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Abstract 

Health care monitoring is an enormous field of research that has great potential to  solve many 

problems in human life. In recent years, non-invasive health monitoring has become a prerequisite 

for early diagnosis of various diseases such as lung cancer, oxidative stress, diabetes, to enable the 

prompt treatment and screening of crucial chemicals. Although analyzing of exhaled breath has 

been correlated with advanced analytical techniques such as gas chromatography and infrared 

spectroscopy, breath analyzing biosensing systems offer a cost-effective, sensitive platform for a 

straightforward analysis. However, current non-invasive sensing strategies have been lacking in 

practicality in terms of the design and usage, on-site ability and accessibility. This review will 

critically discuss current commercialized breath analyzers, the recent achievements for the use of 

the detection towards chemical and biological substances from exhaled breath as non-invasive 

sensing systems including challenges/drawbacks by addressing the practical applications and 

concerns in the field. The different fabrication strategies, methodology of detection techniques 

involved in the development of the breath analyzing systems will be overviewed and discussed 

along with the future opportunities for possible point of care applications with smartphone 

integration in this review. The scientific and technological challenges in the field are discussed in 

the conclusion. 

Keywords: Breath analysis, Biomarkers, On-site detection, Non-invasive diagnostics, Point-of-

Care (POC) sensor, Smartphone technology 
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1. Introduction 

1.1. Breath composition and applicable exhaled breath markers 

Exhaled breath has received much attention in the past decade as a detection medium, containing many 

types of molecules for quantitative analysis. These components are generally classified as inorganic 

compounds (oxygen, carbon dioxide, etc.), non-volatile compounds (hydrogen peroxide, cytokines, etc.) 

and volatile organic compounds (VOCs) (ethane, isopropane, acetone, etc.), summarized in Table 1 [1] . 

Among the breath components, acetone and isoprene has the highest concentrations, therefore, they are 

highly used as important biomarkers in breath analysis for  diagnostic purposes [2]. The presence of markers 

with certain concentrations in breath is very important for the early diagnosis and treatment of some diseases 

such as cancer, diabetes, chronic kidney failure [3]. Breath components vary in quality and quantity from 

person to person, depending on various factors such as smoking, environmental (temperature, humidity 

etc.) or biological factors [4, 5]. Many biomarkers in breath have been tested in clinical trials. These 

biomarkers play a role in identifying many types of cancer, respiratory diseases such as asthma and chronic 

obstructive pulmonary disease (COPD), and diabetes [6-9]. For instance, acetone, one of the most 

commonly used markers for disease identification, has the ability to trace the accumulation of acetyl-CoA 

in the Krebs cycle in the liver, serving an important role of being diabetes indicator. High concentration of 

acetone in the breath stresses the presence of Type-1 diabetes [10]. Ethanol, a product of alcoholic 

fermentation produced by excessive carbohydrate intake, is considered as another commonly detected 

marker from exhaled breath. In this particular case, alcohol oxidase or alcohol dehydrogenases are detected 

from breath to identify alcohol consumption.  Carbon dioxide (CO2), a good indicator of respiratory diseases 

such as asthma, COPD, is also a marker detectable from the exhaled breath [11].  Recently, breath analysis 

has also become important for environmental applications. The fact that biomarkers can be traced from 

exhaled breath for identifying environmental problems, such as pesticide and humidity analysis, have made 

monitoring the daily parameters more convenient [12].  
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Table 1. Physiological levels of major biomarkers in exhaled breath and their related health conditions 

Analytes 

Physiological 

levels in exhaled 

breath 

Implications Ref 

Acetone 100–250 μM 
Diabetes mellitus, 

lung cancer 
[13] 

Ammonia 0–2.0 ppm 

Mental Disorders, 

renal failure, 

oral cavity disease, 

Helicobacter pylori 

infections 

[14] 

Isoprene 20-250 ppb 

Renal disease, lung 

cancer, liver disease 

with advanced liver 

fibrosis 

[15] 

Ethanol 13–1,000 ppb 
Non-alcoholic 

steatohepatitis, obesity 
[16, 17] 

Hydrogen sulfide 8.0–16 ppb 

Asthma, airway 

inflammation, dental 

disease 

[18] 

Nitric oxide < 25 ppb Asthma [18, 19] 

Hydrogen Peroxide 0.1−1.5 μM 

Asthma, chronic 

obstructive pulmonary 

disease, lung cancer 

[20] 

Ethane 
0.5-5.0 ppb 

 

Oxidative stress, 

vitamin E deficiency, 

breast cancer, 

ulcerative colitis 

[18, 21] 

Carbon monoxide 1.0-5.0 ppm 
Cardiovascular, 

diabetes, nephritis 
[22] 

Acetaldehyde 0-140 ppb 
Alcoholism, lung 

cancer 
[23] 

Formaldehyde 0.3-0.6 ppm 
Lung cancer, breast 

cancer 
[23, 24] 

 

 

1.2. The rise of non-invasive sensors 

Non-invasive detection of biomarkers has been a topic of recent interest due to their great capability of 

comprehensive screening, pain free sampling and accessibility, compared to invasive approaches such as 

blood or tissue analysis [25]. Non-invasive screening routes comprise quantifying the biomarkers in body 

fluids such as saliva, tears, sweat, urine and breath, giving the opportunity of observing the physiological 

status of each person [11]. The use of non-invasive sensors in clinical laboratories provides safe and 

convenient alternatives as on-site analyzers that are widely preferred in many areas of health care and 

everyday life [26].  
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These sensors are especially relevant choice for real-time monitoring systems in specific cases including 

the low accessibility of the complicated sensing equipment used in medical and clinical laboratory settings, 

holding a great opportunity of the easy transition from hospital-based healthcare services to home-based 

health services, such as drug and alcohol detection, cancer and physiological biomarker identification [27]. 

Non-invasive health monitoring systems, personal health applications and integration of these sensors to 

our daily life have gained huge global popularity by providing substantial and cost-effective solution instead 

of expensive healthcare services during recent years [28-30].  

 

 

Fig. 1. A schematic representation of portable and accurate POC breath analyzers, from sample collection to results. 

 

1.3. Point-of-Care (POC) diagnostic technologies 

Point-of-care (POC) diagnostics technologies ensure practical and fast analysis, real time on-site diagnosis 

in non-laboratory conditions. There is an increasing need for easy and portable health monitoring systems 

especially for situations where diseases could not be diagnosed at hospitals. The POC testing process 

starting from different methods of sample collection and the subsequent data analysis based on different 

measurement methods are schematically shown in Fig 1. Breath sample can be collected instantly without 

a requirement of sample storage and trained professional for operation. Marker analysis could be performed 

on collected breath with electrochemical and optical methods such as fluorometric, colorimetric, 

chemiluminescence detection. POC biosensor devices provide high selectivity and sensitivity for a marker 

specific detection [31]. Researchers have focused on different strategies for the new generation non-
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invasive sensing design and production such as paper-based systems, lateral flow assays, transistors, optical 

systems combined with wearability and smartphone technology to achieve portability, rapid disease 

detection and tracking, cost-effective and convenient manufacturing.  

Various new materials have been introduced to the field to build breath analyzers for a wide range of VOC 

detection. Particularly, graphene-based materials have a greater surface area for the adsorption of gas, high 

conductivity, and oxygen functional groups providing a great platform for flexible sensor production for 

medical purposes [31].  The proper detection method plays and important role for the integration of POC, 

providing a safe, economical, fast and sensitive biomarker identification in exhaled breath. However, in 

this regard, possible drawbacks may limit the production of POCs such as operational costs. Special 

attention has been paid for the operational features such as simplicity of operating principle, high sensitivity, 

wide range of detection, biocompatibility, high accuracy, low power consumption and reasonable cost, 

affecting the production and commercialization of the sensors for non-invasive breath analysis.   Eventually, 

the patient density will be expected to reduce in the hospital by allowing the patients to follow their own 

situation continuously without any location limits or personnel to require for analyzing. Since it is 

considered as painless and quick testing method, which is suitable for children, patients with acute 

respiratory tract illness or any other disincentive disease for collecting samples [11]. Updated health 

conditions of patients could be stored in a database of medical information which could be followed by 

patients and doctors.  

Recently, POC analyzing devices have proved that they are also very significant and practical for detection 

of infectious diseases like COVID-19. To reduce the disease spread and control the epidemic, POC breath 

analyzers are needed for fast and early diagnosis of  infectious disease with correct results in an economical 

way [32].  

 

2. Detection Methods 

2.1. Optical sensors 

Optical sensors are one of the widely used sensor types, converting optical changes resulted by the 

interaction between analyte and a biorecognition substances into measurable signal in colorimetric, 

fluorescence, chemiluminescence or scattering mode [22, 33]. Ultrasensitive surface plasmon resonance 

(SPR) sensor for acetone and NO2 gas detection have been developed by using composites of various 

materials such as polyaniline, reduced graphene oxide (rGO), ZnO, Ag [34, 35]. In addition to SRPs, 

fluorescence detection-based breath analyzing systems have been also considered one of the most studied 

optical sensor types for the reactions catalyzed by the alcohol dehydrogenase (ADH) enzyme. Various 

markers such as ethanol [36], acetaldehyde [37], isopropanol [38] etc., have been detected by optical 

detection based systems combined with alcohol dehydrogenase enzyme modification depending on 
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oxidized/reduced form of nicotinamide adenine dinucleotide (NAD+/NADH). In this regard, Iitani et al. 

designed a  switchable sniff-cam system for the detection of both ethanol and acetaldehyde in exhaled 

breath after alcohol intake of healthy individuals based on an excitation light source [36].  Moreover, other 

bio-sniffers were reported combining light-emitting diodes with a bifurcated optical fiber and applied to the 

clinical studies for CO2, acetone, acetaldehyde and isopropanol, an indicator for certain illnesses such as 

lung, liver, chronic pulmonary diseases or diabetes [37-40].  

The real picture of a basic portable breath monitor components, mounting in a charging unit with a display 

is shown in Fig. 2A [41]. A fiber-optic biochemical gas sensing was developed by using reverse reaction 

of ADH measuring different concentrations of gaseous AcH for exhaled acetaldehyde demonstrated in Fig. 

2B [37]. The fabrication of a surface-enhanced electrochemiluminescence sensor combined with resonance 

energy transfer was demonstrated in Fig. 2D for sensitive carcinoembryonic antigen detection in exhaled 

breath [42]. Overall, compared to traditional methods used for breath analysis, optical sensors are 

convenient for breath analysis without any requirement of large structures such as computers, ventilators, 

pumps, vacuum valves, and large tubes. However, further improvements have to be considered to minimize 

the certain drawbacks of the optical systems. Major problem is the instability of the sensing system due to 

the dependance of environmental effects. Optical systems are often susceptible to interferences from 

external factors such as environmental effect and physical damage. Maintaining light sources and detectors 

are considered as challenging due to the requirement of complete isolation to minimize external effects 

such as daylight. Thus, in terms of the stability and feasibility, optical sensing systems fall behind the 

electrochemical detection-based sensing systems for the development of portable breath analyzers. 
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Fig. 2. Various breath analyzers based on optical detection. A. A real picture of a portable breath monitor components. 

Reproduced with permission from Ref.  [17]. B. A fiber-Optic Bio-sniffer (Biochemical Gas Sensor) using reverse 

reaction of ADH for exhaled acetaldehyde detection. High response of ALDH-mediated AcH bio-sniffer is observed 

in presence of gaseous AcH. Reproduced with permission from Ref. [37]. C. (a) The experiment set‐up for a alcohol 

fuel cell sensor; (b) The schematic of the electrochemical principle; (c) The typical response curve showing current 

vs time. Reproduced with permission from Ref. [43]. D. The fabrication steps of a surface-enhanced 

electrochemiluminescence sensor combined with resonance energy transfer for sensitive carcinoembryonic antigen 

detection in exhaled breath. Reproduced with permission from Ref. [42].  

 

2.2. Electrochemical sensors: Personalized platforms for breath analysis 

The great interest in developing new non-invasive electrochemical devices to detect markers from human 

breath has proved that new generation sensors have the potential to be good indicators for many diseases 

in clinical medicine and environmental science. Alcohol sensing systems are widely used in various real 

time heath applications including testing in essential workplaces, with the main aim of achieving 

convenience, accuracy, low-cost and fast detection. Particularly, ethanol is reported as the most commonly 

used volatile marker for breath analysis. For this purpose, commercially produced screen printed electrodes 

have been widely used with a combination of different modification techniques such as nanoparticle 

deposition or enzyme immobilization [44].  An enzymatic electrochemical sensor based on paper was 

prepared as described in Fig. 3A for ethanol detection by  dipping the paper into the solutions containing 
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alcohol oxidase and peroxidase [44]. Overall, the existing sensing platforms for alcohol sensing from 

exhaled breath is lacking of stable personalized sensing devices for on-site detection and real time 

applications. In addition to alcohol sensing, breath markers are good indicators for various disease 

diagnostics. For instance, detection of acetone from exhaled breath is correlated to the early diagnosis of 

diabetic ketoacidosis [45]. Liu et al used an oxygen-deficient perovskite-type oxide, Bi0.4Sr0.6FeO3, to 

fabricate an acetone breath analyzer from the exhalation of diabetic patients. [46]. Another study reported 

the use of MgNi2O3 nanoparticles for monitoring acetone electrochemically with high sensing 

performances at the operating temperature of 200 °C [47]. Moreover, human breath contains Nitrite ions 

(NO2
-) and nitric oxide markers indicating several inflammatory diseases including chronic obstructive 

pulmonary diseases [48]. Diouf et al prepared glutaraldehyde (GA) modified gold deposited screen printed 

electrodes to develop an ion imprinted polymeric matrix as a portable non-invasive electrochemical sensor 

[49]. Non-invasive humidity sensing is another indirect method for disease diagnostics. However, external 

factors may create certain drawbacks in humidity monitoring applications. To minimize these drawbacks, 

various new materials, such as organic molecules, metal depositions, and personalized sensing designs have 

been recently used to detect humidity change in external breath [50, 51]. Developing sensors for 

cannabinoid detection have been gained great attention as a good indicator of illicit drug tracing in human 

breath. However, only commercially available and rigid screen printed electrodes with fixed designs have 

been reported previously as breath analyzers to detect illicit drugs [52].   

Various nanoparticles have been used to modify sensors to increase the sensing performance for disease 

related markers in exhaled breath to diagnose different cancer types at early stages. In particular, screening 

of colorectal cancer has been made possible by Bhattacharyya et al, reported a detection system based on 

functionalized titania nanotubular arrays (TNAs) for the four volatile compounds related to colorectal 

cancer; cyclohexane, methylcyclohexane, 1,3-dimethyl- benzene and decanal [53]. Other nanomaterial 

combinations, such as Fe2O3@ZnO, have been tried to advance the sensing properties of breath analyzers 

[54]. Nevertheless, most of the previously reported diagnostic tools suffer from poor sensitivity and 

selectivity for the early cancer diagnostics.  In addition to cancer diagnostics, detection of pulmonary 

diseases, tuberculosis and asthma is associated with the presence of hydrogen peroxide (H2O2) in exhaled 

breath [55].  Screen printed electrochemical sensors with various nanoparticle modifications such as 

quantum dots, Ag NPs, for sensitivity adjustments have been widely used for detection of several diseases 

from breath, such as malondialdehyde (MDA), an indicator of lung, breast, cervical, stomach and skin 

cancer or Alzheimer’s disease [56-58]. Moreover, human cutaneous leishmaniasis, a tropical disease, 

requires expensive and time-consuming methods for diagnosis such as microscopic detection techniques. 

Breath analyzers are reported as a good indicator for the diagnostic of this disease based on sensing arrays 
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of ligand-capped CuNPs  [59]. Though using commercial electrodes provide sensitive breath analysis, the 

field requires personalized, accessible and cheaper solutions for on-site detection without a professional 

trainings [60]. Personalized sensor designs other than commercial electrode systems have been preferred 

by the researchers recently to achieve on-site ability and accessibility. For this purpose, rGO is a useful 

alternative to the commercial carbon electrodes for the fabrication of personalized and miniaturized sensors 

by having high resistance, high electron transfer ability and  sensitivity [61]. For instance, Liang et al 

focused on a modern and personalized breath analyzing platform, the production of printed carbon nanotube 

based conductive yarns, expanding with humidity exposure and leading to high contact resistance 

[62].Another miniaturized electrochemical breath analyzer was developed by Bošković et al based on 

aluminum-and self-powering concept for humidity.  The surface characterization data of the sensor surface 

was represented in Fig. 3B showing that the surface made of Oxygen 11%, Aluminum 62% and Silicon 

27% [51]. 

A sensor based on the deposition of a thin layer of graphene and polypyrole onto a glassy carbon substrate 

was proposed to detect butylated hydroxytoluene (BHT) for the early diagnosis of Alzheimer’s disease [63]. 

Au-modified three-dimensional In2O3 based sensor was developed for acetone sensing toward diagnosis of 

diabetes [64]. Another sensor was developed based on Ce0.8Gd0.2O1.95 (GDC)  used for acetone analysis in 

breath [46]. In addition to health applications, development of breath analyzing systems for environmental 

applications is also important.  Monitoring of CO2 levels for the determination of acceptable air quality and 

improvement of energy efficiency has been highlighted by researchers in recent decade. Bhide et al 

demonstrated a proof of concept non-invasive sensor prototype with high selectivity, and a short response 

time in comparison to commercial standards for CO2 detection in exhaled human breath [65].  Regarding 

the environmental protection, it is also necessary to accurately monitor the change of trace ammonia 

concentration in exhaled breath. For ammonia detection, nanofiber films, metal organic frameworks 

(MOFs), electropolymerized poly(2,3,5,6-tetrafluoroaniline) have been developed as modifications for the 

development of smart ultrasensitive breath analyzing platforms [66-68]. Various sensing platforms towards 

breath markers based on optical and electrochemical methods are covered  in Table 2 considering the 

analytical sensing performances. 
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Table 2. Exhaled breath analysis systems for various analytes. 

 

 
Analyte Method Electrode 

Signal-read 

out 
LOD 

Linear 

Range 
Ref. 

Diabetes 

markers 

Acetone 

 

Electrochemi

cal  

Al2O3/Ce0.8Gd0.2O

1.95 plate 
Voltage output 0.3 ppm 0.3-50 ppm [46] 

Surface 

Plasmon 

Resonance  

Glass slide/Au film/ 

PANI- chitosan-

RGO 

SPR angle 0.88 ppb 
0.5 ppm- 5.0 

ppm 
[35] 

Electrochemi

cal 

YSZ plate/ K2NiF4 -

type oxides Sm2-

xSrxNiO4 

EIS 300 ppb 0.3–100 ppm [45] 

pPBI/ H3PO4 Fuel cell 8 .0 ppm 0-620 ppm [69] 

Carbon electrode/ 

Nitrocellulose 

membrane/ 

Graphene/ ZnO 

EIS 1.56 ppm 0-10 ppm [70] 

Glucose and 

acetone 

Electrochemi

cal 

Glucose: SCPE/ Co, 

Zn-doped MgNi2O3; 

Acetone: printing 

films/ MgNi2O3 

 

Glucose: CV 

Acetone: CHA 

 

0.5 ppm 

(acetone) 

 

0.02 mM 

(glucose) 

 

1.0–40 ppm 

(acetone) 

 

0.05 mM–

5.0 mM 

(glucose) 

[47] 

Isopropanol and 

Acetone 
Optical 

H-PTFE/ PMEH/ 

ADH 
Fluorescence NA 

30–5468 ppb 

(acetone) 

 

1.0–9060 ppb 

(IPA) 

 

[39] 

Inflammatory 

disease 

markers 

Nitrite 
Electrochemi

cal 

Au-SPE/2-

ATP/PVA 
CV, DPV, EIS 

4.0 

μmol/L 
0.5–50 μg/ mL [49] 

Screen printed gold 

electrode/Graphene 

oxide/Glass side 

CV, SWV 830 nM 100 - 1000 μM [61] 

Environmental 

pollutants 

Nitrogen 

dioxide 

Electrochemi

cal 

Acrylic 

layer/Copper 

electrode/WO3 

Voltage output NA 0- 80 ppm [71] 

Surface 

plasmon 

resonance 

Si substrates 

patterned with 

interdigitated 

electrodes (Ti/Au) 

Electrical 

Resistance 

1.545 

ppm 
0.5–5.0 ppm [34] 

Electrochemi

cal 

SiO2/ P3HT/PS 

films/Au/ 

Electrical 

Resistance 
NA 0 -20 ppm [72] 
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Ammonia 

Electrochemi

cal 

PET/Au/ Protein 

nanowire 

Electrical 

Resistance 
10 ppb 

10–1000000 

ppb 
[73] 

Electrochemi

cal 

PANI/ Eu3+ 
Electrical 

Resistance 
0.25 ppm 0.25–100 ppm [74] 

Carbon disk 

electrode or ITO 

plate 

electrodes/PTFANI 

films 

CV, CHA 450 ppb 1.0–90 ppm [68] 

Volatile 

organic 

compounds 

Ethanol and 

acetaldehyde 
Optical 

Cotton mesh/ 

ADH/GA 
Fluorescence NA 

0.1–1000 ppm  

(Etanol) 

0.2–10 ppm  

(acetaldehyde) 

[36] 

Acetaldehyde Optical 
H-

PTFE/PMEH/ADH 

Fluorescence 

measurement 
NA 0.02–10 ppm [37] 

Ethanol 
Electrochemi

cal 

SCPE/Chrpr 

Background 

current 

measurement 

20 ppm 0-150 ppm [75] 

SCPE/ChrPr CHA NA 50-500 ppm [76] 

GDE/Pt Current density NA % 0.005–0,2 [77] 

Paper/ PEDOT: 

PSS/ ADH/NAD+ 

Source-drain 

current 
0.0004% 0.01%- 0.2% [78] 

Pulmonary 

disease marker 
CO2 

Fiberoptic 
Ormosil/ thymol 

blue/ 
Colorimetric NA 0-6.0% [40] 

Electrochemi

cal 
IDE/EMIM [TF2N] CHA, EIS 400 ppm 400–8000 ppm [65] 

Lung cancer 

marker 
Isopropanol Optical 

H-

PTFE/PMEH/ADH 
Fluorescence 0.75 ppb 1.0- 350 ppb [38] 

Drug abuse 

marker 

Δ9-

tetrahydrocanna

binol 

Electrochemi

cal 
IDE/P2-SWCNTs 

Electrical 

response 
0.163 ng NA [52] 

Colorectal 

cancer marker 

cyclohexane, 

methylcyclohex

ane, 1,3-

dimethylbenzen

e and decanal 

Electrochemi

cal 
Ni-deposited TNA  CV NA 0.1-10 mM [79] 

Breast cancer 3-methylhexane 
Electrochemi

cal 

YSZ/core–shell 

Fe2O3@ZnO 

Electric 

potential 

0.072 

ppm 
0.8–5.0 ppm [54] 

Respiratory 

disease marker 
H2O2 

Electrochemi

cal 

NF/polyaniline film/ 

CuNPs 
CV 

0.0026 

nM 
0.01- 500 nM [55] 

Respiratory 

disease marker 

Alzheimer’s 

disease marker 

H2O2 

Butylated 

hydroxytoluene 

Electrochemi

cal 

Electrochemi

cal 

Chrpr /carbon  CV NA 5.0–320 μM [20] 

GCE/Graphene-

Prussia Blue / MIP 
CV, CHA 0.02 ppb 0.02- 1.0 ppb [63] 

Oxidative 

stress marker 

Malondialdehyd

e 

Electrochemi

cal 
GCE/RF-PT/AgNP 

CV, DPV, 

SWV, LSV 
0.59 μM 

0.89 - 

1.08 mM 
[56] 

Oxidative 

stress marker 

Malondialdehyd

e 

Electrochemi

cal 

GCE/ 

GQDs/PARG/CS 
CV, LSV, DPV 5.94 nM 0-0.1 mM [57] 
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GCE/GQDs/ PARG 
CV, DPV, 

CHA, SWV 

0.329 

nM 
0.06–0.2 μM [58] 

NA: Not Available: CHA: Chronoamperometry; CV: Cyclic voltammetry; DPV: Differential pulse voltammetry; 

SWV: Square wave voltammetry; LSV: Linear sweep voltammetry; EIS: Electrochemical impedance spectroscopy; 

PANI: Polyaniline, RGO: Reduced graphene oxide; ADH: Alcohol dehydrogenase; H-PTFE: Hydrophilic 

polytetrafluoroethylene membrane; Au-SPE: Gold screen-printed electrode; 2-ATP: 2-Aminothiophenol; PVA: 

Polyvinyl alcohol; PET: Polyethylene terephthalate; GA: Glutaraldehyde; PMEH: 2-Ethylhexyl methacrylate; SCPE: 

Screen-printed carbon electrode; Chrpr: Chromatography paper; Au-PCB: Gold printed circuit board; F-TEDA: 

Fluorotriethylenediammonium bis(tetrafluoroborate); ZnO: Zinc Oxide; IDE: Interdigitated gold electrodes; P2-

SWCNTs: Poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PFDD) wrapped enriched semiconducting single-walled carbon 

nanotubes; TNA: Titania nanotubular array; YSZ: Yttria-stabilized zirconia plates; GCE: Glassy carbon electrode; 

MIP: molecular imprinting polymer; RFPT: Self-assembled riboflavin-taurine; AgNP: Silver nanoparticles; CuNPs; 

Cupper nanoparticles; GQDs: Graphene quantum dots; PARG: Polyarginine; CS: Chitosan; EMIM[TF2N]: 1-Ethyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide; ITO: Indium tin oxide; PTFANI: poly(2,3,5,6-

tetrafluoroaniline); pPBI: Porous polybenzimidazole membrane; GDE: Gas diffusion electrodes; PEDOT:PSS: 

Poly(3,4-ethylenedioxythiophene):Poly(styrenesulfonate); WO3: Tungsten trioxide .  
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Fig. 3. Various breath analyzers based on electrochemical detection A. An enzymatic breath sensor based on 

electrochemical detection towards ethanol. (a) A piece of paper is modified with alcohol oxidase and peroxidase by 

dipping method; (b) The enzyme modified paper is left to dry in a refrigerator at 4 °C for 12 hr (c) and placed onto a  

commercially available screen-printed sensor; (d) A real picture of the experimental setup. Reproduced with 

permission from Ref. [44] B. (a) Aluminum-based self-powered miniaturized sensor for humidity detection; (b) The 

surface of the wire bonded sensor as seen on stereo microscope; (c) SEM image of the zoomed region; (d) A real 

picture of the experimental setup. Reproduced with permission from Ref. [51]. C. A Paper-Based Wearable Sensor 

for Real-Time Hydrogen Peroxide Measurement in Simulated Breath. (a) Representation of the electrochemical sensor 

with PMMA carrier holding the screen printed Ag/AgCl, carbon, and PB-mediated electrodes; ( (b) Detailed model 
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of a filter extension for respiratory mask, including the paper-based hydrogen peroxide sensor (c) Image of respiratory 

mask with the commercial filter extension with customized sidewalls, containing the sensor chip; (d) Current vs. time 

graph showing the signal change in presence of different concentrations of the analyte in breath. Reproduced with 

permission from Ref. [20]. F. A smartphone-based sensor using ZnO and graphene modified electrodes for VOCs 

detection. (a) Photo of the interdigital electrodes; (b) Immobilization of graphene, ZnO and nitrocellulose membrane; 

(c) The schematic diagram of experimental setup including gas sample, sensing, measurement and display on a 

smartphone attachment. Reproduced with permission from Ref. [70].  

 

3.  Development strategies for breath analyzers 

 

3.1. Smartphone technology for real time monitoring 

Traditionally, more comprehensive, costly and qualified equipment is used in the field of health for breath 

analysis, nevertheless early diagnosis monitoring systems are needed for a more effective treatment process. 

Non-invasive systems integrated with smart phones leads to on-site analysis, cost-effective and offer rapid 

detection. In addition, with the COVID-19 pandemic, many people suffered from shortness of breath and 

respiratory failure [80, 81]. Real-time monitoring of potential patients can be achieved by designing sensor 

systems and integrating them with smart phones for the diagnosis of COVID-19 biomarkers from exhaled 

breath.  Shan et al. reported a non-invasive intelligent nanomaterial-based hybrid sensor array with 

multiplexed capabilities for the detection and monitoring of COVID-19-specific VOC mixtures from 

exhaled breath. The array consists of eight gold nanoparticles integrated with electronic circuitry and a 

sample collection unit, receiving the exhaled breath samples from patients by blowing into the device for 

2−3 s from a distance of 1−2 cm [82]. With the advances in smartphone technologies, patients could have 

the ability to reach their results without going to the hospital and entering the risk environment or posing a 

risk to others. Moreover, they could have the possibility of managing the self-quarantine processes and 

protect their social distance. Along with the basic electrochemical systems, novel electrochemical sensing 

strategies have been highlighted recently as new generation breath analyzers. Fuel cell-based breath sensors 

have been introduced to the field for alcohol analysis by power generating fuel cells. [69, 83, 84] . An 

experiment set‐up for alcohol fuel cell sensor was described in Fig. 2C by Jiang et al. [43]. However, high 

cost, durability problem and low cell performance have been considered as biggest drawbacks of these 

systems [85]. The current breath analyzers require bulky devices, complex long-term patient monitoring 

processes. Recently, researchers have started developing customized POC sensing systems leading to an 

innovative generation of the breath analyzers.  The development of non-invasive POC diagnostic methods 

has the potential of enhancing sensing performance and practicality with providing rapid detection [86, 87]. 

As a new generation sensing device, a disposable paper-based electrochemical wearable sensor that can 

monitor exhaled H2O2 real time in artificial breath has been developed by Maier et al. The proposed device 
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has the ability of integration into a commercial respiratory mask for on-site breath detection [20]. The 

fabrication steps of the three-electrode system on paper for real-time H2O2 measurement is described in Fig. 

3C. The mask integration converts the paper-based H2O2 sensor a wearable model with a filter extension 

for respiratory mask.  Moreover, semiconductor based electrochemical transistor fabrication strategies 

opens another door for a new generation ultrasensitive breath analyzer [72, 88]. The unique properties of 

two-dimensional (2D) materials are promising candidates for various sensing applications. However, long 

device fabrication processes such as lithographic methods have been considered as a critical drawback for 

electrochemical transistor devices. A proof-of-concept study reported a disposable breathalyzer using an 

organic electrochemical transistor (OECT) modified with ADH as the sensor.  The device is made with the 

conducting polymer poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS) and is 

printed on paper. The use of a printed OECT may contribute to the development of breathalyzers that are 

disposable, ecofriendly and integrated with wearable devices for real-time exhaled breath monitoring [89]. 

To improve the real-time monitoring capability and the accessibility, integration of the breath analyzers to 

POC system with a smartphone attachment is considered one of the crucial requirements [70]. Liu et al 

reported a smartphone-based integrated sensing system using ZnO and graphene modified electrodes on a 

nitrocellulose membrane for VOCs detection based on an impedance change (Fig. 3D) [70].  Kim et al 

reported Au decorated nanotube arrays on Pt-IDEs-patterned SiO2/Si substrate for acetone detection  in 

exhaled breath [90].  

In recent years, the electronic nose (e-nose) have gained a lot of attention for their ability to diagnose disease 

in early stage. An e-nose is a chip-based analytical sensing system which can recognize basic or complex 

components in exhaled breath. These devices consist of an across-reactive sensor array to replicate the 

receptors of a human nose and analyze the markers qualitatively based on different sensing techniques [91]. 

Many efforts have been done to develop highly specific e-nose devices to diagnose diseases such as lung 

cancer diagnosis [92].  Liu et al. developed an electrochemical e-nose sensor for patients with pulmonary 

diseases by detecting VOCs in exhaled breath [93]. Another electronic nose system has constructed by Liu 

et al based on the functionalized rGO library for the detection of cancer-related VOCs [91]. Since they 

considered as user-friendly, compact, lightweight point-of-care tools. They can be adapted easily into new 

technology and smartphones and make daily life more practical [94]. The ability to miniaturize these 

instruments, and their high selectivity make them appealing and crucial for the early implementation of 

customized medical care [95].Overall, considering the various advantages, such as being easy-to-operate, 

economical, sensitive, portable, and simple-to-construct, electrochemical sensors has the highest potential 

of implementation to POC systems, Compared to other methods, such as spectroscopy and chromatography. 

As previously mentioned, wide variety of strategies have been developed to advance the current engineering 

systems for breath monitoring. Though, the current electrochemical sensor development techniques are 
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mostly reliable and accurate, the operation time, life span of the sensor and external factors such as 

temperature, humidity may limit the detection of breath compounds. Thus, the sensor designs with practical 

fabrication methods with biocompatible materials will lead the field of innovating on-site breath analyzers, 

leading to an easy commercialization. 

A growing interest in POC diagnostic has strengthened their combination with smartphone-based 

technology for real-time monitoring of healthcare application in developing world. Various advantages of 

smartphone technology-based breath analyzers is summarized in Fig. 4. Smartphones are equipped with 

different types of sensors, such as state-of-the-art cameras, microphones, fingerprint sensors and health 

monitoring, stored and analyzed many physiological or biological data directly by the digital platforms.  A 

communication network is provided between patients and doctors with the connection features of health 

data such as diagnosis and treatment, monitoring health processes, determining and responding to 

emergencies, the onset and progress of diseases on the smartphone.  

 

 

Fig. 4. Various advantages of smartphone technology-based technology. 
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3.2. The major issues with breath based electrochemical sensors 

There have been various disadvantages of traditional electrochemical sensors such as long-term efficiency 

and stability. Depending on the environment in which the sensor is used, electrochemical sensors typically 

have a short shelf life such as six months up to one year. Besides, commercialization of certain type of 

electrochemical sensors is challenging due to their high price or toxicity. To promote immobilization and 

the development of methods, commercially produced screen printed electrodes have several different 

surface materials, such as gold, carbon, silver. Even though these sensors are commercially available, they 

are intended to be manufactured in a laboratory setting with expensive equipment. Moreover, FET sensors 

are another commonly used electrochemical systems generally used for gas detection. Despite of the various 

advantages, these sensors also have disadvantages such as the complexity of the fabrication processes with 

the requirement of costly equipment [96].  Overall, miniaturization and commercialization are often 

considered as challenging for the sensors produced with highly complex and expensive production methods 

such as lithographic methods [97]. Critically, lacking flexibility prevents these systems from integration to 

the body. Most of the existing sensor fabrication methods requires further improvements to achieve the 

practice daily life usage. Commercially there have always been a need for a fast, compact, easy-to-use, 

lightweight, low cost and disposable electrode systems compared to the complex electrochemical cells.   

As a cutting-edge alternative to the traditional methods, flexible laser scribed electrodes (LSG) based 

sensing systems have been introduced to the field [98-101].  LSG electrodes have shown the great potential 

to be an alternative for POC monitoring as an electrochemical method. Considerable progress has been 

made for analysis of health and environmental samples by LSG electrode-based sensing systems [102, 103]. 

Recently, the other electrochemical sensors could be replaced by LSG due to its homemade production, 

miniaturization, real-time monitoring, high sensitivity and selectivity for detection of volatile organic 

compound biomarkers in exhaled breath. Shi et al recently demonstrated a facile strategy for direct laser 

inducing by a common blue-violet diode laser engraver module to form reduced graphene oxide 

microribbons (rGO-MRs). These laser induced electrodes were applied for respiratory health monitoring 

and clinical diagnosis in the biomedical fields. The change in human breathing patterns were correlated 

with the resistance changes resulting from the moisture adsorption on the 3D microribbon structure of the 

rGO-MR samples obtained by laser induction [104]. Printing electrodes into fully biocompatible surface as 

planar three-electrode system is an easy process to provide convenient screening and monitoring technology 

matrix, compared to other electrochemical methods [105, 106].  In addition to new generation sensing 

systems, their combination with smartphone systems has the potential of leading novel minimized breath 

analyzers systems to become a very useful tool for personalized diagnostics, replacing a more laborious 

analysis which should be made by a technician in an equipped laboratory Instead of screening in clinics and 
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hospitals, patients could perform multiple analysis by themselves without a need of seeing a doctor. 

Although the proposed device requires further optimizations to be commercialized, they have a great 

potential to offer cheap and straightforward breath analysis without the need of bioanalytical skills making 

it suitable for screening the population. 

 

4. Commercial on-site breath analyzers, startups 

On-site breath analyzers based on various detection systems are commercially available, aiming to achieve 

rapid, accurate analysis and portability. The most common commercial sensors are seen especially for the 

detection of illicit substances and alcohol, which are important for safety of community. Today, these 

sensors are available commercially by many different companies as summarized in Table 3. These systems 

often offer fast sampling and detection from breath samples within minutes.  

Specifically, straightforward measurement systems for alcohol detection in the field applications are often 

integrated to the steering wheel [107].  The SenseAir sensor, developed by AsahiKASEI Company, 

provides an unobtrusive and contact free measurement for CO2 and alcohol levels while the driver breathes 

normally while seated in the driver's seat. The device directs infrared light beams on the breath sample and 

analyzes the wavelengths returned, leading to the quantification of the alcohol concentration in the 

environment. 

Moreover, portable breath analyzers have begun to be designed for use in the healthcare field in recent 

years. Ketones, important indicators for diabetes, biomarkers such as ammonia, nitrogen oxide, methane 

that give important clues about metabolism and perhaps most importantly, sensors for the detection of 

cancer biomarkers have been considered as the main focus of developing portable POC breath analyzers. 

Yet some previously reported commercial products appear to be developed for sample collection that often 

coupled with spectrometer-based designs for the proper measurement. For instance, a mask designed by 

Owlstone Medical Inc. and improved by Owlstone Medical Inc., ReCIVA, offers portable breath sample 

collection without any sensing system implemented. Eventually, the collected samples require trained 

technicians to be analyzed by spectroscopic detection methods. However, coupling the breath sample 

collection devices with spectroscopic techniques are often seen as complex and expensive [108]. 

With improvements of these designs in the future, cancer diagnosis can be achieved in minutes through 

exhaled breath without the need for long processes. In addition, recently, sensor studies have been carried 

out to analyze the COVID-19 virus [82]. As a result of these studies and the experiences of the companies, 

devices that can diagnose the disease from breath samples without touching the body fluids of the patients 

have started to be put on the market. Considering that science and technology have been developing day by 

day, it is expected that breath sensors will take a very important place by strengthening their place in the 

market in the future. 
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Table 3. On-site breath analyzers in development by manufacturers and commercial laboratories. 

Manufacturer Target biomarker Sensor Type Notes Ref. 

Hound Labs, Inc 

Marijuana and alcohol Optical sensor 

• Both sample 

collection and 

sensing system 

• Easy and fast 

testing 

• Compact and 

Portable 

• Single-Use 

cartridge advantage 

• Durable 

• Handheld 

• No need for 

specialized operator 

• Dual test advantage 

[109] 

COVID-19 NA 

• Only sample 

collection  

• Suitable for use in 

clinics and hospitals 

• Easily be wheeled 

from room to room  

• Easy and fast usage 

Cannabix 

Technologies Inc. 
Marijuana and alcohol Optical sensor 

• Both sample 

collection and 

sensing system 

• Easy and fast usage 

• Low cost 

• No need for 

specialized operator 

• Safe disposable 

[110] 

Asahi Kasei Group 

Company 

Alcohol 

CO2 

pH 

Temperature 

Optical (infrared) 

sensor 

• Both sample 

collection and 

sensing system 

• Offering a wide 

range of use with 

different products 

• High-precision 

• Low cost 

• Various design 

selection 

 

[107] 

BACtrack Inc. Alcohol 
Electrochemical 

sensor 

• Both sample 

collection and 

sensing system 

[111] 
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• Compatibility with 

smartphone 

• Low cost 

• Easy and fast usage 

• Portable 

• Handheld 

• Safe disposable 

• No need for 

specialized operator 

Avokadio 

Ketone 

Ammonia 

Nitrogen oxide 

Ethanol 

Methane/hydrogen 

NA 

• Both sample 

collection and 

sensing system 

• Compatibility with 

smartphone 

• Portable 

• Handheld 

• Safe disposable 

• No need for 

specialized operator 

 

[112] 

NaNose Medical 

Different types of 

cancer including lung, 

breast, colorectal, 

prostate, head and neck 

Sub-microscopic 

(nanoparticle) gold 

sensors 

• Both sample 

collection and 

sensing system 

• Compatibility with 

smartphone 

• Simple 

interpretation of test 

result  

• No need for 

specialized operator 

•  

[113] 

COVID-19 NA 

• Quick and easy 

measurement 

• No contact between 

patients and medical 

stuff 

• No need for 

specialized 

operator 
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Figaro Engineering 

Inc 

CO 

Oxygene 

Nitric oxide 

Nitrogen dioxide 

Sulfur dioxide 

Ammonia 

Chlorine 

Electrochemical 

sensor 

 

• Only sensing 

system 

• Compatible with 

both domestic or 

industrial usage 

• Not quantitative 

 

[114] 

Spec Sensors Inc. 

CO 

Alcohol 

Ozone 

Nitrogen dioxide 

Sulfur dioxide 

Hydrogen sulfide 

Electrochemical 

analog, digital 

sensors and sensors 

developed kits 

• Only sensing 

system 

• Low cost 

• Portable 

• Handheld 

• Low power 

consumption 

 

[115] 

Dart Sensor  Inc. 

Alcohol 

Formaldehyde 

CO 

FoodFresh (Ethanol) 

H2S 

SO2 

C2H4O 

NH4 

CH4 

Fuel cell type 

(Electrochemical) 

sensor 

 

• Only sensing 

system 

• Low cost 

• Compatible with 

both domestic or 

ındustrial usage 

• Portable 

• Handheld 

 

[116] 

Owlstone Medical Inc 

Biomarkers for lung, 

liver and respiratory 

disease 

NA 

• Only sensing 

system 

• Portable 

• Single-use 

• Robust and 

reproducible 

sampling 

[117] 

Menssana Research 

Inc. 

Hydrogen peroxide as 

biomarker of breast 

cancer 

NA 

• Only sensing 

system 

• No need for 

specialized operator 

• Single-use 

• Portable sampling 

 

 

[118] 
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Lexico Health Inc. Ketone NA 

• Both sample 

collection and 

sensing system 

• Easy and fast usage 

• Portable 

• Handheld 

• Safe disposable 

• No need for 

specialized operator 

• Low cost 

• Basic sample 

processing  

 

[119] 

 

 

5. Challenges, general considerations and future directions  

Development of smart POC breath sensors are the future of non-invasive disease management by enabling 

the adaptation into home health care. These smart systems can be considered as safe and convenient 

alternatives to invasive diagnostic  methods such as biopsies, obtaining aspirates for culturing. However, 

detection of specific markers from breath is a very useful but challenging task. In this review, we focused 

on the sensing devices for detection of various health and environmental markers in exhaled breath, 

highlighting the importance of combining POC diagnostic systems and electrochemical detection. 

However, the researchers have been facing important challenges while developing on-site exhaled breath 

analyzers. In terms of analytical perspective, major challenges of breath analyzers are considered as 

maintaining and improving the sensitivity, selectivity and stability. The presence of exogenous compounds 

is considered as a major challenge that can interfere the sensing systems eventually leading false readings. 

Current breath analyzers suffer from non-specific binding to interfering compounds existing in exhaled 

breath along with the analyte. Use of nanoparticles in the sensor fabrication has been a good alternative to 

increase the sensitivity and selectivity of the sensor. With the new developments of designing sensors, using 

cost effective materials and miniaturization of the breath analyzers have becoming popular for 

commercializing the products due to the accessibility and convenient use. However, these concepts bring 

few concerns to the field such as high possibility of losing the sensitivity and selectivity due to the 

requirement of necessary enhancements in detecting low concentrations of analytes in exhaled breath. The 

stability and shelf life of the breath analyzers are other crucial parameters to consider when designing a 

sensor for on-site real time applications since these parameters indicate the reliability of the sensor. Majority 

of the commercial breath analyzers require manual control over the sensing equipment due to the external 

factors such as temperature, humidity or operational conditions. These factors can easily lead to 
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unnecessary physical, chemical adsorptions and fouling on the active sensor surface. Moreover, 

requirement of high operational temperature remains as a major drawback for commercialization. To 

overcome this problem, using conducting polymers for the production of breath analyzers can offer users 

to operate the sensor at room temperature with high sensitivity, and short response time.  

The applicability of breath analyzers for clinical applications often requires optimizations due to the 

constant chemical and physical alterations of human physiology. Sensing performance may vary depending 

on external factors such as temperature, diet, drug consumption, and physiological factors, eventually 

resulting in contamination of desired internal marker detection.  POC use of breath analyzers provides real-

time, online and easy self-operation to patients, thus, have the potential as new generation diagnostic tools 

in clinical applications without any sample pre-processing requirements. These devices can be easily 

integrated to daily life and accessible by providing fast, compact and user-friendly detection with high 

efficiency. Moreover, biocompatibility and low power consumption would be considered in 

commercialization of POC breath sensors since these factors directly affect the mass production.  

The future directions of this field would focus on developing simultaneous detection systems for multiple 

breath analytes. Moreover, non-invasive exhaled breath analyzers for disease diagnosis such as different 

cancer types, inflammatory diseases, may detect new marker molecules as future applications. This is 

expected to enhance communications between patients and clinicians, and could allow for archiving the 

breath biomarker changes that allow to keep the patient’s disease management updated by providing 

individualized patient healthcare, diagnosing drug intoxication and early detection of cancer. Thus, these 

technologies have the potential of replacing the costly home health care analytical instrumentation with 

simple and practical miniaturized smart systems. 

 

6. Conclusions  

Miniaturized electrochemical breath analyzing systems provides a potential pathway for straightforward 

and portable health and environmental monitoring. The composition of exhaled breath, the need of smart 

and personalized breath analyzing devices, POC technology and sensor detection methods are discussed 

with comparing the commercial breath analyzers. Furthermore, the possible challenges and future directions 

of these devices are critically discussed in this review. To overcome the main drawbacks of 

commercialization, combining the advances in nanotechnology and smart sensing systems is suggested to 

promote the marker detection from exhaled breath. In this regard, integration of multiple sensing systems 

in a single platform will pave the way of future applications of breath analyzers with enhanced sensing 

performances. Analytical detection techniques and machine learning tools can be fused together for possible 

breath analyzing platforms with advanced precision and accuracy. Once the possibilities are considered for 

the future development of the smart breath analyzers, non-invasive detection of various biomarkers will be 
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accessible to everyone and easy to use as a portable POC diagnostic tools for continuous on-site monitoring 

for personal health management, self- diagnosis for various diseases, such as cancer, the contagious diseases 

and possible illicit drugs.  
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