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I. INTRODUCTION 

According to reports from the International Diabetes Federation (IDF) [1], there are currently over 537 million 

adults living with diabetes worldwide, with one in every 10 individuals being affected by the disease. Reports from 

the World Health Organization (WHO) [2], estimate that there are 422 million adults with diabetes (ages 18-99), 

with an expected increase to 629 million by 2045 [3, 4]. The number of recorded deaths from diabetes is currently 

at 1.6 million annually [5]. The rising prevalence of diabetes highlights the increasing yearly medical and non-

medical costs, as well as the growing number of diabetic fatalities [4, 6]. Diabetes Mellitus (DM) is a metabolic 

disorder characterized by hyperglycemia (blood glucose level greater than 230 mg/dL) or hypoglycemia (blood 

glucose level less than 65 mg/dL) caused by insulin hormone secretion or activation problems [4, 7]. Diabetes is 

caused by the pancreas's failure to produce enough insulin for the body or the body's inability to use the insulin 

produced by the pancreas effectively. Type 1 Diabetes Mellitus (T1DM) is a metabolic disorder caused by the 

destruction of cells in the pancreas as a result of the immune system recognizing and attacking the beta cells as 

foreign, resulting in insulin deficiency. Type 2 Diabetes Mellitus (T2DM) is caused by the body's inability to use 

insulin effectively. Other types of diabetes include genetic disorders, drug use, genetic syndromes, and gestational 

diabetes (GDM) [4, 8–12]. When T1DM and T2DM patients cannot effectively absorb glucose from circulation, 

the metabolic shift results in increased ketone synthesis in the blood (ketonemia), urine (ketonuria), and breath 

(ketosis) [13]. Acetone in the breath has been identified as an effective biomarker [5]. While it is evident that 
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 Polyacrylonitrile (PAN) nanofibers doped with varying concentrations of perovskite praseodymium ferrite 

(PrFeO3) nanoparticles synthesized by calcination were successfully manufactured using a simple 

electrospinning process. The nanofibers were coated with layers of polyaniline-titanium dioxide (PANi-TiO2) 

combination using an air brush. The structure, morphology, and electrical characteristics of the nanoparticles 

and nanofibers were characterized by SEM, FT-IR, and electrical measurement methods. The results indicated 

that the produced nanofibers exhibited a strong in vitro interaction and selectivity against acetone gas, a 

biomarker of diabetes. Perovskite nanoparticle doped PAN nanofibers have shown approximately 43% change 

in resistance with acetone gas exposure. These findings suggest that PrFeO3-doped nanofibers hold promise 

as potential candidates for acetone gas sensors in non-invasive diabetes monitoring. 
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T1DM patients have a high concentration of ketones in their breath, there is no universally accepted measure of 

the concentration of ketones in T2DM patients' breath [14–21]. 

Clinical investigations have demonstrated that the concentration of acetone in the breath of individuals with 

diabetes exceeds 1.8 ppm (with a range of 1.25-2.5 ppm), while healthy individuals exhibit acetone concentration 

below 0.9 ppm (with a range of 0.2-1.8 ppm) [22–27]. Moreover, the concentration of acetone in the breath of 

individuals with type 1 diabetes mellitus (T1DM) may reach up to 25 ppm [5, 24, 28–30]. In terms of age, healthy 

adults between the ages of 40-50 exhibit acetone concentration of 0.2-0.8 ppm in their breath, while adult diabetics 

aged 50 or older exhibit acetone concentration within the range of 1.8 ppm [3]. The significant difference in acetone 

concentration between healthy individuals and diabetics makes acetone in the breath a valuable biomarker for 

diabetes identification [26, 27, 29, 31]. The discovery of the odor of rotten apple breath by John Gallo in 1798 and 

the identification of this odor as acetone in 1857 led to the use of acetone as the first biomarker for diabetes [5, 24, 

31]. In 1971, Linus Pauling presented a report proposing a study plan for differentiating 250 gases in human breath 

using gas chromatography [5, 32]. Since then, more than 3000 distinct volatile organic compounds (VOCs) and 

aerosolized particles have been identified in human breath [32–34]. These gases are produced as byproducts of 

metabolic reactions, for physiological functions such as cell-to-cell communication, or in infections and other 

pathological conditions in the body [32]. Diet [35, 36], exercise [37], and medical condition [5, 20, 38] all 

contribute to variations in breath acetone content. In addition to diabetes, intensive physical active ity and 

ketogenic diets may also cause an increase in breath acetone content. Therefore, the measurement of acetone in 

breath is critical for diabetes diagnosis and monitoring the efficacy of therapies in medical disorders [17]. is 

considered a hazardous gas as well as a breath biomarker for diabetes [3, 39, 40], as it can cause nausea in humans 

above 2000 ppm and respiratory irritation above 300-500 ppm [3, 40].  

Elevated blood sugar levels in the body lead to several health complications, including hyperglycemia, 

cardiovascular disease, diabetic nephropathy, diabetic retinopathy, and diabetic neuropathy [41, 42]. Furthermore, 

diabetes can also result in heart attack, stroke, blindness, kidney failure, leg amputation, vision loss, and nerve 

damage [2, 5, 42]. These complications highlight the critical importance of controlling blood sugar levels [3, 43]. 

To diagnose diabetes, a Plasma Glucose Level test is necessary. Diabetics receiving insulin therapy for diabetes 

management need to test their blood glucose levels at least three times per day using the conventional finger prick 

method [32, 44, 45]. However, these tests have significant drawbacks such as being uneconomical, unsafe, 

impractical, painful, laborious, and susceptible to the risk of infection. These drawbacks can be eliminated by 

using the acetone analysis method from breath. Breath analysis is a powerful tool in medical diagnosis and disease 

research due to its noninvasive nature and real-time monitoring capability [16, 18, 24, 32–34, 46–48]. Various 

techniques have been employed to measure acetone concentration for breath analysis, including mass spectrometry 

(MS), proton transfer reaction by mass spectrometry (PTR-MS), gas chromatography (GC), flame ionization 

detector (FID), selected ion flow tube mass spectrometry, ion mobility spectrometry (IMS), among others [47, 49–

51]. Nonetheless, these sensitive and reliable techniques have certain limitations such as bulky equipment size, 

high cost, and unsuitability for miniaturization, making them unsuitable for daily diabetes monitoring [52]. 

An alternative approach to the diagnosis and monitoring of diabetes is the use of sensors for non-invasive and 

continuous real-time measurement of acetone in breath. This method has the potential to facilitate early treatment 

and promote effective management of the disease [3, 32]. Chemical sensors have become increasingly popular for 
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breath analysis due to their small size, portability, and ability to provide real-time monitoring at a low cost. In 

recent years, sensors that are selective, sensitive, stable, robust, and economical have been developed for breath 

analysis. The advantages of using chemical sensors include ease of use, ease of sampling, and the ability to obtain 

measurements from unconscious patients [32, 53].  

Chemical gas sensors function by changing one or more physical properties, such as mass, electrical conductivity, 

or dielectric properties when exposed to gas molecules [5]. Chemical gas sensors operate by measuring the change 

in electrical resistance of the sensing material in the presence of target analytes and translating this chemical 

information by changing the electrical resistance [5, 54]. Recently, chemical-resistant gas sensors have been 

developed for the detection of acetone gas, a biomarker of diabetes, from breath [3, 55]. The detection mechanisms 

of these sensors based on change in electrical resistance of sensing material by the molecular and/or crystalline 

structure change. The basis for determining the presence of acetone is the reactions between surface oxygen and 

acetone gas [3, 56]. The performance of these sensors is affected by various features such as surface area, particle 

size, crystal defects, porous structures, stoichiometry, and morphology [56–58]. 

In recent years, there has been increasing interest in the development of chemical resistance gas sensors using 

semiconductor metal oxides for acetone detection. Among the most extensively studied materials for chemical 

resistance sensors are WO3, ZnO, SnO2, Fe2O3, In2O3, TiO2, perovskites, and p-type metal oxides. TiO2, in 

particular, has proven to be effective in sensing various gases [59]. Furthermore, environmentally friendly 

perovskites have demonstrated exceptional long-term stability and durability in the detection area due to their 

stable lattice structure [30, 60–63]. Perovskites such as Pd-doped SmFeO3 [64], SmFeO3/ZnO (p-SmFeO3/n-ZnO) 

[64], Ni-doped LaFeO3 [65] and Pd-doped NdFeO3 [66] have been investigated, with the gas sensitivity 

performance of praseodymium ferrite (PrFeO3) receiving particular attention. In one study, Ma et al. (2017) [67] 

investigated the structure, elemental composition, and morphology of PrFeO3 hollow nanofibers. These nanofibers 

exhibited a low operating temperature (180 ℃), high response value, good selectivity, fast response recovery, and 

excellent long-term stability [67]. As such, PrFeO3 hollow nanofibers have the potential to be used in the 

fabrication of high-performance acetone sensors and represent promising candidates for practical applications. In 

a subsequent study, Ma et al. (2020) [68] investigated Sm3+ doped PrFeO3 to improve the response and recovery 

process of PrFeO3 gas sensors. Nanofibers have become increasingly relevant in the sensing configuration of 

biosensors, as their use can reduce sensor size, increase surface energy, and improve sensitivity by increasing 

specific surface area [69–71]. Conducting polymers, such as polyaniline (PANi), can also be utilized in the sensing 

configuration of gas sensors [72], where their molecular and macroscopic properties can change when exposed to 

various chemicals [73]. PANi has been used as a sensing material for gases such as hydrogen (H2), ammonia 

(NH3), nitrogen oxide (NO2), hydrogen sulfide (H2S), dimethylamine (DMA), and liquid petroleum gas (LPG) in 

various forms [74]. Therefore, this study sought to combine conductive polymers, metal oxides, perovskites, and 

nanofibers to create a unique sensor structure with the advantages of ease of synthesis, good environmental and 

chemical stability, and improved sensing properties. Specifically, the study employed crystal lattice structured 

perovskite PrFeO3 nanoparticles on PANi-TiO2-coated PAN nanofibers to develop an efficient acetone sensor for 

diabetics, followed by structural, morphological, and electrochemical characterizations. 

 

II. EXPERIMENTAL METHOD 
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2.1 Materials  

Praseodymium (III) nitrate hydrate (99.9%, Pr(NO3)3.H2O) (REO, Alfa Aesar, M=326.92 g/mol), Iron (III) nitrate 

nonahydrate (Fe(NO3)3.9H2O) (Sigma Aldrich, Merk, M=403.95 g/mol), Citric acid monohydrate (98%, 

C6H8O7.H2O) (food grade, Aromel, M=210.14 g/mol) and urea (≥ 99.5%, CH4N2O) (Iso-lab) were used for 

synthesis of perovskite praseodymium ferrite (PrFeO3). Aniline (99%, C6H5NH2) (Sigma Aldrich), Ammonium 

persulfate (≥98%, APS) (H8N2O8S2) (Honeywell / Fluka, M=228.2 g/mol), extra pure hydrochloric acid (30-32%, 

HCl(aq)) (TEKKİM), Titanium (IV) oxide (≥99.5%, TiO2) (particle size 21 nm, Sigma Aldrich, M=79.87 g/mol) 

and ethanol (C2H5OH) were used for synthesis of titanium dioxide-doped polyaniline (PANi). Polyacrylonitrile 

(PAN) (MW=150,000, JK Chemical) and N,N dimethyl formamide (99.9%, DMF) as solvent (Carlo Erba 

Reagents, M=73.1 g/mol) was used for preparation of PAN nanofiber. 

 

2.2 Methods  

2.2.1. Synthesis of Praseodymium Ferrite (PrFeO3), Polyaniline (PANi) and Titanium (IV) oxide (TiO2) 

The PrFeO3 nanoparticles were synthesized using the sol-gel process, which has been previously reported in the 

literature [75]. To prepare the growth solution at room temperature, a solution containing 0.1 M Pr(NO3)3 and 0.67 

M citric acid was used, and a separate 0.1 M solution of iron (III) nitrate was prepared. Fe(NO3)3 solution was then 

added dropwise to the growth solution until the molar ratio of Pr(NO3)3 to Fe(NO3)3 in the solution became 1:1. 

To obtain a gel, 0.5 g of urea was added to the resulting solution, which was stirred in a 50°C water bath for 60 

minutes. The gel was then kept at 80°C for 24 hours to obtain the xerogel, which was calcined at 800°C for 5 hours 

to produce the cinnamon-colored nanoparticles (Figure 1). 

 

 

Figure 1. Picture of synthesized PrFeO3  

 

For the synthesis of PANi-TiO2, 3.75 mL of aniline (C6H5NH2) as the monomer and a desired amount of TiO2 (30 

wt.%) were added to the mixture and ultrasonicated until the TiO2 nanoparticles were uniformly dispersed. Then, 

2.360 g of ammonium persulfate ((NH4)2S2O8) prepared as an initiator was added dropwise in a cold water bath to 

the solution obtained by dissolving in 100 mL of 1 M hydrochloric acid (HCl). The solution was kept in a cold 

water bath under magnetic stirring condition for approximately 24 hours, until the polymerization was completed, 

resulting in a solution that changed from colorless to blue tones. The solution was filtered by vacuum filtration 

method, and the resulting PANi was washed twice with water (H2O) and ethanol (C2H5OH), respectively [76]. The 
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dark green precipitate obtained after washing was taken into ethanol, and the concentration of PANi obtained was 

determined to be 11mg/L. Titanium (IV) oxide was weighed to 30% by mass and added to PANi as a powder. The 

solid amount in 2.5 mL of PANi/ethanol solution was determined to be 25 mg.  

 

2.2.2. Preparation of Nanofibers and Air-Brush Coating Process 

To produce nanofiber solutions, 5% (w%) solid polymer was dissolved in DMF, and after adding PrFeO3, a total 

of 10 g of polymer solution containing 0%, 5%, 10%, and 20% PrFeO3 was sonicated for 20 minutes. The resultant 

colloidal solution was covered with aluminum (Al) foil and paraffin tape to protect it from light. The nanofibers 

were then electrospun in the Nanospinner 24 device (Inovenso, NS24) at 28 kV, 500 rpm, and 175 mm between 

the nozzle and the collector. 

Undoped PAN nanofiber, 5% PrFeO3-added PAN nanofiber, 10% PrFeO3-added PAN nanofiber, and 20%-PrFeO3 

added PAN nanofiber were coated with layers of PANi/TiO2 using an air-brush method to a thickness of a few 

tens of microns. The coating was carried out by spraying at a pressure of 1-1.5 bar from a distance of 3 cm. The 

coated nanofibers were dried in a desiccator for approximately 48 hours. 

 

2.2.3. Device fabrication 

To construct the acetone sensor, the PANi/TiO2 layer was coated on electrospun PAN nanofibers doped with 

PrFeO3. Two copper electrodes were placed on the surface of the nanofiber sensor that was coated with the 

PANi/TiO2 layer, with a distance of 1 cm between them. The produced nanofiber sensor was then heated in an 

oven at 40°C overnight to ensure complete moisture evaporation. The acetone sensing measurement was 

performed by modifying the following reference [77] in the air. To measure the acetone sensing characteristics, 

the sensors (Figure 2) were positioned at a distance of 10 cm from the petri dish in the sample holder, with the 

coated surface facing the acetone. The gas response of the nanofibers, measured as electrical resistance, was used 

to evaluate the acetone-sensing properties. The initial resistance of the nanofiber sensor was measured without 

acetone evaporation using a two-probe technique. Subsequently, acetone gas was heated using a hot plate to control 

acetone evaporation by maintaining a temperature between 50-55 °C, which is close to the acetone evaporation 

temperature. After 10 seconds, the second electrical resistance was measured. 

 

2.2.4. Characterization 

The morphology of PrFeO3 nanoparticles, as well as the undoped and PrFeO3-doped PAN nanofibers, were 

examined using a scanning electron microscope (SEM) (Carl Zeiss/Gemini 300) at different distances ranging 

from 8-9 mm and under a voltage of 5 kV. The bound structures of PrFeO3 nanoparticles, undoped and PrFeO3-

doped PAN nanofiber structures were analyzed using an FT-IR spectrophotometer (Thermofisher NICOLET–

iS50). The sensing measurements of PANi/TiO2-coated PrFeO3-doped PAN nanofibers were conducted through a 

two-point resistance measurement test in vitro using a multimeter (Keithley 2400 device). 
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Figure 2. PrFeO3-doped PANi/TiO2-coated PAN sensor 

 

III. RESULTS AND DISCUSSIONS 

3.1 FT-IR Results 

The results of the FT-IR analysis of PrFeO3 nanoparticles are presented in Figure 3a. The spectrum revealed 

prominent absorption peaks at 462 cm-1, which correspond to O-Fe-O bending vibrations, and 530 cm-1, which 

correspond to Fe-O stretching vibrations [78]. In Figure 3b, the FT-IR spectra of undoped and PrFeO3-doped PAN 

nanofibers are presented.  

 

 

Figure 3. a) FT-IR results of PrFeO3 nanoparticles and b) FT-IR results of undoped and PrFeO3-doped PAN nanofiber structures 

 

The Fe-O stretching peak of PrFeO3 observed at 530 cm-1 became more prominent as the PrFeO3 concentration 

increased, as seen from the FT-IR spectra of the undoped and PrFeO3-doped PAN nanofiber structures. The effect 

of acetone treatment on powder PrFeO3, undoped PAN nanofiber, and PrFeO3-doped nanofiber was examined by 
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FT-IR analysis, and it was observed that the structure retained acetone (Figure 4). Although no significant change 

was observed in the FT-IR spectrum of powder PrFeO3 after acetone treatment, the CO2-induced peaks that 

appeared in the calcination range of 1200-1500 cm-1 disappeared [78]. In undoped PAN nanofiber, it was observed 

that the nanofiber porous structure held acetone, and the vibrations of the aliphatic -CH groups at 1217 and 1364 

cm-1 of the PAN [79] were intensified by combining with the -CH vibrations of the acetone at the same points, 

indicating that the structure retained acetone. 

 

 

Figure 4. FT-IR spectra of undoped and PrFeO3-doped PAN nanofiber structures 

 

3.2 Morphology 

Figure 5 displays SEM images of neat PAN nanofibers and PrFeO3-doped PAN nanofibers before PANi-TiO2 

coating. The SEM images indicate that the nanofibers were formed uniformly with diameters ranging from 200 to 

500 nm. Mean Diameters or neat nanofibers and 20% PrFeO3 doped nanofibers were 336 nm and 216 nm, 

respectively (Figure 5a). Here, main reason that caused to thinning the fibres by nanoparticle loading into 

electrospinning solution was the decrease in polymer concentration. With the other words, while the polymer 

concentration was 5% by weight for neat PAN solution, the polymer concentration remained 4% since inorganic 

was loaded in 20% doped solution. Moreover, PrFeO3 nanoparticles were observed to exist in the PAN nanofiber 

structure, with some embedded in the fibers and others protruding out of the fiber. The size of the nanoparticles 

was between 100 and 500 nanometers, and the addition of PrFeO3 nanoparticles led to a decrease in the mean 

diameter of the PAN nanofibers (Figure 5b). The SEM images indicated that perovskite (PrFeO3) nanoparticles 

were successfully produced using the sol-gel method. However, it was observed that the crystal particles were 
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fused and sintered together during calcination, resembling coral (Figure 5c). Despite this, the heat treatment 

synthesis method offers several advantages such as low cost, simplicity, low reaction temperatures, and no waste 

by-product [63,64,80].  

 

 

Figure 5. a) Undoped PAN nanofibers - b) 20% PrFeO3-doped PAN nanofibers - c) PrFeO3 nanoparticles 

 

3.3 Sensing Measurements 

Air-stable PrFeO3, a perovskite material, possesses desirable sensing properties, including high response, good 

selectivity, and low operating temperatures, owing to its large specific surface area and abundance of active sites 

that facilitate gas molecule diffusion and adsorption, thereby enhancing its detection ability [81]. The gas sensing 

mechanism of PrFeO3 is primarily based on the electrical resistance change before and after exposure to the test 

gas [67]. The use of electrospun nanofibers with high specific surface area and web-like morphology resulted in 

high sensing performance, as the target acetone gas molecules could diffuse efficiently into the nanofibers [82]. 

When the undoped PAN nanofiber sensor was exposed to acetone gas, its electrical resistance increased from 38.86 

kΩ to 42 kΩ (Figure 6). Conversely, the electrical resistance of 5%, 10%, and 20% PrFeO3-doped PAN nanofibers 

increased from 131.52 kΩ to 145.56 kΩ, 156.87 kΩ to 172.35 kΩ, and 508.5 kΩ to 726.6 kΩ, respectively, upon 

exposure to acetone gas (Figure 6). The observed increase in the ratio of PrFeO3 in the nanofibers correspondingly 

increased the initial resistance of the sensors compared to the neat nanofibers. The results obtained are consistent 

with prior studies, which have shown that the electrical resistance of prepared sensors increases upon exposure to 

acetone gas [67]. Moreover, this increase is below 10% for undoped, 5%, and 10%-doped nanofibers, while the 

increase is approximately 30% for 20%-doped nanofiber sensors. 
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Figure 6. Electrical resistance change of PAN nanofiber sensors during acetone exposure 

 

IV. CONCLUSIONS 

In this study, PrFeO3-doped PANi/TiO2 coated PAN nanofibers were synthesized via a combination of PrFeO3 

synthesis, electrospinning of nanofibers, and air-brush coating. SEM images were obtained to confirm the 

successful synthesis and incorporation of PrFeO3 nanoparticles into the PAN nanofiber structure. The electrical 

resistance of both doped and undoped nanofiber sensors increased when exposed to acetone gas, with the increase 

in resistance being more pronounced for doped nanofiber sensors as the amount of PrFeO3 additive increased. 

Overall, these findings suggest that PrFeO3-doped PANi/TiO2 coated PAN nanofibers hold significant potential 

for use as high-performance acetone sensors, and may prove to be promising candidates for non-invasive detection 

of diabetes. 
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