103 

*: tested on simulated breath samples composition  

Koo et al.84 have synthesized an acetone sensor based on 

ZnO/ZnCo2O4 hollow sphere derived from a bimetallic ZIF and 

functionalized with Pd nanoparticles, using polystyrene sphere 

as sacrificial template. The ZnO/Co3O4 heterostructure was also 

recently studied with the synthesis of hollow polyhedron 

shaped particles derived from a mixture of MOFs ZIF-8 and ZIF-

67, for the sensing of acetone.85 Zhou et al.64 used a 3D inverted 

opal ZnO structure derived from ZIF-8, and modified with Pt 

nanoparticles for H2S sensing application. The obtained 

macroporous material properties were tested at 330 °C. An 



 

  

acetone sensors based on ZnO@MoS2 nanosheets core/shell 

heterojunctions derived from ZIF-8 was also recently studied.63 

ZnFe2O4/(Fe-ZnO) nanocomposites derived from Zn-based 

MOF, such as MOF-5 or Zn3[Fe(CN)6]2·xH2O) were studied so as 

to improve the acetone sensing properties of MOF derived ZnO 

nanomaterials.86 A new method was described to add Fe to ZnO 

nanocages by immersing the chosen MOF in Fe(NO3)3 aqueous 

solution before annealing treatment. The ZnFe2O4/(Fe-ZnO) 

nanocomposite sample with Fe/Zn=0.15 mole ratio presented 

the best performances for acetone sensing, in air under 15 % 

RH, against samples with Fe/Zn=0, 0.05, 0.10, 0.20, 0.25 and 

0.30 mole ratio. 

 

MOF-based sensors 

MOFs hold the advantage of very high porosity, and thereby 

were used for their efficient gas sensing applications.87 Recent 

work concerning the utilization of MOFs in the field of 

biomarker sensing in exhaled breath are emerging (Table 1). A 

study focused on the properties of MOFs composed of BTC 

(1,3,5-benzenetricarboxylic acid) linker and various metal sites, 

such as Ba(II), Cd(II), Pb(II) or Zn(II), for the sensing of 

ammonia.88 The conductivity of the dried materials was 

measured at room temperature, after the materials were 

compressed into small pellets. In the presence of NH3 vapor, the 

Cd(II)- and Pb(II)-based materials presented conductivities of 

7.6 10-11 S cm-1 and 1.7 10-10 S cm-1 respectively, and the Zn-

based MOF showed the highest response to ammonia since the 

conductivity reached 8.3 10-11 S cm-1. The detection of 

ammonia, formaldehyde and ethanol using Zn-based MOFs was 

also investigated by Reddy et al.89 At room temperature, the 

synthesized MOF based nicotinic acid showed a good response 

to ammonia at concentrations down to 10 ppm with good long-

term stability and sensitivity towards ammonia, formaldehyde 

and ethanol, with no suitability for acetone. 

 

Further work on ZIF type MOFs was pursued with the 

investigation of ZIF-8 and ZIF-90 performances for gas sensing 

applications, using a biomimetic synthesis approach.45 The 

MOFs were used as a gravimetric-type acetone sensing material 

to fashion a quart crystal microbalance (QCM) device, and ZIF-

90 demonstrated superior results compared to ZIF-8 when 

tested at room temperature (25 °C) and 35 % RH. The ZIF-90 

based sensor demonstrated good sensitivity (frequency shift of 

95 Hz for a concentration of 1 ppm acetone), with a detection 

of acetone down to 20 ppb, a good selectivity among acetone, 

formaldehyde, ethanol, ammonia, carbon dioxide, nitrogen 

monoxide, nitrogen dioxide, benzene, toluene and a rapid 

response and recovery time (12 s and 17 s respectively). ZIF-8 

was post-modified with amine groups to produce two ZIF-

8@amine MOFs presenting sensitivity to hexanal, a potential 

biomarker for lung cancer, with a detection limit as low as                 

1 ppb.90 One study explored the selectivity of ZnO@ZIF-8 

nanorods with core-shell heterostructure for gas sensing. The 

material exhibited definite selectivity towards formaldehyde 

among other VOCs such as ethanol, ammonia, acetone, toluene, 

and methanol.91 The detection of formaldehyde at room 

temperature was further enhanced using polyoxometalate 

(POM) to build a composite material together with ZnO 

nanorods coated with ZIF-8.92 The composite material, 

POM@ZIF-8@ZnO, was highly selective to formaldehyde 

against ethanol, and presented a high sensitivity (0.4 ppm) and 

both thermal and chemical stability. The influence of an 

additional metal cation to the sensing sensitivity of MOF-based 

materials was also studied. For example, Europium (Eu3+) was 

added to ZnO@MOF structures to endow the sensing material 

with luminescence properties, for the sensing of volatile 

aldehyde gases at room temperature.93 Similarly, a recent 

communication  pointed to a luminescent Europium based 

MOF, [Eu(tctb)3(H2O)], capable of capturing NH3 vapour at room 

temperature and releasing it upon heating (75°C).94 They noted 

the pressure dependency of NH3 adsorption, particularly with 

the adsorption being slower under atmospheric pressure.  

 

An interesting optical approach is to use a colour change 

induced by the adsorption of the analyte. For example, the 

recent study of L-Glutamic acid based Co(II), Ni(II), and Cu(II) 

MOFs (L-Glu-Co, L-Glu-Ni and L-Glu-Cu respectively) evidenced 

a colour response of  these MOF to NH3 vapor.95 Several metal 

complexes were studied for luminescence vapochromism-

based gas sensors. Zhang et al.96 questioned and studied the 

potential of d6, d8 or d10 metal complexes for this application. 

However, the number of such complexes which present a good 

selectivity towards a specific VOC is limited, and the 

quantification of the analyte detected is another issue. 

Nevertheless, the perspective of new materials based on such 

metal complexes remains an interesting path to be reflected 

upon. As a potential approach for the development of new 

materials, the authors propose the use of vapochromic d6, d8 or 

d10 metal complexes to build metallic coordination systems with 

infinitely extended structures. They also suggest to combine the 

desired metal complexes into open frameworks, via the doping 

or intercalation of the coordination metal anions or cations with 

discrete structures into cationic or anionic layered compounds 

of the targeted framework material as another possible 

approach. On this topic, Hu et al.97 published a detailed 

screening of luminescent MOFs for sensing application and the 

detection of explosives. In the scope of the detection of 

biomarkers using optical detection, Cd-based MOFs, namely 

([Cd3(L)(H2O)2(DMF)2].5DMF)n and ([Cd3(L)(dib)].3H2O.5DMA)n 

were studied for the detection of acetone as fluorescent 

sensors, thanks to fluorescence quenching upon analyte 

adsorption.46 For acetone contents of 0.3 vol% and 1.0 vol%, the 

MOFs fluorescence were decreased by 50 % and almost entirely 

quenched, respectively, promising an excellent potential for 

acetone detection application. Newly designed bimetallic 

MOFs, AlxFe1-x-MIL (x = 0.05, 0.1, and 0.2), were presented for 

the fluorescence detection of H2S in an aqueous system. 98 As 

the replacement of trace amounts of Al3+ by Fe3+ in MOF Al-MIL-

53-NH2 provokes a florescence quenching in the bimetallic 

MOF, it was then possible to observe an increase in the 

fluorescence following the detection of H2S.  Another example 

is the selective detection of NH3 through the use of Zn2(TCPE) 

and Mg(DHBDC) at 100°C using the ligands fluorescent 



 

properties (23 nm fluorescence shift).99 The detection was also 

tested at room temperature but the materials then showed no 

selectivity towards NH3. The detection of nitrite gas using MOFs 

photoluminescence was recently approached by Tapangpan et 

al.6 via the synthesis of a Tb-based MOF, 

[Tb2(TTHA)(H2O)4].9H2O (H6TTHA=1,3,5-triazine-2,4,6-

triaminehexaacetic acid). As the photoluminescent emission of 

the ligand can be turned off following the coordination with 

nitrite, their research demonstrated the use of this property to 

selectively identify the presence of nitrite in water. Although 

the study required large amounts of analyte (3–12 μg of nitrite) 

the colorimetric detection of nitrite was possible in the 

presence of water, and the use of a porous material might be 

promising for nitrite detection in the scope of breath analysis. 

Another MOF based on a rare-earth element was studied for the 

development of a chemical capacitive sensor thin film (Fig. 3).44 

The naphthalene-based MOF, namely (NDC-Y-fcu-MOF), 

demonstrated a good sensitivity (100 ppb) and selectivity at 

room temperature towards NH3 among other gas such as 

methane, nitrogen dioxide, hydrogen, and toluene. 

 

Figure 3. Example of MOF-based sensor with Naphthalene-

Based fcu-MOF (NDC-Y-fcu-MOF) Thin Film on IDE Substrate. 

Reprinted with permission from A. H. Assen, O. Yassine, O. 

Shekhah, M. Eddaoudi and K. N. Salama, ACS Sens, 2017, 2, 

1294-1301.44 Copyright (2020) American Chemical Society. 

 

The use of MOFs thin films combined with QCM and silicon-

based microcantilever sensors was assessed for an on-site and 

real-time detection of VOCs.100 As the weight detection sensors 

allowed to monitor the adsorption/desorption of the gases, the 

variable pore size offered by the MOFs structure led to the 

selectivity of specific analytes. The sensitivity to various gases 

(such as ethanol, acetone, toluene, n-octane, n-hexane, n-

hexanol, n-heptane, n-octanol, o-xylene, m-xylene, and p-

xylene) was tested for Cu3(btc)2 and Zn4O(bdc)3 at 60 °C. The 

two MOFs presented different responses towards the VOCs, 

among which Cu3(btc)2 could notably detect toluene at a 

concentration down to 1 ppm. Cu-based conductive MOF thin 

films were recently synthesized using a dual-ligand design 

strategy for the modulation of the material’s sensitivity and 

selectivity.101 The chemiresistive gas sensors were studied for 

the detection of toxic or explosive gases, including ammonia, at 

room temperature. The capacity of Cu-based MOFs to detect 

VOCs (acetone, ethanol, methanol, toluene) was also tested 

with Cu(bdc).xH2O, grown on interdigitated electrodes, at room 

temperature.102 The four analytes studied triggered a linear 

change of capacity which increased in function of analyte 

concentration. This linear variation was also observed for 

toluene at low concentration (125–500 ppm). The tuning of the 

sensitivity and selectivity of MOF-based chemoresistive 

biomarker sensors (methanol, ethanol, chloroform, acetone, 

acetonitrile and tetrahydrofuran) was recently studied via the 

hybridization of pristine graphene and MOFs. The studied 

nanocomposite materials were based on CuBTC, UiO-66 and 

ZIF-8. The experiments were conducted at room temperature 

and the materials showed higher selectivity towards methanol, 

and chloroform for CuBTC.103  

 

MOF-based preconcentrators 

Metal oxide-based sensors have demonstrated excellent 

performances. Nevertheless, it has been pointed out in many 

researches that their sensitivity, and sometimes selectivity, is 

dependent on the temperature. These parameters increase 

with the temperature, while a low working temperature would 

be more suitable for a portable device.43 Through the use of 

MOFs as pre-concentrators, the sensing layer could work at 

lower temperature since with higher concentration of analyte 

directed to the sensing layer, the temperature can be lowered 

along with the sensitivity, as the use of a pre-concentrator takes 

care of concentrating the desired analyte for the detection 

thanks to an adsorption process. As presented, the amazing 

high porosity of MOFs can be used as a way to capture gases 

and concentrate them onto the sensing layer. In addition, the 

adjustable pore size of MOFs, through the design of their 

structure by the choice of ligands and metal center, permits an 

enhanced selectivity towards the target analyte. Both of these 

properties lead to very efficient pre-concentrators. For 

example, micro preconcentrators were newly designed using 

MOF-5 embedded on nickel foam.104 When tested on trace level 

mixture of gases (benzene, toluene, ethylbenzene, and xylene) 

in dry N2 at room temperature, they demonstrated significantly 

higher preconcentration factors and lower pressure drops than 

commercial adsorbents, and a low desorption temperature (150 

°C). Yu et al.105 have investigated the use of MOFs as pre-

concentrators, combined with gas chromatography. Three 

MOFs, ZIF-7, UiO-66 and MOF-5 were studied for the sorption 

of acetone and isopropanol in the exhaled breath of diabetics 

before analysis by gas chromatography, amongst which UiO-66 

was found to be the most appropriate sorbent for the 

application with a surface area of 708 m2 g-1. The MOFs were 

each packed in a quartz tube, plugged with copper wire mesh 

and glass wool, and aged for 1 h at 300 °C under N2 before 

sorption measurements. The samples used for the tests were 

collected in suitable bags from diabetic patients and healthy 

volunteers. The durability of UiO-66 was determined over 120 

adsorption cycles of the analyte and showed no significant loss 

in adsorption capacity. In order to achieve the best efficiency, 

the best flow rate was estimated and set at 0.4 L min-1, the 



 

  

desorption time was optimized at 5 min, and the best 

desorption temperature was 240 °C for UiO-66, 280 °C and 260 

°C for ZIF-7 and MOF-5 respectively. UiO-66 was again studied 

more recently as a pre-concentrator for acetone gas sensors 

coupled with coupled with a rapid cataluminescence (CTL) 

sensor.106 The use of UiO-66 allowed for an enhanced CTL 

emission, and the whole system presented a detection limit of 

acetone down to 2.79 ppm with good selectivity. The optimal 

detection temperature was estimated at 253 °C and the best 

flow rate at 200 mL min-1 for the carrier gas and 400 mL min-1 

for the sampling flow rate.  Stainless steel fibre coated with ZIF-

7 using a sol-gel solution was studied for the extraction of 

aldehydes in exhaled breath sampled from lung cancer patients 

for post-analysis by gas chromatography.107 The synthesized 

material was tested with a desorption temperature of 250 °C 

with breath samples from lung cancer patients and from healthy 

volunteers. The experimental parameters were optimized, with 

a desorption time set for 2 min, and the extraction time and 

temperature were set at 15 min and 50 °C respectively. The ZIF-

7 coated fibre exhibited good sensitivity on real samples and 

high recovery, and, with a small decrease, the material 

demonstrated a good durability over 150 cycles.  

Surface-enhanced Raman scattering (SERS) is an analysis 

technique which present the advantage of allowing the 

detection of trace or even single molecule. Using MOF as a 

supporting net for VOCs is a novel approach to enhance the 

quantitative detection of biomarkers using SERS. In a similar 

approach to concentrate the analyte pre-analysis, MIL-100(Fe) 

was used as SERS-active substrate for high sensitivity detection 

of toluene, with a detection limit of 2.5 ppm.108 The detection 

limit dropped down to 0.48 ppb when the MIL-100(Fe) was 

combined with a gold nanoparticle film. In addition, the MOF 

helped distinguish different kind of VOCs and was successfully 

used for the sensitive detection of lung cancer biomarkers (e.g. 

4-ethylbenzaldehyde, acetone, isopropanol). The SERS-active 

MIL-100(Fe) platform also presented the advantage to offer the 

possibility to be modified through metal doping to form 

different active sites to target a higher diversity of VOCs. For 

similar application, gold superparticles (GSPs) were coated with 

ZIF-8.109 As the MOF serves as preconcentrator, gaseous 

aldehydes react with 4-aminothiophenol pre-grafted on GSPs 

and are detected within a detection limit of 10 ppb. The 

GSPs@ZIF-8 also present the very interesting capability to 

selectively detect trace cancer biomarkers in gas mixtures.  

Conclusion 

The present frontier review aimed to offer an overview of the 

recent interest of porous materials like MOFs in regard to their 

application for gas sensing applied to the analysis of exhaled 

breath for non-invasive methods of diseases identification. The 

adsorption/desorption and quantification of biomarkers 

through efficient and highly selective gas sensors has been 

actively studied over the past decade and is still an active field 

of research. Understandably, the development of a non-

invasive and non-binding method to test patients for diseases 

using a portable device is a very attractive idea. However, the 

challenges to overcome in order to develop such sensors are not 

among the least ones. The device should be easy to distribute, 

portable, and work on real, on-site, conditions. For example, in 

a practitioner’s office, or at a patient’s residence (e.g. for 

diabetics). Furthermore, the selectivity of the sensing material 

must be high as exhaled breath samples contain very high 

humidity and numerous interfering compounds. It should also 

be highly sensitive and selective to detect the biomarker of 

interest among the rich composition of the human breath. 

MOFs and porous materials give rise to a growing interest in this 

field as their nanostructure allows a pre-selectivity and 

preconcentration of the target gases. Combined with SERS 

technique, MOF can be used as active substrates to capture and 

enhance the Raman signal of targeted biomarkers. This novel 

approach is promising for precise detection of biomarkers in 

exhaled breath. MOFs are being considered as efficient 

preconcentrators but they are also interesting as template and 

as starting material for the synthesis of metal-oxide based 

efficient sensors. As for MOFs based sensors for biomarkers 

detection in breath, recent studies are still emerging, proposing 

innovative approaches such as MOF ligand post-modification or 

through the synthesis of MOF-based nanocomposites.  
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