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Abstract
This work describes the development and evaluation of a biosensor designed for enzymatic detection of short-chain alco-
hols, using an X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). The biorecognition element, 
alcohol dehydrogenase, was immobilized on self-assembled monolayers deposited on top of silicon nitride microcantile-
vers. Biosensor assays provided detection of short-chain alcohols and evaluation of the influence of a biological element 
immobilization on the analytical performance of the device. The self-assembly process was performed by surface activation 
using 3-aminopropyltriethoxysilane, followed by glutaraldehyde and biomolecule binding. XPS and AFM were used to 
verify surface oxidation and reagent binding. The biosensor showed a response time shorter than 1 s, a total renovation of 
the bioactive layer after 10 min, a sensibility from 0.03 to 1.2 mL/L, and a lifetime of 22 days. Its selectivity was analyzed 
through exposure to pure and mixed volatile solvents. Sensor sensibility was higher in the presence of short-chain alcohols 
family (methanol, ethanol, and propanol) ranging from 0.45 to 0.85 kHz and practically null involving other polar or nonpolar 
solvents. The biosensor showed less susceptibility to humidity and temperature variations, presenting a high-quality factor, 
a faster response time, selectivity, sensitivity, and durability.
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1  Introduction

Alcohols are essential compounds in medicine, biotechnol-
ogy, and mainly in the food industry, in which some proce-
dures may involve fermentation and distillation. However, 

in some cases, the volatilized concentration of alcohols—
besides being highly flammable—can reach toxic levels, 
causing inflammation of the nasal and conjunctiva mucous 
membrane, skin irritation, and poisoning. Given these cir-
cumstances, monitoring the volatilized alcohol concentra-
tion in the air is essential [1–3]. In nature, the detection of 
methanol can signal plant immunity, with potential applica-
tion in plant phenotyping [4].

A susceptible sensor requires the detection of small 
quantities—in the ppm range—of volatile organic com-
pounds (VOC) in a gaseous medium. In this context, the 
development of microcantilever (µC)-based biosensors 
has been an efficient solution [5, 6]. Microcantilevers are 
mechanical probes with a particular format used to measure 
small forces, and different probes are employed for inves-
tigations with atomic force microscopes (AFM) [7]. Initial 
applications of a microcantilever as a sensor was a mass-
sensitive balance, which acted as a microresonator, reach-
ing resolutions in the order of picograms and allowing the 
detection of individual virus particles [8]. Microcantilevers 
with a high Q factor—in the order of 10,000—and high-
frequency operations—around 1.5 MHz—allow a resolution 
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of theoretical mass of about 20 ag/Hz [9]. Usually, sensors 
translate the change in a physical property into measurable 
electrical signals; however, in this study, the AFM was used 
to examine the mechanical response of a µC. The immo-
bilization of biomolecules, such as enzymes, in a sensor, 
promotes the affinity and high selectivity of catalytically 
active proteins high selectivity, to detection of a specific 
target and studies applying alcohol dehydrogenase enzyme 
immobilization have been reported for detection of alcohols 
using amperometric [1, 10, 11] and voltammetric sensors 
[12, 13]. The enzymatic biosensors offer a combination of 
performance and analytical features not available in other 
bioanalytical systems [14]. In the functionalization, the 
microcantilever can be coated on either side or just one side 
with a sensitive layer. They are making it possible to detect 
the mass variation in the set by changes in the resonant fre-
quency. This reading method is known as a dynamic mode. 
The microcantilever is only coated on one side in the static 
mode and suffers a twist when exposed to an analyte. This 
twist is caused by interactions between the sensor and the 
surface layer. This variation of the technique is commonly 
used in liquid mediums [15].

The principle of operation of a cantilever sensor is based 
on the adsorption of analytes at the surface of the cantile-
ver (coated with a sensing layer), which usually leads to an 
induced surface stress and an increase of the apparent mass 
of the cantilever [16]. The change in mass leads to deflection 
of the cantilever in the Z direction.

Treating the rectangular cantilever as a vibrating spring-
mass system, its resonance frequency (fres (Hz)) can be cal-
culated as follows:

where k is the spring constant (N*m−1) and m the mass (g).
The mass of a cantilever can be expressed as m = ρ.h.l.w, 

where ρ is the density (g/m3) of the material, h its thickness 
(m), w its width (m), and l the length (m).

1.1 � Microcantilever Surface Activation

The chemical modification or activation of microcantilever 
surfaces for the attachment of biomolecules is commonly  
performed using reagents such as 3-aminopropyltriethoxysilane  
(APTES) and alkanethiols, such as 11-amino-1-undecanethiol 
hydrochloride (THIOL) [16–18]. The surface activation  
using APTES can be performed directly on silicon, gold, and 
other materials through solution vaporization or immersion.  
In this process, the formation of silane compounds in self-
assembled monolayers (SAMs) occurs by connecting silanol 
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m

groups (Si–OH) arranged on the surface of the oxidized  
microcantilever with active silanol groups in APTES. The 
formation of silanol groups in APTES is derived from a 
hydrolysis process of ethoxy terminal groups in the presence 
of organic solvents. Thus, the NH2 end of APTES remains 
free, allowing adhesion of molecules through biocompatibility,  
charge, hydrophobicity, or hydrophilicity. The functionalized  
amino-silane can form covalent bonds through its amino  
group with other substances, such as glutaraldehyde (GLD)-
mediated reaction or carboxyl groups [1-ethyl-3-(3-dimethyl 
aminopropyl) carbodiimide] (EDC) mediated by crosslinking 
of biomolecules [19].

The formation of multiple layers can occur when APTES 
molecules are physically adsorbed to each other on an 
already activated area. The APTES activation multiple lay-
ers was found in an air-dried environment formed one or two 
siloxane bonds on the surface. In comparison, the cured to 
heat activation (100 to 200 °C) tends to form three siloxane 
bonds on the surface, helping to remove solvent excess [20].

1.2 � Immobilization of Biomolecules 
on Microcantilever Surfaces

Immobilization of biomolecules on microcantilever surfaces 
can be seen as closely related to the immobilization meth-
ods used to fabricate electrodes; these procedures are gath-
ered under the generic term “chemically modified devices” 
[17]. The binding of biomolecules by the SAM process is 
desirable as it provides a stable immobilization [21], and it 
occurs when functional groups of organic materials (such as 
-OH, -NH2, -COOH and -SH), which are not essential to the 
catalytic activity of the enzyme, bind to available APTES 
groups. To achieve that, knowledge of the enzyme structure  
is paramount [17]. The alcohol dehydrogenases used in this  
experiment contain 374 amino acid residues per chain and  
95 lysine residues available on the enzyme’s surface, ena-
bling multiple bonds [17]. Groups of E carbon (EC) from 
lysine residues of biomolecules are commonly used as bind-
ing means, but linkages with tyrosine, tryptophan, phenyla- 
lanine, and cysteine amino acids may also occur [22, 23]. For an  
appropriate result, the biomolecule immobilization process 
involves three main steps: (i) surface activation, (ii) biomol-
ecule coupling, and (iii) removal of weakly bound biomole-
cules [17]. The enzyme used in this study as a biorecognition 
element allowed the binding of specific analytes transformed 
into by-products or simply left the biomolecule after a short 
time, renewing the biosensor for the next reading process 
[18]. This paper presents a specific enzymatic biosensor that 
uses a signal transduction based on mechanical displace-
ment, which differs from commonly commercially available 
voltammetric and resistive sensors.
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2 � Materials and Methods

2.1 � Reagents

The water used for solutions preparation was purified at 18 
MΩ.cm resistivity by the Milli-Q system (Millipore Inc.).

All chemicals and buffer components were used as received.  
The solvent toluene, ACS grade, 99.5%, was provided by J. 
T. Baker. All the other reagents were purchased from Sigma-
Aldrich. These products were 3-aminopropyltriethoxysilane 
(APTES) 99%, 0.946 g/mL at 25 °C, triethylamine ≥ 99%, 
101.1 g/mol, glutaraldehyde (GLD), solution grade I, 25% 
in H2O, and alcohol dehydrogenase from Saccharomyces 
cerevisiae (yeast), lyophilized powder, with ≥ 300 units/mg  
of protein, MW 141–151 kDa (Sigma Aldrich A7011).

The standard assay was performed according to the 
Sigma Aldrich protocol (cod. A7011) to evaluate the 
enzymatic activity. The reaction can be followed by the 
transformation of ethanol in the presence of β-NAD to 
acetaldehyde and β-NADH, where one unit of the enzyme 

is responsible for the conversion of 1.0 μmole of ethanol 
to acetaldehyde per minute at pH 8.8 at 25 ºC. A Shimadzu 
UV-1650PC UV–Visible spectrophotometer in the UV 
region (340 nm) was used to obtain the curve of absorb-
ance versus time, related to the amount of β-NADH that 
is released in the conversion reaction.

2.2 � Microcantilevers

Silicon microcantilevers used were HA_NC model (NT-
MDT) with stems at ends, being (A) the shortest and (B) 
the longest, as Table 1 shows.

2.3 � Instrumentation

The frequency response of the microcantilevers during exci-
tation was measured using a Veeco Dimension V AFM. The 
laser was focused on the apex of the cantilever and reflected 
in a position-sensitive detector. In dynamic mode, an internal 

Table 1   Physical characteristics 
of the microcantilevers used 
in this study and the image 
of shape of polysilicon lever, 
monocrystal silicon tip 
(NT-MDT, HA_NC model)

Characteristic A B
Typical

dispersion

Length, L (µm) 94 124 ± 2

Width, W (µm) 34 34 ± 3

Thickness, H (µm) 1.85 1.85 ± 0.15

Force constant (N/m) 12 3.5 ± 20% 

Resonant frequency

(kHz)
235 140 ± 10% 

NT-MDT (HA-NC) Polysilicon lever, Monocrystal silicon tip
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function generator is then used to drive (oscillate) the can-
tilever while the lock-in measures the cantilevers amplitude 
and phase at different excitation frequencies. The resulting 
resonance spectrum of the excited cantilever was analyzed 
using the AFM Control Dimension NanoScope V Software.

2.4 � Microcantilever Functionalization

2.4.1 � Surface Activation

Microcantilevers were subjected to a heat treatment at 
500 °C for 8 h, subsequently washed with piranha solution 
(70% concentrated H2SO4 in 30% H2O2, 1:1) for 5 min, and 
then extensively washed with milli-Q water to remove the 
excess of this solution. Immediately after this process, the 
microcantilevers were submitted to an activation procedure 
by vaporizing 40 µL of APTES and 40 µL of triethylamine 
in a nitrogen atmosphere for 1 h [17]. The heat treatment 
assists in the removal of metal and organic components and 
provides surface oxidation. This technique was based on pro-
cedures in which heat is used to obtain sucrose degradation 
in ceramics [24].

After the functionalization, the microcantilevers were 
stored at 8.0 ºC.

2.4.2 � Biomolecule Binding

For all experiments, functionalization through the forma-
tion of SAMs was performed with alcohol dehydrogenase 
enzyme stock solution (0.25 mg/mL) dissolved in 50 mM 
sodium phosphate buffer, pH 8.6. After heat treatment for 

cleaning of the microcantilevers and activation process 
(dashed box in Fig. 1), the APTES amino groups of the 
newly activated surface were incubated in a 1% glutaralde-
hyde solution in sodium phosphate buffer for 1 h at room 
temperature and subsequently washed with sodium phos-
phate buffer solution, pH 8.6. Then, alcohol dehydrogenase 
solution dissolved in sodium phosphate buffer (pH 8.6) was 
added, and incubation was carried out for 6 h at 25 °C. After 
that, the microcantilevers were cleaned again for the removal 
of unbound enzymes. The material remaining on the micro-
cantilevers corresponded to the self-assembled monolayer 
(SAM) [18, 21, 25].

2.5 � Characterization of Activated Surface by X‑ray 
Photoelectron Spectroscopy

The activation process was characterized by X-ray pho-
toelectron spectroscopy (XPS). This technique allows for 
identifying and quantifying all the chemical elements on 
the surface of the sample, the relative concentrations of the 
compounds, chemical environment, oxidation states, and in 
specific cases even inferring the surface morphology under 
analysis.

The XPS spectra were acquired using a spectrometer from 
Scienta Omicron equipped with a monochromatic X-ray 
source (K-Alpha, 1486.6 eV), a hemispheric electron ana-
lyzer with high resolution and 125 individual detection chan-
nels. During the measurements, the pressure in the analysis 
chamber was 2 × 10–9 mbar and the spectra were recorded 
with energy of 50 eV. The positions of the peaks in the 

Fig. 1   Self-assembled mon-
olayer (SAM) activated with 
APTES (dashed box), followed 
by glutaraldehyde and enzyme 
incorporation [18]

Table 2   VOCs organized in 
order of relative polarity [24]

Molar weight MW 
(g/mol)

Density ρ (g/L) Vapor pressure 
(KPa) at 20 °C

Relative polarity

Methanol 32.04 791.4 12.8 0.762
Ethanol 46.07 789.0 5.9 0.654
Propanol 60.10 786.0 4.4 0.546
Acetone 58.08 790.0 24.0 0.355
Dichloromethane 84.93 1326.6 7.9 0.327
Toluene 92.14 870.0 2.9 0.099
Hexane 86.10 654.8 16.0 0.009
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spectra were corrected in relation to the binding energy of 
the carbon peak set at 284.8 eV (C 1 s). Data was processed 
using the CasaXPS software (Casa Software Ltd., UK).

2.6 � Biosensor Selectivity

To investigate the selectivity of this biosensor, volatile 
organic compounds were used (Table 3) and applied at the 
same concentration, calculated as the ratio of the number of 
VOC molecules to the amount of air molecules available in 
a 2.0 L reservoir used in the experiment [18].

Using Eq. (2) the ratio of the amount of VOC molecules 
to the quantity of air molecules in a reservoir of known 
capacity, the VOC concentration (Yi) in ppm was estimated:

where the universal gas constant (R) = 0.0821 (L*atm*K-
1*mol-1), temperature (T) (Kelvin (°K) = (°C) + 273.16), 
local atmospheric pressure (P) (0.9088 atm), and volume of 
the chamber (Vchamber) = 2.0 (L).

(2)Yi(ppm) =
Vvoc ∗ �(voc)

MW(voc)
∗

R ∗ T

P ∗ V(chamber)

3 � Results and Discussion

3.1 � Characterization of the Activated Surface 
by X‑ray Photoelectron Spectroscopy

Two samples were prepared for XPS analysis: a microcanti-
lever of Si treated with piranha solution (70% H2SO4 + 30% 
H2O2) for 5 min and washed with mil-li-Q (sample 1) and 
a microcantilever of Si treated with piranha solution (70% 
H2SO4 + 30% H2O2) for 5 min, washed with milli-Q and 
covered by a layer originated from the vaporization of 40 µL 
of APTES and 40 µL of triethylamine for 1 h in a desiccator 
purged with nitrogen (sample 2—steaming method). The 
composition of each element measured by XPS is described 
in Table 4.

Figure 2 shows the complete XPS spectrum for each 
microcantilever. The identified peaks offer the chemical 
elements and the electronic configurations in the samples. 
Both specimens presented Si 2p and Si 2 s on the surface 
and a peak near 285 eV associated with C 1 s. The carbon 
present in the samples may be due to functionalization with 
APTES or exposure of the samples to air [26]. It is well 
known from the literature that exposure of samples to the 
environmental atmosphere can lead to the formation of a 
thin layer (~ 2 nm) of carbon-rich material on the surface, 
known as adventitious carbon, easily detected by XPS [26]. 
The spectrum in Fig. 2(A) shows an intense peak of O 1 s 
that can be assigned to the passivation of a SiO2 oxide layer 
on the surface caused by piranha solution. A strong signal 
of O 1 s and no signal of N 1 s was observed on the survey 

Table 3   Percentage of chemical elements in each sample measured 
by XPS

Sample O 1 s (%) C 1 s (%) Si 1 s (%) N 1 s (%) I (%)

1 39.45 28.43 32.12 - -
2 35.67 27.65 34.44 1.75 0.5

Fig. 2   XPS spectra for Si microcantilevers (A) after 5  min in piranha solution (sample 1) and (B) after activation by vapor treatment with 
APTES and triethylamine for 1 h (sample 2) [18]
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spectrum of XPS for sample 1. This result confirms a thick 
layer of SiO2 on the surface of the µC due to treatment with 
piranha solution (oxidation). For sample 2, the presence of N 
1 s at 399.5 eV can be seen, suggesting that the sample was 
activated with APTES. A strong peak of N 1 s was expected 
in this sample because of the material the µC was made 
from; nevertheless, treatment with piranha solution led to the 
formation of a layer of SiO2 on the surface of the substrates, 
which the intense peak of O 1 s can confirm.

In addition to nitrogen, carbon is another abundant ele-
ment in APTES (C9H23NO3Si) and can be an indicator in 
the samples. However, the carbon present in these samples 
may have two sources, adventitious C 1 s, from atmospheric 
air and APTES. Because the samples were submitted to the 
same treatment with piranha solution and had the same 
exposure time to air, it is possible to assume that the con-
centration of adventitious C 1 s is the same in both samples. 
The results exhibited in Fig. 2 reveal that the XPS technique 
satisfactorily indicated the success of surface activation of 
microcantilevers, confirming the presence of APTES N 1 s 
element.

Figure 3 display the high-resolution spectra of Si 2p, C 
1 s, and N 1 s for the Si microcantilevers after activation by 
vapor treatment with APTES and triethylamine. The peak 
centered around 102.6 eV can be assigned to SiO2 [27], 
while the peak at 99 eV has been reported for the Si–N 
species (Fig. 3(A)) [28]. The presence of silicon oxide is 
expected due to the cleaning of the microcantilever substrate 

with piranha solution that is a strong oxidizing agent [26]. 
Indeed, the peak observed at ~ 530 eV with the highest inten-
sity (Fig. 2(B)) is attributed to the O 1 s, which indicates 
that the substrate has a silicon oxide layer on the surface. 
The high-resolution XPS peak for C 1 s was adjusted with 
three components centered at 288.6, 286.2, and 284.7 eV, 
respectively (Fig. 3(B)). The binding energy at 286.3 eV is 
assigned to C–N groups, suggesting that the microcantilever 
was functionalized with APTES [26, 29]. Other two peaks at 
288.5 and 284.7 eV correspond to O–C = O and C–C groups, 
respectively. The peak centered at 284.7 eV is well known 
from literature for adventitious carbon due to the exposure 
of samples to the environmental atmosphere [27].

The high-resolution XPS spectra of N 1 s, showing in 
Fig. 3(C), were adjusted with two components centered at 
401.7 and 399.9 eV, assigned to amine groups from APTES 
[30, 31]. The XPS results confirming the presence of APTES 
on the surface of the microcantilever substrate. The com-
position of each element measured by XPS is described in 
Table 4.

3.2 � Microcantilever Functionalization

Figure 4 highlights the results of µC activation with APTES 
steaming technique followed by functionalization process 
by glutaraldehyde and alcohol dehydrogenase enzyme. The 
change in the resonant frequency (Fig. 4(A)) and quality 
factor Q (Fig. 4(B)) for each step of the construction of the 

Fig. 3   High-resolution XPS 
spectra for Si microcantilevers 
a) after activation by vapor 
treatment with APTES and 
triethylamine for 1 h (sample 2). 
The b) XPS peak for C 1 s and 
c) XPS spectra of N 1 s [18]
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biosensor is shown. The observed decrease in the resonant 
frequency indicates the increase of mass on the surface of 
the microcantilever stem [18], with the confirmation of the 
subsequent molecular bindings of the functionalization 
procedure.

Other surface activation techniques have also been tested, 
such as immersion in APTES and THIOL solutions. The 
activation by immersion in APTES is hard to be controlled 
and usually results in the formation of undesirable multiple 
layers. For activation with THIOL, a thin gold layer deposi-
tion on the substrate is necessary, which modifies the physi-
cal characteristics of the microcantilever and is related to 
various drawbacks, such as the ease of absorbing organic 
compounds [18]. Therefore, these techniques were not used 
in this work due to the limitations described herein.

3.3 � Characterization of Functionalized Surface 
with Alcohol Dehydrogenase

The calculation of the functional layer thickness was per-
formed through AFM in the contact mode. The thickness 
measurement was used to assess thin film formation on the 
substrate with a topography image and to obtain quantitative 
information of the absorption. A sharp metal blade, with 
hardness lower than the substrates, was used to avoid dam-
aging his surface. The functionalized surface was scratched 
until the silicon substrate from the AFM probe (substrate, 
cantilever, and probe) was reached, removing only part of 
the functional layer. From the cross-section (Fig. 5(B)), it is 
noted that the region where the functionalization remained 
unchanged (interface between the two surfaces) showed 
an accumulation of material (the region between 2.4 and 
3.6 µm), to the blade pulling part of the functional layer 

when making the scratch. The image was obtained on the 
forming step, allowing to estimate the layer’s thickness. Fig-
ure 5(A) shows the groove in a functionalized µC whose 
coverage resembled a monolayer. The thickness added by 
each functionalization step can be estimated based on the 
information available in the literature. Activation with 
APTES and layers of glutaraldehyde and alcohol dehydro-
genase contribute to thicknesses of 0.70, 0.30, and 9.05 nm, 
respectively, which results in a total thickness of 9.79 nm. 
Experimentally, the average thickness was 14.68 ± 1.19 nm 
(Fig. 5(B)). This variation in thickness is because both 
APTES and glutaraldehyde can form multiple layers; the 
presence of geometric imperfections or residues on the sur-
face of the microcantilever may also explain this difference.

3.4 � Biosensor Response to Target Analyte

A notable variation of surface tension on the functionalized 
stem of the microcantilever freely oscillating in a chamber 
saturated with volatile alcohols was noticed when the bio-
sensor was exposed to a significant concentration of ethanol 
at ambient conditions (25 °C, 1 atm, relative humidity of 
50%). This event is evidenced both by its bending when only 
one face is functionalized and by the significant increase in 
the resonant frequency if both sides are functionalized.

The response of the resonant frequency of the biosensor 
to 10 µL of pure ethanol in both sides of the functionalized 
µC in three consecutive tests of 20 min each is depicted in 
Fig. 6. The variations in the relaxation time of the biosen-
sor may be adaptations of the biomolecule on the surface of 
the microcantilever or occupation of enzyme active sites; 
however, the maximum surface tension remained the same 
during the three tests. It was also noted that the adsorption 

Fig. 4   Variation of resonant frequency (A) and Q factor (B) for each step of the functionalization process
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phase, associated with a decrease in resonant frequency, 
became shorter throughout the experiment, possibly because 
ethanol vapor expels the humidity in the biosensor, thus 
changing the resonant frequency in each assay.

Figure 7 exhibits and highlights parts of the frequency 
curve associated with significant immobilization events for 
comparison. The cantilever is oscillating freely in a chamber 
saturated with volatile alcohols. The interaction of ethanol 
vapor with the bare µC did not influence the resonant fre-
quency response.

It was observed that a higher concentration of ethanol 
caused a significant increase in the resonant frequency due 
to the increase in surface tension. It is believed that the 
increase in surface tension is related to a conformational 
change of the ethanol-bound enzyme when compared to the 
unbound enzyme. This fact was also confirmed experimen-
tally by the decrease in roughness and increase in thickness. 
As the enzyme cofactor is not present in this condition, it 
is assumed that the active site only binds to the substrate 
and releases it because of air drag, without leading to the 

Fig. 5   Microcantilever activation with APTES steaming technique. 
Average thickness around 14.68 ± 1.19  nm in the region between 4 
and 9  µm and between 0 and 5  µm in the region where the groove 

for removal of material was made. (A) A 3D view and (B) an alea-
tory profile of the topography with the average thickness of ten cross-
sections [18]

Fig. 6   Resonant frequency 
response of the microcantilever 
in three consecutive assays 
using 10 µL of 99.9% ethanol 
deposited on a glass slide at 
5 mm from the biosensor. Data 
were normalized (kHz/kHz) 
for comparison of the response 
profiles
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formation of the product. When ethanol binds to the active 
sites, it causes the expulsion of the water molecules present, 
thus altering the resonance frequency due to mass varia-
tion. Evaporation of ethanol provides a high concentration 
of this molecule in the first contact, which causes the surface 
tension of the biosensor to increase significantly and very 
quickly. As the ethanol concentration decreases, the surface 
tension decreases to the point where it is no longer observed. 
Subsequently, the change in resonance frequency decreases 
due to mass adsorption until the ethanol vapor is completely 
discharged, a process that takes about 5 min. Regarding 
adsorption, the decrease in the resonant frequency (phase 
B in Fig. 7) may be related to the fact that the ethanol vapor 
expels the moisture present in the biosensor, thus altering 
the resonant frequency. The biosensor recovery time was 
verified, with the response monitored for the next 15 min. 
Figure 8 shows the changes in the resonant frequency of the 
biosensor without the target analyte in the first 10 min of 
operation, with an acquisition rate of one reading per minute. 
At time t = 0, a slide was inserted with 10 µL of ethanol at 
5 mm from the biosensor under ambient conditions.

To determine the effect of ethanol concentration on the 
resonant frequency, a 2-l closed circulatory system was 
developed containing a special cell to seal the µC support 
to minimize any interference in the system. Figure 9 shows 
that for ethanol concentrations above 0.3 mL/L a surface 
tension was observed, causing an increase of resonant fre-
quency much more significant than the increase of mass 
adsorbed on the surface. At concentrations above 0.6 mL/L, 

the exponential growth of the resonant frequency occurred 
and stabilized upon saturation of the biosensor. In the inter-
val between 0.2 and 0.4 mL/L, there is a balance between 
adsorption and surface tension in which there is no signifi-
cant variation of the resonant frequency.

This transition makes the biosensor less sensitive to iden-
tify a specific concentration, but it can still be used to deter-
mine a range of concentrations.

Figure 9 reveals that up until the ethanol concentration 
of 0.03 mL/L, the biosensor suffered a reduction in reso-
nance frequency; the saturation point, related to the high-
est resonant frequency, was registered at a concentration of 
1.2 mL/L. This data shows a high selectivity and a wide 
short-chain alcohols detection range of this enzymatic bio-
sensor which can detect ethanol concentrations from 0.03 
1.2 mL/L. Commercial devices, even with a detection range 
of 0.0011 a 0.21 mL/L (HANWEI ELECTRONICS CO. 
MQ-3 GAS SENSOR) show different resistance values to 
various kinds and concentrations of gases, which makes 
these sensors unattractive to selectivity and specificity 
parameters. Furthermore, the response of commercial sen-
sors depends on the environment humidity, a correlation not 
observed for the biosensor developed in this study.

The experiment with three functionalized biosensors 
(Fig. 9) also shows that these devices, even being made 
from the same model of µC, are not identical, as they pre-
sent small variations in all dimensions, resulting in differ-
ent sensitivities (variation in resonant frequency), different 
numbers of immobilized biomolecules, and other subtle 

Fig. 7   Comparison of the 
response of a bare (control) (●) 
and a functionalized (biosen-
sor) (■) µC exposed to 10 µL 
of ethanol vapor; region (A) 
shows the influence of the 
surface tension, part (B) depicts 
adsorption, with a decrease of 
the resonant frequency, and (C) 
corresponds to the biosensor 
recovery
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discrepancies; however, the biosensors detection behaviors 
are considerably similar when exposed to the target analyte.

To verify the selectivity of the biosensor, tests were car-
ried out with different VOCs as analytes, in the same molar 
concentration of the 10-μl ethanol sample. These results are 
shown in Figs. 10 and 11.

In the graph in Fig. 10, CONTROL represents the AFM 
response with the biosensor in ambient conditions without 
any analyte. The biosensor undergoes a slight variation in 
the resonant frequency over the observed period, form-
ing a sine wave that can be observed in Fig. 7 between 
0 and 10 min. Water molecules may occupy the interior 
of the active sites of the enzyme, causing a variation in 

resonant frequency due to changes in the mass of the 
microcantilever.

The selectivity of the biosensor was analyzed to different 
VOCs at the same time and conditions (Fig. 11). When the 
biosensor was exposed to the VOCs mix without ethanol, a 
small decrease in the resonant frequency (adsorption) was 
observed at first contact; however, after 2 min, the resonant 
frequency resumed its original value. The shape of the bio-
sensor recovery curve shown in Fig. 6 was also observed in 
the vapor assay with the VOC mixture (Fig. 11(B) and (C)).

The selectivity of the biosensor was tested under the fol-
lowing conditions: 3 consecutive assays followed by 20 min 
of exposure to 10 µL of ethanol (Fig. 11(B)); 3 consecutive 
assays followed by 20 min of exposure to a 61.7-µL mixture 

Fig. 8   Three different biosensors with steam powered APTES. The thin and uniform layer makes the most efficient biosensors and reduces the 
difference between the behaviors

Fig. 9   Resonant frequency variation as a function of ethanol concen-
tration from 0 to 1.2 mL/L in an enclosed circulatory system for three 
monolayer functionalized biosensors

Fig. 10   Selectivity test with different VOCs at concentration range 
from 0 to 0.3 mL /L (black bars) and 0.4 to 1.2 mL/L (gray bars)
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of VOCs (ethanol, hexane, dichloromethane, and toluene) 
containing 10 µL of ethanol (Fig. 11(B)). The control sample 
was tested for two different possibilities: biosensor exposed 
to the vapor of the mixture of three volatiles (dichlorometh-
ane, hexane, and toluene) and a new µC exposed to the steam 
of the combination of three volatiles (dichloromethane, hex-
ane, and toluene) (Fig. 11), and compared with the biosen-
sor assays with exposure to 10 µL of ethanol and 61.7 µL 
of the mixture of dichloromethane, hexane, toluene, and 

ethanol. The total vaporization time for 10 µL of ethanol 
was around 5 min and for the sample with 61.7 µL of the 
mixture approximately 10 min.

A sensitivity test under ambient conditions evaluated the 
useful life of the biosensors. Devices were stored at 8.0 °C 
for 7 days prior to use and then used in daily tests for 22 days 
to determine their lifetime and sensitivity. Figure 12 exhibits 
the resonant frequency curve for some of these 22 days. At 
the end of the experiment, the biosensor remained sensitive; 

Fig. 11   Resonant frequencies under distinct conditions are compared: 
(A) control (□) shows the response of a new µC without functionaliza-
tion to the vapor of a mixture with ethanol, hexane, dichloro-methane, 
and toluene; control—biosensor (○) corresponds to a functionalized 
µC exposed to the vapor of a mixture with dichloromethane, hexane, 
and toluene; 10 µL ethanol (1) (▲) exhibits the result for a function-

alized µC exposed to 10 µL of ethanol and 61.7 µL mixture (1) (■) 
displays the results of a functionalized µC exposed to the mixture with 
four VOCs. (B) Biosensor response in a sequence of three experiments 
(■, ●, and ▲) with exposure to 10 µL of ethanol and (C) with expo-
sure to 61.7 µL of the mixture with four VOCs
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however, increased opacity was observed, which hindered 
AFM experiments.

The present enzymatic biosensor can be used in a wide 
range of applications, such as environmental, manufacturing 
processes, and safety monitoring. Unlike the common affinity 
biosensors used for molecular imprinted polymers, oligonu-
cleotides and antibodies, in this study, the enzyme–substrate 
interation was sucessfuly monitored and quantified using 
a microcantilever on dynamic mode. Besides, the use of a 
biological macromolecule for ethanol and others short-chain 
alcohols detection makes this biosensor highly selective and 
provides an important additional characteristic compared to 
commercial sensor, the specificity afforded by enzymes.

4 � Conclusions

The functionalization of microcantilevers with alcohol 
dehydrogenase enzyme immobilized in self-assembled 
monolayers allowed the construction of a biosensor for 
selective detection of short-chain alcohols, at ambient con-
ditions, even in the presence of a mixture of VOCs. The 
results obtained with the resonance frequency variation 
allowed us to observe the surface tension change: even 
when applying the coating with biomolecules and evidence 
of his immobilized activity. Images performed on the sili-
con substrate of the probe, using the contact mode of the 
atomic force microscope (AFM), and prepared according to 
the cantilever, allowed for the analysis and comparison of 

the topography of the functionalized surface. The biosensor 
sensitivity is between 0.03 and 1.2 mL/L, and the device 
showed significant stability for 22 days. The biosensor sur-
face was characterized through XPS and AFM techniques, 
which confirmed the formation of a self-assembled mon-
olayer. XPS characterized the microcantilever surface acti-
vation process, showing that the activation by vaporization 
of reagents was successful. The sensitivity and selectivity 
of this enzymatic biosensor differ from that of other com-
mercial sensors with considerable advantages. The device 
can operate in air or in an aqueous solution, allowing for the 
estimation of short-chain alcohols concentration. Repeat-
ability tests revealed similar responses after 15 repetitions, 
with a half-life of around 432 h. This biosensor can also 
operate in almost any conditions of relative humidity, with 
optimum temperature around 25.0 ± 3.0 °C and pH 8.6. The 
biosensor can be stored at 8.0 °C for long periods without 
compromising the activity of the biomolecule.

Future work should be carried out to apply this new type 
of biosensor in practical situations, such as selective meas-
urement of short-chain alcohols in the fermentation and 
distillation of food, wine, and volatiles of interest to plant 
phenotyping, such as methanol, for example.
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