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Abstract: 15 

Methanol (MeOH) is a solvent and cleaning agent used in industry, but it is poisonous when ingested. 16 

The recommended release threshold for MeOH vapor is 200 ppm. We present a novel sensitive micro-17 

conductometric MeOH biosensor created by grafting alcohol oxidase (AOX) onto electrospun 18 

polystyrene-poly(amidoamine) dendritic polymer blend nanofibers (PS-PAMAM-ESNFs) on 19 

interdigitated electrodes (IDEs). The analytical performance of the MeOH microsensor was evaluated 20 

using gaseous MeOH, ethanol, and acetone samples collected from the headspace above aqueous 21 

solution with known concentration. The sensor's response time (tRes) fluctuates from 13 s to 35 s from 22 

lower to higher concentrations. The conductometric sensor has a sensitivity of 150.53 µS.cm-1 (v/v) 23 

for MeOH and a detection limit of 100 ppm in the gas phase. The MeOH sensor is 7.3 times less 24 

sensitive to ethanol and 136.8 times less sensitive to acetone. The sensor was verified for detecting 25 

MeOH in commercial rubbing alcohol samples. 26 

Keywords: Micro-conductometric sensor; Alcohol oxidase; Methanol sensor; Nanofibers; 27 

Dendrimer; Rubbing alcohol. 28 

 29 
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1. Introduction 30 

Methanol, the simplest alcohol, is harmless on its own, but its metabolites formic acid and formate are 31 

very hazardous after ingestion [1,2]. It is well known that consuming MeOH may harm the 32 

neurological and circulatory systems permanently, leading to blindness, organ failure, or even death. It 33 

can be found in alcoholic drinks made by distillation or spontaneous fermentation. Blindness cases 34 

have been documented following the ingestion of as little as 4 mL of MeOH. It is often stated that 100 35 

mL of consumed MeOH is the least deadly dosage [1]. MeOH is often employed as a cleaning agent 36 

and solvent in industry, and it is an alternate energy carrier to hydrogen [3]. For repeated exposure 37 

during the working day without experiencing serious health consequences, INRS (the French National 38 

Institute of Research and Security) proposes a released threshold for MeOH vapor concentration of 39 

200 ppm for an 8 h’s exposure. It is thus necessary to create assays and sensors that are sensitive, 40 

reasonably priced, and easy to use for industrial laboratories, suppliers, and end users. MeOH has been 41 

identified using a variety of methods, such as gas chromatography [4], Fourier transform infrared 42 

spectrometry [5], Raman spectroscopy [6], and surface plasmon resonance [7]. These methods are not 43 

suited for routine usage because of their limitations, which include high costs and the requirement for 44 

skilled personnel. To address the issue, a gas sensor approach has been used to detect MeOH or other 45 

volatile organic chemicals (VOCs). 46 

Numerous sensors are based on semiconducting metal oxides. For the detection of MeOH, 47 

nanostructured metal oxides such as SnO2, ZnO, In2O3, and -Fe2O3 show excellent sensitivity as well 48 

as ferrite-type perovskites [8]. The main drawbacks of these nanomaterials are their high working 49 

temperature and their rather poor specificity. 50 

Taking advantage of the enzyme selectivity, enzyme-based sensors were used as a ‘‘bio-sniffer’’ for 51 

the detection of methanol. Alcohol oxidase (AOX) is an oligomeric FAD-dependent enzyme that 52 

oxidizes MeOH by accepting electrons from molecules of oxygen (O2) and generating formaldehyde 53 

and hydrogen peroxide (Eq. (1)). Since O2 has a significant oxidizing effect, MeOH is irreversibly 54 

oxidized by AOX: 55 

          

   
                                                                                                      (1) 56 
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Following the reaction, optical or electrochemical detections can be used to measure either the 57 

decrease of O2 or the increase of H2O2 concentration. Until recently, all electrochemical transducers 58 

presented have been amperometric or voltametric [9]. 59 

MeOH in exhaled breath, for non-invasive assessment of intestinal flora, was detected through 60 

fluorometry, using a cascade reaction with two enzymes, AOX from Pichia pastoris and formaldehyde 61 

dehydrogenase from Pseudomonas sp.. The dynamic range of the MeOH sensor was 0.32–20 ppm 62 

[10].  63 

Another AOX-based biosensor was developed for the detection of MeOH in the aqueous phase 64 

through photoelectrochemistry with AOX from Hansenula sp. immobilized in the presence of 65 

cysteine-stabilized cadmium sulphide quantum dots that photocatalyze oxidation of 1-thioglycerol. 66 

The detection limit of MeOH was found to be 0.01 ppb. No interference with ethanol was observed 67 

[11].  68 

An alcohol biosensor was obtained by the immobilization in polyvinyl alcohol of a bienzymatic 69 

system (AOX from Hansenula sp.+ catalase from bovine liver) on a microconductometric transducer. 70 

The biosensor provided a lower detection limit for MeOH (0.5 µM, 16 ppb), compared to that of 71 

ethanol, in aqueous solutions [9]. 72 

In this work, a microconductometric transduction was chosen for the detection of MeOH in the 73 

headspace above aqueous solutions through its oxidation by AOX from Pichia pastoris. In comparison 74 

to other AOX, the active site cavity of this AOX is significantly reduced in size, which could explain 75 

the observed preference for MeOH as substrate [12]. 76 

Polymeric nanofibers have been investigated for application in the construction of sensors due to their 77 

unique properties, such as their large surface area, facile surface functionalization, and interconnected 78 

porosity, which aid in improved interaction with the surrounding medium and access to the desired 79 

analyte [13]. Researchers have preserved enzyme stability by immobilizing them on the surface of 80 

nanofibers [14-16]. In this work, we employed PS-PAMAM dendritic polymer blend nanofibers to 81 

immobilize AOX. PS is well-known for its distinct properties, such as good shape stability in aqueous 82 

media and non-swelling, as well as its low cost and excellent spinnability [17]. On the other hand, PS 83 

has been altered using PAMAM, a highly branched polymer, and active amine groups have been 84 
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designed on the surface of ESNFs to stabilize the AOX. Dendrimers are the perfect matrix for 85 

stabilizing biomolecules because of their distinctive properties, including their spherical shape, size 86 

controllability, high surface groups, hydrophilicity, and excellent physical and chemical stability. 87 

These characteristics boost the sensitivity, selectivity, stability, and reusability of biosensors as well as 88 

their capacity to capture target molecules [18]. For instance, the researchers developed an 89 

amperometric biosensor based on immobilizing AOX on PAMAM and utilized it to identify ethanol 90 

based on the consumption of dissolved oxygen concentration. The sensor's limit of detection (LOD) 91 

was 0.016 mM, with a detection range of 0.025 to 1.0 mM. The stability studies of bioanalytical 92 

characteristics preservation revealed 67% of the initial sensitivity after 1 month at 4°C [19]. To form a 93 

strong covalent link between the AOX and the fiber surface, glutaraldehyde coupling chemistry was 94 

employed to form a bond between the PAMAM dendritic polymer groups and the amine groups on the 95 

AOX's outer surface. The conductometric sensor, which incorporates an IDEs coated with a thin layer 96 

of PS-PAMAM ESNFs on which AOX is immobilized, is shown step by step in Scheme 1. The 97 

volatile alcohols are measured directly in the headspace above the aqueous solutions using 98 

conductometry. The analytical performance of the novel MeOH sensor was determined. For its 99 

validation, the determination of the MeOH content in rubbing alcohol was performed. 100 

 101 

Scheme 1.  102 

 103 

2.Materials and Methods 104 

2.1 Reagents and solutions 105 

The reagents and solutions were fully addressed in the supplemental material. 106 

2.2 Technology of fabrication of the micro conductometric chips 107 

A chrome-on-glass mask was designed for the production of interdigitated gold microelectrodes with a 108 

width of 20 µm and an interelectrode distance of 20 µm. The electrical tracks were 500 µm wide. The 109 

lithography and deposition steps are carried out on 4-inch (Borosilicate) glass substrates, 1mm thick 110 

with two polished sides. The photosensitive resin used for the process was AZ 5214 E resin, which is a 111 
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reversible resin but, in this case, used in positive mode (the exposed parts were left during the 112 

development). In order to improve the adhesion of the resin to the wafer, a primer was used, which 113 

was spread with the same program as the resin. The spreading of the primer and of the resin were 114 

consecutive. The assembly was then annealed at 120°C on a hot plate for 120 s. The thickness of the 115 

resin deposited on the wafer was approximately 1.4 μm. The UV KUB 2 system, working with an 116 

LED carpet, was used for insolation. The maximum power of the KUB UV was 23.2 mW/cm² (100%). 117 

It was critical that the Cr/glass mask and resin mask made good contact. The insolation parameters 118 

were 70% of the maximum power for 10 s. The development was carried out in the AZ 726 MIF 119 

developer for 1 min with a slight manual agitation. The reaction was stopped by immersing the wafer 120 

in a large volume of DI water, then the wafer was rinsed with DI water, and finally it was dried under 121 

a dry air flow. Before carrying out the deposition by electron gun, the wafers were cleaned by plasma 122 

using the RIE NGP 80 frame. The process conditions were: 55 sccm O2, 100 mTorr, 70 W (13.56 123 

MHz RF generator), and duration 120 s. The metal deposition was carried out in an EVA 300 vacuum 124 

frame. The substrates were fixed to an uncooled rotating sample holder. The high-voltage generator 125 

was set at 7.4 kV. A thickness of 20 nm of titanium was deposited, and then a thickness of 150 nm of 126 

gold was deposited. At the end of the deposition, lift-off was carried out; the samples were immersed 127 

in an acetone bath under ultrasound for 30 min. To remove the last residues, a new plasma cleaning 128 

was carried out under the same conditions as before, but for a period of 10 min. The chips were then 129 

cut into pairs of electrodes using the DISCO saw. A flow chart of the fabrication process is presented 130 

in Figure 1. An excellent reproducibility from one microelectrode to another and excellent gold 131 

adhesion was obtained. The glass wafer covered with interdigitated electrodes cut in pairs, and 132 

supported on a blue film is presented in Figure S1. 133 

The chips were detached from the blue film and rinsed with acetone and ethanol to remove any 134 

contaminants that would hinder the encapsulating resin from adhering to the surface. The connections 135 

were covered with the encapsulation resin, which was made by combining two EPOTECH polymers 136 

(50/50 by weight) to designate the measuring area. The micro-conductometric chips were 5×30 mm in 137 

size and consisted of two identical gold interdigitated electrodes. 138 
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Figure 1 139 

 140 

2.3 Preparation of the methanol sensor 141 

2.3.1 Preparation of PS-PAMAM ESNFs based micro conductometric chips 142 

To create a 20 wt.% PS-PAMAM electrospinning solution, 0.14 g of PAMAM and 0.26 g of PS 143 

granules were each individually dissolved in 1 mL of N,N-dimethylformamide (DMF) and agitated 144 

overnight at room temperature (RT). Then, the PAMAM was gradually and carefully added to the PS, 145 

and the mixture was stirred for an additional 4 h. Following this step, the homogeneous PS-PAMAM 146 

solution was used immediately for electrospinning. The solution loaded into a 1 mL syringe was fed to 147 

the nozzle head (a laser-cut needle, 22 gauges) with the help of an electrospinning pump through a 148 

polytetrafluoroethylene (PTFE) tube (vertical electrospinning device, Spraybase®, Ireland). The 149 

electrospinning parameters were 20 kV for the voltage, 0.25 mL/h for the feed rate, and 20 cm for the 150 

working distance, and they were optimized in the prior investigation to produce beadless nanofibers 151 

with a uniform diameter [20]. PS-PAMAM nanofibers were electrospun on each micro conductometric 152 

chip for 1 min by placing the interdigitated electrodes under the vertical spinning device in order to 153 

obtain the greatest degree of uniformity across the electrodes in terms of the thickness and quantity of 154 

ESNFs deposited. The micro conductometric chips containing nanofibers were stored at RT until the 155 

subsequent stages of sensor manufacturing. 156 

2.3.2 AOX Immobilization 157 

The enzyme immobilization on the biosensor surface was carried out by a method of protein cross-158 

linking in saturated glutaraldehyde (GA) vapor, as previously optimized [9]. Typically, the PS-159 

PAMAM ESNFs based sensor was placed in saturated GA vapor for 45 min. In parallel, BSA (2,8 160 

mg/mL) was first dissolved in 10 mM PBS (pH = 7). The solution was mixed with AOX enzyme (2 161 

mg/mL). The mixture containing AOX and BSA was deposited dropwise on the sensitive surface of 162 

the PS-PAMAM ESNFs based sensor (working sensor) and then kept dried at 4°C in the refrigerator 163 

until further usage. The reference sensor was functionalized only with BSA. After one night int the 164 

fridge, it was possible to used the sensor. 165 
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2.4 Instrumentation 166 

2.4.1 Physicochemical Characterizations 167 

The Characterizations were fully addressed in the supplemental material. 168 

2.4.2 Conductometric measurements 169 

Conductometric VOC detection was accomplished by applying an alternating voltage (10 mV 170 

amplitude, 10 kHz frequency) generated by a very low-frequency wave-form generator to each pair of 171 

interdigitated electrodes (working sensor and reference sensor). These parameters enabled reductions 172 

in faradaic processes, double-layer charging, and concentration polarization at the microelectrode 173 

surface. These parameters had previously been optimized in KCl solutions. A conductometer 174 

VigiZMeter was used to record the sensors' differential output signal (COVARIANS Gif-sur-Yvette, 175 

France). The working/reference sensor pair was placed in the headspace over a liquid phase in a 176 

cylindrical container to accomplish these measurements. The conductance (G) measurement was 177 

recorded versus time throughout the insertion of the sensor pair into the headspace and its withdrawal 178 

from the headspace. 179 

2.5. Preparation of gas samples 180 

Gaseous MeOH, ethanol, and acetone samples were collected from the headspace above aqueous 181 

solutions of known concentrations between 0 and 100%. 182 

The concentrations of MeOH and ethanol in the gas phase above the aqueous solutions are determined 183 

using the Henry's law constants of the given analytes in water, according the equation reported by 184 

Sander [21], at 25°C. 185 

   
 
  a p        (eq. 1) 186 

Where   
 

 refers to  enry’s law  onstants for the standard  ondition; [  
 

]= M/atm. ca is the 187 

concentration of a species in the aqueous phase; [ca]=M, and pg is the partial pressure of that species in 188 

the gas phase; [pg] =atm.  189 

For the listed solvents, MeOH, ethanol, and a etone,  enry’s law  onstants value are rspectively 2.2 × 190 

10
2
 M/atm, 2 × 10

2
 M/atm, and 0.2 × 10

2
 M/atm at 25°C [22]. 191 
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The calculated equilibrium gas-phase concentrations of MeOH, ethanol, and acetone above the 192 

aqueous phase are shown in Tables S1, S2, and S3. 193 

 194 

 195 

3. Results and discussion 196 

3.1. Characterization of the PS-PAMAM ESNFs mats  197 

The homogeneity in the diameter of the nanofibers has a significant impact on the performance of 198 

nanofiber-based sensors, including the repeatability of the results and reproducibility of the sensor. An 199 

FESEM microscope was used to analyze the nanofibers' morphology. According to the photograph in 200 

Figure 2 (A), PS-PAMAM ESNFs have a uniform diameter and a smooth surface without any beads. 201 

The main reason for this is the presence of PAMAM in the electrospinning solution, which increases 202 

the electrical conductivity of the electrospinning solution and the surface charge of the jet during 203 

flight, as a result of which the electrospinning jet is subjected to more instabilities and causes the 204 

nanofiber diameter to decrease. The uniformity of the diameter, both along the length of a single fiber 205 

and in the average diameter of the fibers, is confirmed by the histogram of Figure 2 (B)'s narrow 206 

diameter distribution, which will result in repeatability and reproducibility for the desired sensor. The 207 

branching polymer's active sites and the average diameter of 200 nm will give a large amount of 208 

accessible surface area for enzymes, leading to a significantly higher level of stability of the enzyme 209 

on the fiber surface. 210 

 211 

Figure 2. 212 

 213 

The FTIR test was used to evaluate the chemical structure of PS-PAMAM ESNFs and to validate the 214 

presence of PAMAM amine groups in the structure and surface of nanofibers. In all spectra 215 

(Figurec3), the characteristic peaks of PS at 696 cm
-1

 and 755 cm
-1

 associated with  −  out-of-plane 216 

bending vibration, 1451 cm
-1

 and 1492 cm
-1

 related to CH2 bending vibrations, 1600 cm
-1

 linked to 217 

C=C stretching vibrations, 2846 cm
-1

, 2920 cm
-1

, and 3080-3024 cm
-1

 related to aromati   −  218 
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stretching vibration absorption, and the presence of CH2 were present. Characteristic bands of 219 

PAMAM are also found in the spectra of PS-PAMAM ESNFs at 1372 cm
-1

, 1551 cm
-1

, and 1645 cm
-1

, 220 

 orrespondin  to  −N stret h of amide III, N−  bendin  and  −N stret h of amide II band, and     221 

of amide I band, respectively. Furthermore, the band at 3268 cm
-1

 is asso iated with N−  stret hin  222 

vibration (Figure 3. (A)). These bands show that PAMAM is intercalated in the PS fiber structure 223 

without any interaction with PS because the FTIR bands of amide I, amide II and amide III remain 224 

at the same positions as those of the pristine PAMAM grafted on the surface of PS fibers 225 

[13,23]. The spectra of GA-PS-PAMAM ESNFs (Figure 3. (B)) shows two additional peaks at 1644 226 

cm
-1

 and 1715 cm
-1

 that are associated to GA. Moreover, the peak at 1674 cm
-1

 is connected to the 227 

C=N group, confirming the covalent link between the NH2 of PAMAM and the C=O of GA [20]. The 228 

peak at 1715 cm
-1

 associated to GA has diminished owing to binding between the AOX and GA after 229 

immobilization of AOX on the surface of PS-PAMAM ESNFs based micro conductometric chip 230 

[24,25] (Figure 3. (C)). 231 

 232 

Figure 3. 233 

 234 

3.2 Analytical performance of the micro-conductometric methanol sensor 235 

Conductometric detection of numerous VOCs (MeOH, ethanol, acetone, chloroform, and toluene) was 236 

carried out in the gaseous phase above pure liquid compounds at 25°C in order to assess the 237 

discrimination capacity of an AOX/PS-PAMAM ESNFs-based sensor, as shown in Figure 4. The 238 

conductivity signal increased dramatically when exposed to the headspace of MeOH. The nanofibers' 239 

large accessible surface area, along with the designed surface chemistry supplied by the PAMAM, 240 

permitted very high immobilization of the AOX on the electrode surface, resulting in very high sensor 241 

sensitivity. In comparison to ethanol and acetone, the sensor has shown significantly higher sensitivity 242 

to MeOH. It should be emphasized that the sensor showed no response following exposure to toluene 243 

and chloroform. This demonstrates the proposed sensor's remarkable sensitivity to MeOH. 244 

 245 
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Figure 4. 246 

 247 

The response time (tRes) is defined as the amount of time needed to achieve 90% of the total change in 248 

conductance following introduction into the headspace, and the recovery time (tRec) is defined as the 249 

amount of time needed to achieve 10% of the total change in conductance following withdrawal from 250 

the headspace. 251 

As shown in the diagram in Figure S2, the tRes of the AOX/PS-PAMAM ESNFs-based conductometric 252 

sensor was from 13 s to 35 s from lower concentrations of MeOH to its higher concentrations. The tRec 253 

was from 6 s to 10 s from lower concentrations to higher concentrations. 254 

 255 

Figure S2. 256 

 257 

The detection of different gas-phase concentrations of MeOH is presented in Figure 5. When the 258 

MeOH concentration was zero and the sensor was exposed to pure water, the conductivity that was 259 

recorded corresponded to 100% humidity at that time and was 22 μS/cm. The observed signal at 260 

9v/v% MeOH concentration was 1100 µS/cm; the contribution of 89v/v% humidity is then 1.8% of 261 

this signal, which is within the experimental error range for this concentration. This low contribution 262 

of humidity is due to the differential measuring method between the working sensor with AOX and the 263 

reference sensor with BSA. The non specific signal for water is then cancelled. 264 

 265 

Figure 5. 266 

 267 

The calibration curves of gas-phase concentrations of MeOH, ethanol, and acetone are 268 

presented in Figure S3. The MeOH sensor presents the best linearity of R
2 

= 0.9707, and the 269 

best sensitivity of 150.53 µS.cm
-1

(v/v). The MeOH sensor has a detection limit of 100 ppm, 270 

calculated from the formula 3s/S where s is the is the standard deviation of 3 different blanks 271 

and S is the slope of the calibration plot. The sensitivities for ethanol and acetone are 20.4 272 
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µS/cm(v/v) and 1.1 µS/cm(v/v), respectively, showing that the MeOH sensor presents a 7.3 times 273 

higher sensitivity than ethanol and 136.8 times higher than acetone. The relative standard deviation of 274 

the measurements is 2%. The inter-sensor reproducibility is 5%. The shelf life of the MeOH sensor is 275 

one month when continuously used. 276 

Figure S3. 277 

 278 

A lot of MeOH sensors have been fabricated, mainly based on semi-conducting compounds (SnO2, 279 

TiO2, CdS) and on Ni phthalocyanine (Table 1). Meanwhile, this is the first time that an AOX/PS-280 

PAMAM ESNFs based sensor is used for the conductometric detection of MeOH. Compared to the 281 

other conductometric MeOH sensors, the prepared MeOH sensor works at room temperature, presents 282 

a short response time, but it has a rather high detection limit.  283 

 284 

Table 1. 285 

 286 

3.3 Detection of alcohol content in rubbing alcohol through the gas phase 287 

Rubbing alcohol, a product made from 95% MeOH, is used as a liquid on barbecues or fireplaces or as 288 

an antifreeze solvent. In addition, if used at home, it is a powerful cleaner for stubborn dirt, polishing 289 

numerous surfaces, and removing stains.  290 

After the detection of MeOH in the headspace of absolute MeOH and of an 80% MeOH /water 291 

mixture, the detection of MeOH in the headspace of a commercial rubbing alcohol “ l ohol de 292 

QUEM R” was conducted as presented in Figure S4. 293 

The conductivity found for the commercial sample was 1282 µS/cm. This value corresponds to 10.31 294 

± 0.23 v/v%. The corresponding concentration in the liquid phase of the rubbing alcohol is 23.60 ± 295 

1.30 M.  This corresponds to 91.17 ± 1.5 v/v%, which is in good agreement with the supplier’s fi ure 296 

of 95%. 297 

 298 

Figure S4. 299 
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 300 

4. Conclusion 301 

A highly sensitive MeOH sensor based on AOX/PAMAM dendritic-polystyrene polymer blend 302 

nanofibers was successfully developed in this study. The sensitivity for MeOH is 7.3 times higher than 303 

for ethanol. The sensor is selective, sensitive, has a short response time, and has a shelf life of one 304 

month. The detection limit is lower than the recommended threshold for MeOH vapor concentration 305 

for exposed workers.  306 

 307 
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Figure and Table Captions 329 

Scheme 1. Stages of the fabrication of the ESF-based conductometric sensor 330 

Figure1. Flow chart of the technology of fabrication of the micro conductometric chips  331 

Figure 2. (A) FESEM image and (B) the diameter distribution of PS-PAMAM ESNFs. 332 

Figure 3. FTIR spectra of (A) PS-PAMAM, (B) GA-PS-PAMAM, and (C) AOX/PS-PAMAM ESNFs. 333 

Figure 4. Detection of gas-phase concentrations above the pure liquid phase of MeOH, acetone, 334 

chloroform, ethanol, and toluene. 335 

Figure 5. Detection of gas-phase concentration above different MeOH /water solutions with the MeOH 336 

sensor. 337 

Table 1. Comparison of the analytical performances of conductometric MeOH sensors based on 338 

different materials.  339 
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Scheme 1. Stages of the fabrication of the ESF-based conductometric sensor 437 
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 451 

 452 

 Figure1. Flow chart of the technology of fabrication of the micro conductometric chips  453 

4-inch (borosilicate) glass substrate

Ti/Au layer deposited with thicknesses 

of 20/150 nm
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chips cut into pairs of electrodes

primer + photosensitive resin
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 456 

Figure 2. (A) FESEM image and (B) the diameter distribution of PS-PAMAM ESNFs. 457 
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 472 

 473 

Figure 3. FTIR spectra of (A) PS-PAMAM, (B) GA-PS-PAMAM, and (C) AOX/PS-PAMAM 474 

ESNFs. 475 
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Figure 4. Detection of gas-phase concentrations above the pure liquid phase of MeOH, acetone, 486 

chloroform, ethanol, and toluene. 487 
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 510 

Figure 5. Detection of gas-phase concentration above different MeOH /water solutions with the 511 

MeOH sensor. 512 
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 522 

 523 

 524 

 525 

Table 1. Comparison of the analytical performances of conductometric MeOH sensors based 526 

on different materials. 527 

Sensitive materials 

Working 

Temperature 

Response time 

(s) 

Dynamic range 

(ppm) 

Detection limit 

(ppm) 

Ref. 

Graphene oxide/polyindole 26 °C ± 1 °C 7 1.14 – 11.36 0.15 [26] 

Pt doped SnO2 

nanoparticles 
22 °C 10 0.13 − 5 0.13 [27] 

TiO2 nanotubes RT 30 100 − 300 100 [28] 

Tin dioxide doped 

cadmium sulfide 
360 °C − 0 − 6 0.9 [29] 

Chitosan-NiPc film 25 °C 31 700 − 10
5 

700 [30] 

PVC-NiPc nanofibers 25 °C 13 15 – 1.1x10
5 

15 [31] 

AOX/PAMAM-PS-ESFs 25 °C 13 100 − 10
5 

100 
This 

work 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 



26 
 

 536 

Supplementary information 537 

 538 

A conductometric enzymatic methanol sensor based on 539 

polystyrene - PAMAM dendritic polymer electrospun nanofibers 540 

Pouyan Razmshoar
1,2

, Anis Madaci
2
, Fatma Besbes

2,3
, Rym Mlika

3
, S. Hajir Bahrami

1
, 541 

Mohammad Rabiee
4
, Marie Martin

2
, Abdelhamid Errachid

2
, Nicole Jaffrezic-Renault

2*
 542 

1. Textile Engineering Department, Amirkabir University of Technology (Tehran Polytechnic), 543 
Tehran, Iran 544 

2. University of Lyon, Institute of Analytical Sciences, UMR 5280, CNRS, F-69100, Villeurbanne, 545 
France 546 

3. University of Monastir, Laboratory of Interfaces and Advanced Materials, Faculty of Science of 547 
Monastir, 5019 Monastir, Tunisia 548 

4. Biomedical Engineering Department, Amirkabir University of Technology (Tehran Polytechnic), 549 
Tehran, Iran 550 

Corresponding authors: Nicole Jaffrezic-Renault, nicole.jaffrezic@univ-lyon1.fr 551 

 552 

 553 

Reagents and Solutions   554 

Polystyrene (PS, MW = 192,000 g/mol) and N,N-dimethylformamide (DMF) (purity 99.9%) were 555 

purchased from Sigma-Aldrich. Poly(amidoamine) dendritic polymer equivalent to the second 556 

generation of poly(amidoamine) dendrimer (PAMAM) was provided by the Delta-Innovative 557 

Company, Poland. Alcohol Oxidase (AOX) from Pichia pastoris (10-40 units/mg protein), Bovine 558 

serum albumin (BSA) (96%), glutaraldehyde (GA), phosphate buffer saline (PBS) tablets, methanol 559 

(MeOH) (99.5%), ethanol (99.5%), acetone (99.5%), chloroform (99.5%), toluene (99.5%) were 560 

purchased from Sigma Aldrich. Ultra-pure water (UPW) (resistivity >18 MΩ  m) was produ ed by the 561 

ELGA System. 562 

 563 

 564 

 565 
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 566 

Figure S1. The glass wafer is covered with interdigital electrodes cut into pairs and supported on a 567 

blue film 568 

 569 

Characterizations 570 

Field emission scanning electron microscopy (FE-SEM, MIRA3 TESCAN) was used to characterize 571 

the morphology of ESNFs. Using the ImageJ analysis program, the average diameters and diameter 572 

distributions of ESFs were calculated from FE-SEM images by randomly picking 100 fibers from each 573 

of the ESNFs mats. 574 

The surface chemical composition of ESNFs during methanol sensor preparation was characterized by 575 

Fourier Transform-Infrared (FTIR) using a NEXUS spectrophotometer (Nicolet-Thermo Fisher, UK) 576 

for 256 scans at a resolution of 4 cm
−1

. The spectra were recorded in attenuated total reflectance 577 

(ATR) mode using a Thunder dome (Spectratech) accessory containing a germanium crystal with a 578 

mono reflection at 45°. 579 

Table S1. Equilibrium gas-phase concentrations above an aqueous MeOH solution at 25 °C according 580 

to  enry’s law  onstant  iven by Snider et al. [1] and Eq. (1) given by Sander [2]. 581 
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Concentration of MeOH in the aqueous 

phase(M) 

Concentration of MeOH in the gas phase(v/v%) 

2.48 1.13 

4.95 2.25 

9.9 4.5 

14.85 6.75 

19.8 9 

25.75 11.25 

 582 

 583 

 584 

Table S2. Equilibrium gas-phase concentrations above an aqueous ethanol solution at 25 °C according 585 

to  enry’s law constant given by Snider et al. [1] and Eq. (1) given by Sander [2]. 586 

Concentration of ethanol in the aqueous 

phase(M) 

Concentration of ethanol in the gas phase(v/v%) 

1.71 0.90 

3.41 1.79 

6.82 3.58 

10.23 5.37 

13.64 7.16 

17.15 9.02 

 587 

 588 

Table S3 Equilibrium gas-phase concentrations above an aqueous acetone solution at 25    according 589 

to  enry’s law  onstant  iven by Snider et al. [1] and Eq (1). given by Sander [2]. 590 

Concentration of acetone in the aqueous 

phase(M) 
Concentration of acetone in the gas phase(v/v%) 
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1.35 5.63 

2.7 11.26 

5.4 22.52 

8.1 33.78 

10.8 45.04 

13.51 55.86 

 591 

 592 

 593 

Figure S2. Measurements of the response time (tRes) and recovery time (tRec) on the real-time 594 

registration of the MeOH sensor signal for absolute methanol. 595 
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 596 

Figure S3. Calibration curves of MeOH, ethanol, and acetone in the gas phase of the AOX/PAMAM-597 

PS-ESNFs-based sensor. The size of the point is equal to the standard deviation. 598 

 599 

 600 

Figure S4. Detection of gas-phase concentration for different MeOH /water solutions and for the 601 

rubbing alcohol with the AOX/PS-PAMAM-NFs. 602 
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