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A B S T R A C T   

The determination of indoor formaldehyde is of great importance to protect individuals against its well-known 
adverse impact on health. Here, we report on a design of a naked-eye readout self-powered electrochemical 
biosensor (SPEB) toward gaseous formaldehyde based on the efficient catalytic activity of the formaldehyde 
dehydrogenase/poly (methylene green)/buckypaper bioanode and the excellent electrochromic property of the 
Prussian blue (PB) cathode. The SPEB has a planar configuration and is covered with poly(vinyl alcohol) (PVA) as 
gel electrolyte to provide an inner lateral resistance large enough to enable the progressive discoloration of the 
patterned PB at cathode, which in turn, making the determination of gaseous formaldehyde feasible by 
measuring the distance consumed after 10-min exposure. The use of PVA gel electrolyte can also facilitate the 
observation of the color change due to its excellent transparency. The SPEB shows obvious responses to gaseous 
formaldehyde in a broad concentration range of 80 and 3000 ppb, covering the important permissible limits of 
indoor formaldehyde related to human health. The SPEB also exhibits satisfactory results in sensing gaseous 
formaldehyde released from the real plywood that is one of the dominating sources of the gaseous indoor 
formaldehyde. The results shown here demonstrate the good potential of the naked-eye readout SPEB as a fast, 
reliable, and portable tool for on-site determination of gaseous formaldehyde, with the appealing characteristics 
such as ease of operation, simplicity of configuration, and no requirement of external power sources.   

1. Introduction 

Formaldehyde is a ubiquitous air pollutant in human living envi
ronment (Castner et al., 2018; Chung et al., 2013). Awareness of its 
seriously diverse health impact has induced a hot demand for on-site 
determination of formaldehyde in surrounding air and consequently 
assessment of personal exposure risk (Maddalena et al., 2009; Salt
hammer et al., 2010; Tang et al., 2009). Since they have no requirement 
of expensive equipment and professional knowledge, formaldehyde 
sensors are superior over conventional approaches such as chromatog
raphy and fluorescence spectrometry in the field of on-site application. 
Formaldehyde sensors with different response mechanisms have been 
proposed (Lin et al., 2011; Suzuki et al., 2003; Wei et al., 2017). Among 
them, electrochemical formaldehyde biosensors using formaldehyde 

dehydrogenase (FDH) as an efficient bio-recognition element have 
attracted special attention due to the appealing characteristics such as 
the high specificity and sensitivity to formaldehyde, the low operating 
temperature and no humidity interference (Achmann et al. 2008a, 
2008b; Demkiv et al., 2008; Hämmerle et al., 1996). Potentiometric and 
amperometric techniques have been adopted in previous electro
chemical formaldehyde biosensors, leading to the requirement of inbuilt 
electronic components to trigger electrode reactions, collect signals, and 
display results. However, the deployment of electronic components is 
actually at the expense of cost, and poses the shortcomings such as the 
structural complexity and the need for external power sources. There
fore, development of new electrochemical formaldehyde biosensors is 
urgently desired to meet the hot demand for on-site formaldehyde 
determination and consequently individual exposure risk assessment. 
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There is a growing interest in self-powered electrochemical bio
sensors (SPEBs) based on enzymatic biofuel cells (EBFCs) because they 
have a simple two-electrode configuration and can translate bio
recognition events into electric signals spontaneously (Fu et al., 2018; 
Gai et al., 2017; Hao et al., 2020). Successful determination of various 
analytes including heavy metal ions and biomolecules has been achieved 
by using appropriately designed SPEBs in the last two decades (Hou 
et al., 2015; Wen et al., 2011; Zhou 2015), their practical applications 
especially for on-site detection, however, have been hampered by the 
requirement of electronic designs for data collection and display (Aller 
Pellitero et al., 2017). An amazing alternative solution to this problem is 
the combination of SPEBs and electrochromic displays (Zhang et al., 
2016; Zloczewska et al., 2014). Electrochromic displays can change 
their color when a current is applied (Celiesiute et al., 2019; Yang et al., 
2016). This property enables them to convert the electronic signals of 
SPEBs to optical form and the change in the color is dependent on the 
concentration of analytes (Liana et al., 2015). Involvement of electro
chromic displays in SPEBs would thus make the SPEBs feasible as 
colorimetric sensors and, in consequence, sensing information can be 
readily extracted via naked eye. Further use of smartphones as optical 
readers can make the colorimetric SPEBs available for quantitative 
detection (Coleman et al., 2019; Dong et al., 2017). Because of the 
naked-eye detectable color change and the wide availability of smart
phones and Apps, there is no need to integrate electronic parts along 
with the colorimetric SPEBs. Therefore, the colorimetric SPEBs hold 
good promise in practical applications. However, despite the obvious 
advantages of such colorimetric SPEBs, only few successful examples 
have been reported (Aller Pellitero et al., 2020). More successful ex
amples are thus expected, not only proving their promise in practical 
applications in different fields, but also revealing the links between 
sensing performance and factors such as operation modes, electrode 
materials, sensor configurations, and electrolytes. 

In our previous work, we presented a self-powered colorimetric 
biosensor with satisfactory performance for formaldehyde sensing in 
aqueous phase (Sun et al., 2019). However, it shows deficiency in terms 
of rapid and on-site detection of gaseous formaldehyde, mainly attrib
uted to the requirement of sampling and narrow detection range 
(0.01–0.35 mM, corresponding to 3–112 ppb gaseous formaldehyde at 
room temperature) (Dong and Dasgupta 1986). In this work, we pro
posed a prominent naked-eye readout SPEB on a patterned conductive 
indium tin oxide (ITO) glass substrate toward gaseous formaldehyde, 
which takes an EBFC as the original prototype, composed of a FDH/poly 
(methylene green) (PMG)/buckypaper (BP) bioanode and a Prussian 
blue (PB) cathode (Fig. 1). The planar configuration of the SPEB and the 
large lateral resistance of the poly (vinyl alcohol) (PVA) gel electrolyte 
enable the progressive discoloration of the PB cathode in the presence of 
gaseous formaldehyde. The color front moves far away from the bio
anode with the increase of the concentration of gaseous formaldehyde 
from 80 to 3000 ppb, and the distance between the color front and the 

bioanode obtained after 10-min gaseous formaldehyde exposure is 
linear dependence on the concentration of gaseous formaldehyde in a 
range of 80 and 400 ppb. The SPEBs also exhibit high selectivity to 
formaldehyde in the presence of potential interference such as acetal
dehyde and benzaldehyde. As a proof-of-concept practical application, 
the SPEBs show satisfying results in determination of the gaseous 
formaldehyde released from the real plywood samples. 

2. Experimental 

The details of reagents, materials, and instruments are available in 
the Supplementary Information. 

2.1. Preparation of the naked-eye readout SPEB 

The preparation procedure of the SPEB was schematically illustrated 
in Fig. S1. In brief, an ITO substrate with specific pattern (Fig. S2) was 
firstly cleaned by sequentially washing with acetone, ethanol, and water 
under sonication for a few minutes, and dried in nitrogen. Then PB film 
was deposited electrochemically on the ITO substrate by passing 
through a constant current in a freshly prepared solution containing 
0.50 M potassium chloride (KCl), 0.1 M hydrochloric acid, 2.5 mM po
tassium ferricyanide (III), and 2.5 mM ferric chloride. The current was 
firstly held at 40 μA cm− 2 for 50 s as a preconditioning step and then 
switched to 40 μA cm− 2 for PB deposition. The deposition times of 80, 
100, and 120 s were used to adjust the amount of PB deposited. PB films 
were further activated by cycling the potential between 0.4 and 0 V for 2 
cycles at a scan rate of 5 mV s− 1 in a 0.1 M phosphate buffer solution 
(PBS, pH = 5.5) containing 0.1 M KCl (Itaya and Uchida 1986). The 
bioanode was attached to the rectangular region of the ITO substrate by 
means of carbon conductive tape, and then covered by a piece of 
pre-prepared agar membrane with a through-hole (d = 10 mm). 300 μL 
PVA gel electrolyte was dropped on the surface of the PB cathode and 
form a membrane contacting with the agar membrane. The SPEB was 
disconnected unless 250 μL 0.1 M PBS (pH = 7.8) containing 5 mM 
nicotinamide adenine dinucleotide (NAD+) was added (Fig. S3). 

2.2. Gaseous formaldehyde detection 

A modified desiccator method of the European Standard (ISO/CD 
12460–4:2016) was used for measuring gaseous formaldehyde (Fu and 
Zhang 2018). In brief, A cylindrical container with a volume of 880 mL 
(diameter = 10.6 cm, height = 10.0 cm) was used as the desiccator. A 
SPEB was placed in the middle of the container and connected with an 
electrochemical workstation through conductive tapes when electro
chemical measurements were performed. The container was lidded to 
get excellent airtightness. A small volume of supporting electrolyte (250 
μL 0.1 M PBS containing 5 mM NAD+, pH = 7.8) was dropped at the 
bioanode through a little hole for measuring. The hole could be opened 

Fig. 1. Working principle of the naked-eye readout SPEB.  
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and closed manually. The standard gaseous formaldehyde was obtained 
with a series of formaldehyde solutions and the equilibrium concen
trations of gaseous formaldehyde at 37 ◦C were calculated according to 
previous work (Zhou and Mopper 1990). 

For the real sample test, four pieces of plywood samples (60 mm ×
30 mm) were put inside the container and supported by a metal stand. 
The sides of the plywood were sealed with tapes and the total exposed 
surface area was 144 cm2. After 50 min at 23 ± 2 ◦C (50% ± 10% 
relative humidity), the container was transferred to 37 ◦C for formal
dehyde detection with the SPEB. The formaldehyde biosensor reported 
in our previous work was also employed to determine the gaseous 
formaldehyde emitted from the plywood samples (Sun et al., 2019). In 
order to get a liquid sample, a watch glass (d = 5.0 cm) containing 24 mL 
water was placed at the bottom of the container to adsorb gaseous 
formaldehyde. After 24 h, the water was mixed with 0.2 M PBS (pH =
6.0) of equal volume and transferred to 37 ◦C, and the concentration of 
formaldehyde was detected with the biosensor reported previously ac
cording to the standard addition method. The standard formaldehyde 
samples with concentrations of 0.01 mM, 0.02 mM, and 0.03 mM were 
added for 4 times, respectively. 

3. Results and discussion 

3.1. Characterization of the FDH/PMG/BP bioanode 

The bioanode was prepared by depositing PMG and FDH on the 
conductive BP substrate in sequence (Sun et al., 2019). The use of BP as 
the substrate can be mainly attributed to their appealing properties like 
large specific surface areas, good biocompatibility, and high conduc
tivity besides commercial availability (Gross et al., 2018). The 

biorecognition event of formaldehyde leads to the reduction of NAD+ to 
hydrogenated nicotinamide adenine dinucleotide (NADH) when using 
FDH as the sensing element (Roche et al., 2014), the sensing information 
can thus be transduced into electronic signals by oxidation of NADH to 
NAD+ at electrodes. However, the potential for NADH oxidation at BP 
electrode is too high to meet the criteria for constructing SPEB with PB 
cathode. PMG has proven their ability to shuttle electrons between 
NADH and electrodes at a relatively low potential (Narváez Villarrubia 
et al., 2011), so PMG is adopted as an appropriate mediator in this work, 
aiming at making the bioanode feasible for constructing a SPEB with PB 
cathode. 

BP electrodes are composed of randomly oriented nanotubes and 
possess porous structure, and the pores are filled with precipitates after 
electrochemical exposure to methylene green monomer, demonstrating 
the successful deposition of PMG through the electrochemical approach, 
as shown in Fig. 2A. A certain amount of FDH solution was dropped on 
the PMG/BP electrodes and then the FDH/PMG/BP bioanodes could be 
obtained. Fig. 2B represents the amperometric behaviors of a bioanode 
in the presence and absence of formaldehyde. Because of the excellent 
catalytic activity of PMG, the bioanode enables the NADH oxidation to 
occur at the potential as low as − 0.22 V and offer an oxidation peak 
located at − 0.10 V. When feeding with 2 mM formaldehyde, the peak 
current increases from 0.33 mA cm− 2 to 0.49 mA cm− 2 due to the inter- 
conversion of NAD+/NADH between FDH and electrodes. The increased 
peak current intensity suggests the biological activity of FDH is retained, 
despite the confinement on electrode surfaces. Moreover, the peak po
tential for NADH oxidation at the bioanode is much lower than that for 
PB reduction, thus the construction of a colorimetric SPEB by coupling 
the bioande and a PB cathode is possible in theory. 

The bioanodes with different loading amounts of FDH have also been 

Fig. 2. (A) Scanning electron microscope (SEM) image of the PMG/BP electrode (inset: BP electrode without PMG deposition). (B) Linear sweep voltammograms of 
the FDH/PMG/BP bioanode in the absence and presence of 2 mM formaldehyde at a scan rate of 5 mV s− 1. (C) Chronoamperometric response of the FDH/PMG/BP 
bioanode towards different gaseous formaldehyde concentrations in the range of 80–3000 ppb. (D) Plot of the value of current at 500 s in Fig. 2C versus the 
concentration of gaseous formaldehyde. Error bars: standard deviations, n = 3. 
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prepared by varying the FDH solution concentrations, and their 
amperometric responses to gaseous formaldehyde with a concentration 
of 1800 ppb were investigated by recording the current at 0 V. 250 μL 
PBS containing 5 mM NAD+ was dropped on the bioanode and used as 
the electrolyte solution. When the concentrations of the FDH solutions 
increasing from 0.5 mg mL− 1 to 2.0 mg mL− 1, a gradual increase of the 
current densities from 28.1 μA cm− 2 to 43.2 μA cm− 2 can be observed 
(Fig. S4), demonstrating the important role of the loading amount of 
FDH in determining the amperometric response of the bioanode to 
formaldehyde. Since further increasing the concentration of FDH solu
tions can hardly lead to the increase of the current densities, the con
centration of FDH solution is optimized to be 2.0 mg mL− 1, to not only 
avoid the adverse impact of insufficient FDH amount on the sensing 
performance such as narrowed dynamic range and low sensitivity, but 
also provide large current to drive the electrochromic PB cathode. The 
bioanodes prepared with 2.0 mg mL− 1 FDH were used for the following 
experiments. 

The chronoamperometric curves at a bioanode were further collected 
at 0 V under different concentrations of gaseous formaldehyde. 250 μL 
PBS containing 5 mM NAD+ was dropped at the bioanode to support 
both electrochemical and biological reactions occurring at the bioanode. 
The currents increase immediately after exposure to gaseous formalde
hyde owing to the small volume of the electrolyte solution, as shown in 
Fig. 2C. The higher concentration of gaseous formaldehyde results in the 
longer time required for the current to reach steady states. The values of 
the steady-state currents obtained at 500 s are proportional to the con
centration of gaseous formaldehyde in the range from 80 to 1800 ppb 
(Fig. 2D), suggesting the output of the bioanode is formaldehyde- 
diffusion limited in such a broad concentration range. 

3.2. Characterization of the PB cathode 

PB cathodes were prepared by electrochemically depositing PB on 
patterned ITO electrodes and the electrochemical deposition of PB was 
achieved at a constant current of − 40 μA cm− 2. As an example, the 
polarization curve for PB deposition with a deposition time of 100 s is 
shown in Fig. 3A. The patterned ITO electrode is preconditioned at a 
constant current of 40 μA cm− 2 for 50 s, and then the applied current 
switches to − 40 μA cm− 2 for PB deposition. During the PB deposition, 
the potential gradually decreases from 0.6 to 0.4 V, dominated by the 
concentration polarization. Despite the decrease, the potential is still 
higher than that for ferricyanide reduction, confirming that the depo
sition of PB is attributed to the electrochemical reduction of Fe3+ but not 
ferricyanide. A SEM image shown as the inset in Fig. 3B reveals that the 
electrochemically deposited PB has a dense granular structure with 
obvious cracks. After activation, a uniform PB film without cracks can be 
obtained, the disappearance of the cracks can be mainly ascribed to the 
exchanges of potassium ions between PB crystal structure and the acti
vation solution (Itaya and Uchida 1986). At the PB cathode, there are 
micron-sized round holes with uniform distribution (Fig. S5). Compared 
with the PB electrode without micropores, the peak potential difference 
obtained from cyclic voltammetry is small at a scan rate of 5 mV s− 1, 
demonstrating the great redox reversibility. 

The electrochemical behavior of PB electrode in PVA gel electrolyte 
was investigated by cyclic voltammetry in a parallel configuration and 
the data are shown in Fig. 3C. PB exhibits well-defined redox pair of 
Prussian white (PW)/PB at 0.18 and 0.21 V in PVA gel electrolyte, 
similar to that obtained in PBS (0.1 M, pH = 6.0), demonstrating that 
there is no obvious influence of PVA gel on the K+ diffusion in and out of 
the PB lattices. PVA gel electrolyte can thus be used to support the redox 
reaction of PB and consequently allow PB to make an electrochromic 

Fig. 3. (A) SEM image of a PB cathode after electrochemical activation, the inset is the image of the PB before activation. (B) Polarization curve for PB deposition 
with a deposition time of 100 s. (C) Cyclic voltammograms obtained with a PB cathode in PVA gel electrolyte (red) and PBS electrolyte (pH = 6.0, black), 
respectively, at a scan rate of 1 mV s− 1. (D) Transmission spectrum of PVA gel electrolyte in UV–visible region and a photograph of the PVA gel electrolyte. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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response to the variation of the potential applied on it. The reasons for 
using PVA gel as a solid electrolyte in the sensor design also include that, 
(1) it can be prepared easily through a cross-linking method and a ho
mogeneously thin gel electrolyte membrane can be formed by means of 
drop-casting due to its rheology property. The color change of PB 
overlaid by the thin PVA gel electrolyte membrane can be observed 
directly, as the latter offers a light transmission of over 90% in visible 
region, that is, it is transparent to visible light (Fig. 3D). (2) It has neither 
the redox activity in working potential nor the chemical reaction with 
formaldehyde, as a result, no interference to sensing performance 
resulted from it can be expected (Fan et al., 2014; Kobayashi et al., 
1992). (3) Lateral ionic conductance of the PVA gel membrane can be 
adjusted effectively by varying the membrane thickness. Here the pre
pared PVA gel electrolyte exhibits a conductivity of 0.56 S cm− 1 ± 0.08 
S cm− 1 (Fig. S6). (4) Since PB is not stable in neutral and especially basic 
media (Wang et al., 2009), it can benefit the stability of PB cathode by 
providing a weakly acidic environment originated from the phosphoric 
acid added for the cross-linking reaction. (5) It can promote the porta
bility of the SPEB. 

3.3. Characterization and performance of the naked-eye readout SPEB 

The naked-eye readout SPEB towards gaseous formaldehyde can be 
obtained by confining a FDH/PMG/BP bioanode and a PB cathode 
horizontally on a patterned ITO substrate. When exposing to gaseous 
formaldehyde, the PB cathodes, act as the electrochromic displays, could 
accept electrons from the bioanodes and change the color from blue to 
colorless spontaneously, as the potential for PB reduction is obviously 
higher than that for formaldehyde oxidation at the bioanode (Sun et al., 
2019). Due to the large lateral resistance of the PVA gel electrolyte 
membrane, the internal iR drop of the SPEB would become remarkable 
and lead to obvious potential gradient distribution on the PB cathode 
surface once the concentration of gaseous formaldehyde exceeding a 
critical value, and in this case, the discoloration of the PB cathode would 
occur progressively rather than homogeneously (Aller Pellitero et al. 
2018, 2020). Therefore, according to the manner of color change, 
sensing information of the SPEB with a planar configuration can be 
extracted by analyzing the change in the color or the color patterns of 
the PB cathodes. It can be noticed that the pattern of PB on the cathode 
has two separated parts, one is a skull (part 1) and used to display 
sensing information when sensing low-level gaseous formaldehyde, and 
the other is a belt with two skulls (part 2) at the region far away from the 
bioanode compared to the part 1. The part 2 can be used as the reference 
or the display for low- or high-level gaseous formaldehyde determina
tion, respectively. 

PB cathodes with different PB deposition times have been prepared 
and used for the study on the influence of PB deposition time on the 
electrochromic properties of the PB cathodes that are related to sensing 
information display. The color of PB changes obviously from light blue 

to dark blue when prolonging the deposition time from 80 to 100 s, 
accordingly, an enhanced color contrast can be expected after PB 
reduction in the case of 100-s PB deposition time. No remarkable change 
in the color contrast can be observed by further extending the deposition 
time to 120 s (Fig. 4A and B). As the color image of PB cathode could be 
divided digitally into three independent channels, red (R), green (G), 
and blue (B), the ratio B/(R +G + B) that represents the intensity ratio of 
B channel to the referential RGB channels is considered as a standard
ized parameter to demonstrate the shade of blue color (Koh et al., 2016; 
Schreml et al., 2011). As shown in Fig. 4C, the average values of B/(R +
G + B) obtained at the PB deposition time of 80, 100, and 120 s are 
0.365, 0.385, and 0.387, and change to 0.337, 0.344, and 0.354 after 
reduction to PW, respectively. The changes in the RGB values demon
strate that the color contrast between PB and PW can be strongly 
enhanced by increasing the deposition time from 80 to 100 s, but no 
further obvious enhancement can be obtained by prolonging the depo
sition time to 120 s. When exposing to 400 ppb gaseous formaldehyde, 
the progressive discoloration of PB occurs and the skulls of part 1 at all 
three PB cathodes are discolored completely after 10 min. The discol
oration of part l PB belt can also be observed at the cathode with a PB 
deposition time of 80 s, indicating the shorter PB deposition time leads 
to the requirement of PB films with the bigger length to balance the 
charge from the bioanode, which can be explained by the fact that the 
shorter PB deposition time results in the thinner PB films. Therefore, the 
performance of the PB cathode in displaying sensing information can be 
altered undoubtedly by varying the PB deposition time. Since high color 
contrast is an important concern in the design of optical, especially 
naked-eye readout with respect to the information extraction, the 
deposition time of 100 s is chosen for the fabrication of PB cathodes with 
enhanced color contrast, although it offers short discolored PB 
compared to the deposition time of 80 s. 

The responses of the SPEBs to gaseous formaldehyde with different 
concentrations have been investigated and the images captured after 10- 
min exposure are shown in Fig. 5A. The positions of the color front 
estimated by the naked eye after treatment with a series of different 
concentrations of gaseous formaldehyde are shown in Fig. 5B, taking the 
front end of part 1 as the reference position. For 80 ppb gaseous form
aldehyde, the color of the skull of part 1 at the cathode becomes slightly 
lighter and the color change is almost homogeneous, due to the negli
gible lateral iR drop resulted from the weak current, referred to the low 
level of gaseous formaldehyde. When increasing the concentration of 
gaseous formaldehyde, the progressive discoloration can be observed at 
the skull of part 1, and the color front moves away from the bioanode to 
balance the charge flowing in the circuit (Aller Pellitero et al., 2020). 
The skull of part 1 at the cathode is discolored completely as the con
centration of gaseous formaldehyde increases to 400 ppb. The distance 
consumed after 10-min exposure is directly proportional to the gaseous 
formaldehyde concentration in a broad range of 80 and 400 ppb (inset of 
Fig. 5B), covering the values of several interesting indoor formaldehyde 

Fig. 4. (A) The images captured from the PB cathodes with different deposition time of 80 s, 100 s, and 120 s, respectively, arranged from left to right. (B) The images 
captured from the PB cathodes after 400 ppb formaldehyde treatment for 10 min. (C) B/(R + G + B) values obtained from the undeposited, reacted, and deposited PB 
cathodes, with different PB amounts. Error bars represented the standard deviations of 3 measurements. 
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exposure limits related to human health, for examples, 100 ppb for 
short-term exposure according to the guidelines of Canada (Murphy 
et al., 2013), and 300 ppb suggested to protect individuals against eye 
irradiation (Golden 2011). 

The gaseous formaldehyde with concentrations higher than 400 ppb 
can further cause the progressive discoloration of the PB belt and skulls 
of part 2 after 10-min exposure, and the distance consumed increases 
with the concentration of gaseous formaldehyde up to 3000 ppb, but not 
linearly, mainly because the distribution of PB is not homogeneous 
along the potential gradient, due to the coupling of the PB belt and PB 
skulls. Despite the non-linear responses, the SPEB can be expected as a 
“Yes or No” type of sensor available in a broad gaseous formaldehyde 
concentration range up to 3000 ppb. By setting a threshold of the po
sition of color front, the SPEB is able to make an alarm of formaldehyde 
exposure risk in some special indoor environments such as workplaces 
with a formaldehyde danger limit of 750 ppb (Castner et al., 2018). 
Given the fact that, for non-expert users of formaldehyde sensors, the 
goal of gaseous formaldehyde determination is to find the answer to the 
question that whether it is safe or not in certain indoor environments 
with respect to the formaldehyde exposure, that is, the level of formal
dehyde is higher or lower than the suggested maximum exposure levels, 
but not to get the exact value of the concentration of indoor gaseous 
formaldehyde. Therefore, the SPEB could have good promise in indoor 
gaseous formaldehyde determination, given the characteristics such as 
the easy operation, the naked-eye readout, and the broad response 
range. 

The selectivity of the naked-eye readout SPEB against two possible 
gaseous interferences has been investigated. As exhibited in Fig. 5C, no 
observable color change of the PB cathodes can be obtained in the 
presence of 500 ppb acetaldehyde or 500 ppb benzaldehyde, while 
obvious discoloration of the PB appears at the cathode under the same 
concentration of gaseous formaldehyde, indicating the excellent selec
tivity of the SPEB for formaldehyde detection. The high selectivity can 
be attributed to the specificity of FDH to formaldehyde. Besides, it is 
known that, the stability of enzymatic biosensors is predominantly 
determined by the enzymes used. Therefore, in order to evaluate the 

storage stability of the biosensor based on FDH, the FDH/PMG/BP 
bioanodes were prepared and stored at 4 ◦C, followed by assembling 
with PB cathodes when performed stability tests. The biosensors were 
treated with 400 ppb gaseous formaldehyde for 10 min and the images 
of PB cathodes were collected. As illustrated in Fig. S7A, the discolor
ation distance of PB cathode reduces along with storage period and 
could remain over 86% and 78% of its initial value after 10 and 14-day 
storages (Fig. S7B), which is comparable or superior to the biosensor 
based on FDH reported previously (Campbell and Rishpon 2001; 
Thanh-Thuy et al., 2014), suggesting the satisfactory storage stability. 

The feasibility of the naked-eye readout SPEB in indoor formalde
hyde determination is investigated by measuring the gaseous formal
dehyde released from plywood, as decorated materials are believed to be 
the dominating sources of indoor gaseous formaldehyde. A container 
with a volume of 880 mL is used to collect the formaldehyde released 
from the plywood with a fixed surface area of 144 cm2 in a time period of 
50 min. Then, the naked eye readout SPEB is placed in the container and 
exhibits a distance of 3.2 ± 0.3 mm (n = 3) after 10 min (Fig. S8). Ac
cording to the calibration curve shown in Fig. 5B, the concentration of 
the collected gaseous formaldehyde is thus determined to be 361 ppb. To 
check the accuracy of the result obtained with the naked-eye readout 
SPEB, the concentration of gaseous formaldehyde was also measured 
with the formaldehyde biosensor reported in our previous work (Sun 
et al., 2019). To get a liquid sample for the previously reported 
biosensor, a water glass containing 24 mL water is placed in the 
container to absorb the gaseous formaldehyde. According to the results 
of the naked-eye readout SPEB, the concentration of the liquid sample 
with a sampling time of 24 h should be 0.362 mg/L based on the 
assumption that the emission of the formaldehyde from the plywood is 
at a constant rate. The liquid sample is determined to be 0.340 ± 0.045 
mg/L (n = 3) via the standard addition method by using the previously 
reported biosensor, as shown in Fig. 5D. The slight difference between 
the values of the formaldehyde concentrations determined with the 
naked-eye readout SPEB and the previously reported biosensor validate 
the feasibility and the accuracy of the naked-eye readout SPEB. 

Fig. 5. (A) The images represent the evolution observed on PB cathodes after exposure to gaseous formaldehyde with the concentration from 0 to 3000 ppb for 10 
min. Scale bar: 5 mm. (B) Discoloration distances obtained from PB cathodes as a function of the gaseous formaldehyde, inset: calibration curve of the naked-eye 
readout SPEB in the range of 80–400 ppb formaldehyde. (C) The images of the PB cathodes after exposure to 500 ppb formaldehyde, 500 ppb acetaldehyde, and 
500 ppb benzaldehyde, from left to right, respectively. (D) Chronoamperometric response of the amperometric biosensor with successive additions of formaldehyde 
of known concentrations, recorded at 0 V, inset: calibration curve of formaldehyde concentration versus response current. The triangle points signaled the discol
oration terminal of PB cathodes after 10-min exposure in formaldehyde. Error bars represented the standard deviations of 3 measurements. 

X. Sun et al.                                                                                                                                                                                                                                      



Biosensors and Bioelectronics 177 (2021) 112975

7

4. Conclusions 

In summary, a portable, fast, reliable, layman-friendly, and naked- 
eye readout SPEB for on-site gaseous formaldehyde determination has 
been fabricated by integrating a planar FDH/PMG/BP bioanode and a 
planar PB cathode on a patterned ITO substrate. The progressive 
discoloration of PB at the cathode has been achieved based on the large 
lateral resistance of the PVA gel electrolyte. The color front moves far 
away from the bioanode with the increase of the gaseous formaldehyde 
concentration in a broad range of 80 and 3000 ppb with excellent anti- 
interference ability, and the distance consumed of the PB cathode after 
10-min exposure is linearly dependent on the concentration of gaseous 
formaldehyde in the range of 80 and 400 ppb. The naked-eye readout 
SPEB has been used for practical applications and the satisfying result in 
sensing gaseous formaldehyde released from the real plywood is ob
tained. The excellent sensing performances, coupled with the advan
tages such as ease of operation, mass production capability, and 
portability, indicate great potential of the naked-eye readout SPEB as an 
economically viable device in living environmental protection and 
considerate individual health care. Moreover, the design of the proposed 
biosensor can be adopted as a general one to develop naked-eye readout 
SPEB biosensors toward other analytes, as FDH can be readily replaced 
by other enzymes. 
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