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ABSTRACT: The formaldehyde biosensors with the features of
cost effectiveness, high specificity, easy operation, and simplicity
are urgently desired in routing and field detection of form-
aldehyde. Here, we report a new design of an enzymatic self-

powered biosensor (ESPB) toward formaldehyde detection. The 08 Formal\dehydﬁormic acid
ESPB involves a formaldehyde dehydrogenase/poly-methylene £
green/buckypaper bioanode as the sensing electrode and a
Prussian blue/Au nanoparticles/carbon fiber paper cathode as
the electrochromic display. Formaldehyde acts as the fuel to
drive the ESPB, relying on that the concentration of form-
aldehyde can be determined with the ESPB by both directly
measuring the variance in short circuit current and observing the
color change of the cathode. By measuring the variance in short circuit current, a linear detection range from 0.01 to 0.35 mM
and a calculated detection limit of 0.006 mM are obtained, comparable to or better than those reported before. The color
change of the cathode can be distinguished easily and exactly via the naked eye after immersing the ESPB in formaldehyde
solution for 90 s with the concentration up to 0.35 mM, covering the permissive level of formaldehyde in some standards
associated with environmental quality control. Specially, the formaldehyde concentration can be precisely quantified by
analyzing the color change of the cathode digitally using the equation of B/(R + G + B). In the following test of real spiked
samples of tap water and lake water, the recovery ratios of formaldehyde with the concentrations from 0.010 to 0.045 mM are
tested to be between 95 and 100% by both measuring the variance in short circuit current and analyzing the color change of the
cathode digitally. In addition, the ESPB exhibits negligible interference from acetaldehyde and ethanol and can be stored at 4 °C
for 21 days with a loss of less than 8% in its initial value of short circuit current. Therefore, the ESPB with the capability of
working like disposable test paper can be expected as a sensitive, simple, rapid, cost-eftective colorimetric method with high
selectivity in routing and field formaldehyde detection.
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ecause of its well-known serious harmfulness to human

beings, the detection of formaldehyde at low concen-
tration is very important from the environmental and medical
viewpoints." Standard methods for formaldehyde detection,
such as spectrophotometry,”™* spectrofluorometric,”® and
chromatographic””® methods, have proven the ability to detect
formaldehyde at sub-ppm or ppb levels, but they suffer from
high-cost equipment, complicated operation procedure, and
especially the requirement of an external power source.” To
overcome these problems, many efforts have been devoted to
design formaldehyde biosensors.'’ For example, Korpan and
co-workers reported a potentiometric biosensor with a linear
formaldehyde detection range from 2 to 200 mM, by
combining an immobilized enzyme and pH-sensitive field-
effect transistor.'’ Shimomura et al. presented an ampero-
metric formaldehyde biosensor with a detection limit of 1.2
UM and a long storage period of over 80 days.'” Although
significant progress has been made, the improvement in terms
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of simplicity, cost efficiency, sensitivity, and so on is still
desired urgently for routing and field formaldehyde detection.

There is growing interest in enzymatic self-powered
biosensors (ESPBs), which can be due to their capability in
powering signaling devices and the obvious advantages of high
selectivity and high sensitivity.'"”'* ESPB is commonly
composed of two electrodes to yield a galvanic cell, and at
least one of them is an enzyme-modified electrode used as the
sensing electrode. The variances in performance including
open circuit potential, short cut current, and maximum power
density are referred to the concentration of the analyte.
Although various enzymatic self-powered electrochemical
biosensors have been designed to detect, for example,
glucose,15 lactate,'® cholesterol,” cyanide,18 and mercury,19
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to the best of our knowledge, ESPB toward formaldehyde
detection has not yet been reported.

An amazing trend in the development of ESPB is making the
detection results visible.”” Two main approaches have been
proposed in designing such biosensors, and based on which,
several impressive designs have been reported. One approach
is to power light or mechanical components by using a well-
designed electric board. For example, Sode and his co-workers
reported the use of a capacitor as a transducer to power a
stepper motor in an enzymatic self-powered glucose biosensor
where the concentration of glucose was referred to the torque
and rotational speed of the stepper motor.”' The other
approach is the use of an electrochromic display such as a
Prussian blue (PB) display to construct a galvanic cell with
enzymatic electrodes, and the qualitative and even quantitative
information of the concentration of analyte can be obtained
easily by observing the color change of the electrochromic
display directly via the naked eye or digital camera.””* It
should be pointed that, compared to the use of “silicon-based
electronics”, the use of the electrochromic display is more
favorable in designing low-cost, portable, and disposable ESPB,
as it can dramatically simplify biosensors.

This work demonstrates a design of colorimetric ESPB
toward formaldehyde detection, as shown in Figure 1. The

Figure 1. Working principle of the ESPB.

ESPB is composed of a formaldehyde dehydrogenase (FDH)/
poly-methylene green (PMG)/buckypaper (BP) bioanode as
the sensing electrode and a Prussian blue (PB)/Au nano-
particles (Au NPs)/carbon fiber paper (CFP) cathode as the
electrochromic display wherein formaldehyde as the fuel of
ESPB is catalytically oxidized at the bioanode and electrons are
transferred to the cathode through an external circuit, thereby
leading to the color change of the cathode, namely, PB
reduction. Therefore, the successful detection of formaldehyde
with the ESPB can be achieved by both measuring the variance
in short circuit current and observing the color change of the
cathode. When measuring the variance in short circuit current,
the ESPB exhibits a linear formaldehyde detection range of
0.01 to 0.35 mM with a calculated detection limit of as low as
0.006 mM (S/N = 3). Importantly, in the case of colorimetric
detection, the cathode of ESPB changes its color from initial
dark blue to eventually dark yellow when varying the
concentration of formaldehyde from 0.00 to 0.35 mM,
covering the permissive level of formaldehyde in some
standards associated with environmental quality control. The
quantitative detection has also been achieved by analyzing the
RGB values of the cathode images captured by a smartphone.
The ESPB can thus be expected to work like disposable test
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paper in routing and field detection of formaldehyde, with the
advantages of such as cost effectiveness, easy operation, and no
requirement of external power supply and even signaling
devices.

B EXPERIMENTAL SECTION

Reagents and Chemicals. Chloroauric acid, potassium ferricya-
nide, ferric chloride, potassium chloride, formaldehyde solution,
hydrochloric acid, potassium dihydrogen phosphate, and dipotassium
hydrogen phosphate were purchased from Beijing Chemical Reagent
Company (A. R. analytical reagent grade). Paraffin was purchased
from Sinopharm Chemical Reagent Co. Ltd., China. Formaldehyde
dehydrogenase (FDH, E.C.1.2.1.46, 48 U mg™') and methylene
green (MG, 80%) were purchased from Yuanye Biotechnology Co.,
Ltd., Shanghai, China. 1-Pyrenebutyric acid (PBA) (97%) was
purchased from Sigma-Aldrich. Primary buckypaper (BP) was
purchased from NanoTechLabs, Inc. (Yadkinville, NC). Single-sided
indium tin oxide (ITO) conducting glass (30—60 cm™>) was
purchased from Huananxiangcheng, Shenzhen, China. Single-sided
ITO-coated polyethylene terephthalate (ITO-PET, 15 + 2 Q cm™,
light transmittance >76%) was bought from Kaivo Optoelectronic
Technology Co. Ltd., China. Nicotinamide adenine dinucleotide
(NAD") and the reduced form nicotinamide adenine dinucleotide
(NADH) were purchased from Gen-view Scientific Inc. A phosphate
buffer solution (0.1 M, pH 6.0, PBS) was employed as the supporting
electrolyte. The FDH stock solution (1 mg mL™") was prepared by
dissolving the enzyme powder in 0.01 M phosphate buffer solution
(PBS) at pH 7.0 and kept at —20 °C immediately. All other chemicals
were of analytical grade, and all aqueous solutions were prepared with
ultrapure water (>18.25 MQ cm) obtained with a water purifier
purchased from Hitech Instruments Co., Ltd., Shanghai, China.

Electrochemical experiments were performed with a CHI832B
electrochemical workstation. In the case of a standard three-electrode
test, a KCl-saturated Ag/AgCl electrode and a Pt coil were used as
reference and counter electrodes, respectively. All potentials given
here were versus the Ag/AgCl electrode. Scanning electron
microscopy (SEM) images were obtained with an XL30ESEM FEG
SEM (Philips, Netherlands) at an accelerating voltage of 20 kV,
equipped with an energy-dispersive spectrometer (EDS). X-ray
diffraction (XRD) analysis was carried out on a D8 Advance (Bruker,
Germany) diffractometer with Cu Ke radiation (4 = 1.5406 A).

Preparation of FDH/PMG/BP Bioanode. The primary BP with
a diameter of 3 mm was first immersed in 2 mg mL™' PBA DMF
solution under mild and slow stirring for 1 h, then rinsed with
ultrapure water, and dried at 60 °C in an oven.”* The adsorption of
PBA could enhance the hydrophilicity of the primary BP (Figure S2)
and thus facilitate the following electrochemical polymerization of
PMG. Unless stated otherwise, all the BP used in the electrochemical
experiments and the fabrication of bioanode was treated with PBA.
Subsequently, PMG was electropolymerized on the BP surface by
cycling the potential at a scan rate of 50 mV s~ between —0.5 and 1.3
V for two cycles in a fresh MG solution.***® The MG solution was
prepared by dissolving 0.5 mM MG and 0.1 M NaNO; in 0.01 M
nitrogen-saturated borate buffer (pH 9.1). After polymerization, the
PMG-modified BP (PMG/BP) was rinsed with ultrapure water and
air-dried. For FDH confinement, a droplet of 10 4L of FDH solution
was cast on the PMG/BP substrate. By evaporating the solution at 4
°C overnight, the FDH/PMG/BP bioanode was obtained.

Preparation of PB/Au NPs/CFP Cathode. A piece of CFP was
washed by sequential sonication in ethanol and water for a few
minutes. Then Au NPs were electrochemically deposited on the CFP
surfaces via potential cycling at a scan rate of 5 mV s™' for one cycle
between —0.9 and 0.6 V in a 10 mM HAuCl, solution.”” The
prepared Au NPs/CFP electrode was rinsed with ultrapure water and
air-dried. PB was deposited spontaneously on Au NPs/CFP surfaces
to yield the PB/Au NPs/CFP cathode by immersing the Au NPs/
CFP in a freshly prepared solution containing 0.1 M KCl, 0.1 M HC],
10 mM K;[Fe(CN)4], and 10 mM FeCl; for 5 min. In order to
investigate the influence of the PB amount on the performance of the
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Figure 2. (A) SEM image of the PMG/BP electrode. (B) Cyclic voltammograms of the PMG/BP electrode in 0.1 M PBS, pH 6.0, with (red) and
without (black) 5 mM NADH at a scan rate of S mV s™'. (C) Linear sweep voltammograms of the FDH/PMG/BP electrode with different
formaldehyde concentrations (0, 2, 4, 6, 8, 10, 12, and 14 mM; arranged from bottom to top, respectively) (inset: cyclic voltammograms in the
absence and presence of 4 mM formaldehyde) at a scan rate of 5 mV s™'. (D) Chronoamperometric response of the FDH/PMG/BP electrode with
successive additions of formaldehyde recorded at 0 V (inset: calibration curve of formaldehyde concentration versus anodic current).

ESPB, immersion times of 3, 4, and 6 min were also used to prepare
the cathodes loading different amounts of PB.”® The prepared PB/Au
NPs/CFP cathodes were then thoroughly rinsed with ultrapure water
to remove the physically adsorbed species.

Preparation of the Disposable ESPB. In a typical preparation
procedure, two ITO-PET as soft current collectors were first stuck on
filter paper with double-sided adhesive tape, the sizes and shapes of
which are shown in Figure S1. The filter paper was then immersed in
melting paraffin wax to construct a hydrophobic barrier.”” After being
cooled down to room temperature, the paraffin on ITO-PET surfaces
was removed by peeling off the protecting film of ITO-PET. The
FDH/PMG/BP bioanode and PB/Au NPs/CFP cathode were
confined on ITO-PET collectors by silver paint, as shown in Figure
S8. The two separate ITO-PET collectors were connected with silver
conductive tape to form an external circuit when sensing form-
aldehyde in the colorimetric method. NAD* and NADH were
dispersed in PBS as charge transfer in the enzymatic reaction.*

B RESULTS AND DISCUSSION

Characterization of FDH/PMG/BP Bioanode. BP with
good biocompatibility, high electrical conductivity, and large
specific surface area is chosen as the support to construct the
bioanode in this work.”" PMG has been well studied as a two-
electron mediator to shuttle electrons from NADH to
electrodes where the oxidized PMG can oxidize NADH,
subsequently regenerating the reduced PMG and the bioactive
NAD***** Therefore, PMG is adopted as the appropriate
mediator to overcome the drawbacks from the slow
heterogeneous kinetics and high overpotential of NADH
oxidation.”® As shown in Figure S3, the BP used here has large
amounts of interconnected macropores, which can facilitate
the mass transport for the following electrochemical polymer-
ization.”* After exposing the BP to MG monomer under
potential cycling between —0.50 and 1.30 V, almost all of the
macropores of BP are filled with a precipitate, indicating the
successful deposition of PMG on BP surfaces.
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Figure 2B and as a comparison Figure S4 show the cyclic
voltammograms (CVs) obtained with a PMG/BP electrode
and a BP electrode in a 0.1 M PBS (pH 6.0), respectively. No
redox behavior can be observed for the BP electrode in the
potential range of —0.20 and 0 V, while, in the case of the
PMG/BP electrode, there is a pair of well-defined redox peaks
located at —0.10 and —0.14 V, which can be attributed to the
characteristic redox behavior of PMG,**° further demonstrat-
ing the successful deposition of PMG. After adding S mM
NADH, the onset potential of the anodic reaction negatively
shifts from —0.15 to —0.20 V, and the anodic peak current
increases from 380 to over 1300 yA cm™2 at the PMG/BP
electrode. The negatively shifted onset potential and the
dramatically increased peak current strongly demonstrate the
ability of PMG to catalyze the electrochemical oxidation of
NADH. Moreover, it is noticeable that the electrochemical
oxidation of NADH at the BP electrode starts at —0.10 V and
the anodic peak current at approximately 0.10 V is less than
250 pA cm™2 This result suggests a slow kinetics and a large
overpotential of NADH oxidation at the BP electrode and of
course indicates the importance of PMG in boosting the
output of the bioanode, which, in turn, ensures that the color
change of the cathode can be initiated with a small bioanode.

FDH is deposited on the PMG/BP electrode by drop casting
to yield the FDH/PMG/BP bioanode. Figure 2C shows the
linear sweep voltammograms (LSVs) of formaldehyde with
different concentrations at the FDH/PMG/BP bioanode. It
can be observed that the anodic current increases gradually
with the increment of the concentration of formaldehyde. The
increase in anodic current can be attributed to the generation
of NADH as an enzymatic reaction product being oxidized by
PMG. The formaldehyde-concentration-dependent anodic
current also confirms that the FDH/PMG/BP electrode can
be used as a sensing electrode for formaldehyde detection. In
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addition, although the anodic peak position shows a slight
positive shift with the increment in the concentration of
formaldehyde, it is still located at a potential of less than —0.05
V for 14 mM formaldehyde, much lower than the redox
potential of PB/PW. This fact indicates the feasibility of the
PB-based solid cathode in constructing a self-powered biofuel
cell with the FDH/PMG/BP bioanode.*”

Figure 2D exhibits the amperometric response of the FDH/
PMG/BP electrode to successive additions of formaldehyde
recorded at 0 V where the bioanodic current increases
immediately after the addition of formaldehyde and
approaches a steady state within 10 s. The calibration curve,
shown as the inset of Figure 2D, reveals a linear formaldehyde
detection range of 0.01 to 0.85 mM, demonstrating the
excellent promise of the FDH/PMG/BP electrode in form-
aldehyde detection.

Characterization of PB/Au NPs/CFP Cathode. The PB/
Au NPs/CFP cathode is prepared via a two-step method
including the electrochemical deposition and the chemical
deposition (Figure 3A). Au NPs were first deposited on CFP
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Figure 3. (A) Schematic illustration of the preparation procedure of
PB/Au NPs/CFP cathode. (B) SEM images of the PB/Au NPs/CFP
cathode. (C) Cyclic voltammograms of the PB/Au NPs/CFP cathode
in 0.1 M PBS, pH 6.0, at a scan rate of S mV s™'. (D) Elemental
mapping images of the PB/Au NPs/CFP electrode.

electrochemically according to the previous work with a slight
modification.”” The CFP is composed of carbon fiber with
smooth and clean surfaces,®® and after the electrochemical
deposition, a large number of particles with sizes from 100 to
200 nm can be observed at the surfaces of carbon fibers
(Figure SS). The XRD pattern of these particles deposited can
be indexed to a face-centered cubic structure of metal gold
(JCPDS No. 04-0784), and the diffraction peaks at 38.2, 44.4,
64.6, and 77.5° can be assigned to the (11 1), (200), (220), and
(311) reflections, respectively (Figure $6).* The results from
SEM and XRD characterization strongly demonstrate the
successful deposition of Au NPs. The use of electrochemical
deposition is because it is a simple, rapid, convenient, and
controllable method and, most importantly, it can endow the
Au NPs with a “clean” surface for the following chemical
deposition of PB.**!
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PB is then deposited on Au NPs/CFP chemically by
immersing the latter in a solutlon containing K;[Fe(CN)¢] and
FeCl, for a period of time.*” For example, after immersion for
S min, the characteristic redox peaks of PB located at 0.23 and
0.14 V for anodic and cathodic reactions, respectively, can be
obtained at the Au NPs/CFP electrode (Figure 3C), directly
indicating the successful deposition of PB.*’ The PB deposited
on carbon fibers forms a film with thickness varying from 1 to
2 pm, as shown in Figure 3B. No obvious diffraction peak for
PB can be observed in the XRD measurement, suggesting an
amorphous phase of PB deposited. Although the reaction
between Au NPs and ferricyanide can induce the dissolution of
Au NPs,” the XRD pattern of Au NPs can still be observed
after immersion, demonstrating the survival of Au NPs from
dissolution. The element mapping images of the PB/Au NPs/
CFP cathode reveal the existence and overlap of Au, Fe, N, and
K, further confirming the successful deposition of Au NPs and
PB films on carbon fiber surfaces and therefore the fabrication
of the PB/Au NPs/CFP cathode (Figure 3D).

Characterization and Performance of Self-Powered
Biosensor. A membrane-less ESPB toward formaldehyde
detection is constructed by coupling the FDH/PMG/BP
bioanode and the PB/Au NPs/CFP cathode. The PB/Au
NPs/CFP cathode used is prepared by immersing the Au NPs/
CFP in a solution of K;[Fe(CN)4] and FeCl; for S min. An
open circuit potential of 0.44 V and a maximum power density
of 25.5 uW cm™ are obtained in the presence of 9 mM
formaldehyde (Figure 4A), demonstrating the nature of
formaldehyde as fuel to drive the ESPB. The feasibility of
the ESPB in formaldehyde detection was evaluated by
measuring the short circuit current under successive addition
of formaldehyde, as shown in Figure 4B. Obviously, the short
circuit current of the ESPB increases with the addition of
formaldehyde and reaches 90% of the maximum value within
10 s. The calibration curve shown as the inset of Figure 4B
reveals a linear response to formaldehyde in the concentration
range from 0.01 to 0.35 mM (R? = 0.99), narrower than that
obtained at the FDH/PMG/BP bioanode operated in
amperometric mode as mentioned above, due to the limit
from the PB/Au NPs/CFP cathode. The detection limit is
estimated to be 0.006 mM from the calibration curve (S/N =
3), comparable to or better than those reported for enzymatic
and non-enzymatic biosensors."”** The selectivity of ESPB
against the possible interfering species has been investigated.
As shown in Figure 4C, no obvious change in the short circuit
current of ESPB can be observed after the addition of
acetaldehyde and ethanol, while a sharp increment of short
circuit current appears immediately after the addition of
formaldehyde, indicating the negligible interference from
acetaldehyde and ethanol to formaldehyde detection.

The storage stability of the ESPB at 4 °C has been
determined by measuring the decrease of the short circuit
current corresponding to 0.2 mM formaldehyde during
storage. Figure 4D shows a plot of short circuit current versus
storage time wherein it can be seen that the short circuit
current remains over 92% of its initial value after 21 days of
storage and over 80% after 31 days of storage.

The feasibility of the ESPB working like disposable test
paper in the colorimetric detection of formaldehyde is further
investigated by immersing the ESPB in solutions spiked with
formaldehyde of different concentrations.

The immersion time (or contact time) is optimized to be 90
s because the short circuit currents of the ESPB decrease
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Figure 4. (A) Power output of the ESPB in 0.1 M PBS, pH 6.0, at 9
mM formaldehyde. (B) Short circuit current of the ESPB with
successive additions of formaldehyde (inset: calibration curve of short
circuit current versus formaldehyde concentrations). (C) Short circuit
current to successive addition of 0.1 mM acetaldehyde, 0.1 mM
ethanol, and 0.1 mM formaldehyde (D) Variance in short circuit
current to 0.2 mM formaldehyde with the storage time (normalized to
the initial value). (E) Colorimetric card composed of the color of
cathode captured after immersion in formaldehyde solutions with
different concentrations for 90 s. (F) Plot of formaldehyde
concentrations versus the value of B/(R + G + B).

B/(R+G+B)

rapidly at first and then reach a steady state after about 90 s,
and further prolonging the immersion time (or contact time)
cannot significantly increase the charge flowing in the circuit
when sensing low-concentrated formaldehyde (0.01 mM), as
shown in Figure S7. As shown in Figure 4E, the color of the
PB/Au NPs/CFP cathode gradually changed from the initial
dark blue to slight blue, then to slight green, and eventually to
dark yellow, when varying the concentration of formaldehyde
from 0 to 0.35 mM. It should be noticed that the function of
Au NPs in the design of the cathode is serving not only as the

catalyst or reactant for PB formation but also as a bright dye
with a yellow color to change the background color from black
to dark yellow, thus enabling the color change of the cathode
to be distinguished via the naked eye more easily and exactly.

The detection range of formaldehyde via the naked eye is
from 0.00 to 0.35 mM (Figure 4E), covering the permissive
level of formaldehyde in some standards associated with
environmental quality control. For example, the permissive
level of formaldehyde in drinking source water is 0.03 mM in
China (GB3838-2002), and World Health Organization
recommends a value of 0.08 ppm among indoor air
(corresponding to 0.25 mM in aqueous solution at room
temperature according the work of Dong and Dasgupta)® as
the permissible limit of short-term exposure to formaldehyde.
Furthermore, as shown in Figure 4F, the captured images
(Figure 4E) by a smartphone are further digitized into an RGB
value matrix with the aid of MATLAB software, and a good
linear relationship (R* = 0.98) between the concentration of
formaldehyde and the value of B/(R + G + B) can be obtained,
indicating that the quantitative detection of formaldehyde can
be fulfilled by integrating the ESPB with a smartphone in the
future.

The influence of the PB amount on colorimetric detection of
formaldehyde has also been investigated, as shown in Figure
S9. It can be observed that the lower amount of PB can lead to
a more significant color change of the cathode during testing
especially in the presence of high-concentrated formaldehyde
due to the fact that the lower amount of PB results in the
higher ratio of PB reduced when the same charge flows in the
circuit. Moreover, the higher amount of PB results in the
darker background color (initial color) of the cathode in Figure
S9. A good linear relationship between the concentration of
formaldehyde and the value of B/(R + G + B) has been
achieved with the cathode loading different PB amounts. The
largest slope (highest sensitivity) is obtained with the cathode
prepared by immersing the Au NPs/CFP in a solution of
K3[Fe(CN)] and FeCl; for S min, indicating that both the
background color and the ratio of PB reduced can affect the
sensitivity of ESPB in the colorimetric detection of form-
aldehyde by using the value of B/(R + G + B). Therefore, the
amount of PB plays an important role in improving the
sensitivity of ESPB by adjusting the background color and the
ratio of PB reduced. The cathode prepared by immersing the
Au NPs/CFP in a solution of K;[Fe(CN),] and FeCl, for 5
min is chosen as the optimal cathode in the detection of the
spiked real samples.

Application to the Spiked Real Samples. In order to
demonstrate the feasibility of the ESPB in practical
applications, the detection of formaldehyde was performed in

Table 1. Determination of Formaldehyde Content in Real Water Samples

water samples added formaldehyde (mM L") measured (mM L") recovery (%) RSD (%, n = 3) method

tap water 0.010 0.0098 98.0 3.3 short circuit current (SCC)
0.020 0.020 100 2.7 SCC
0.045 0.044 97.8 23 SCC

Chagan Lake water 0.010 0.0096 96.0 6.3 SCC
0.020 0.020 100 5.3 SCC
0.04S5 0.044 97.8 5.7 SCC
0.010 0.0097 97.0 6.8 B/(R + G + B)
0.030 0.029 96.7 52 B/(R + G + B)
0.045 0.045 100 2.8 B/(R+ G + B)
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spiked real samples of tap and lake water from our institute and
Chagan Lake of Jilin Province, China, respectively, with the
concentrations near the permissive level (0.03 mM) in
drinking water sources of China. As shown in Table 1, the
recovery ratios of formaldehyde with concentrations from
0.010 to 0.045 mM in both water samples are between 95 and
100% in the case of measuring the short circuit current,
showing that ESPB is capable of determining formaldehyde in
a real sample matrix.

In particular, excellent recovery ratios (95—100%) of
formaldehyde from 0.010 to 0.045 mM in Chagan Lake
water samples have also been obtained by analyzing RGB
values. Therefore, the ESPB can be expected as a portable and
disposable biosensor like test paper for routing and field
formaldehyde detection without the requirement of external
power supply.

B CONCLUSIONS

In summary, the ESPB toward formaldehyde detection has
been constructed successfully by coupling the FDH/PMG/BP
bioanode and PB/Au NPs/CFP cathode. Formaldehyde is the
fuel of the ESPB, and an open circuit potential of 0.44 V and a
maximum power density of 25.5 yW cm™> have been obtained
at 9 mM formaldehyde. By measuring the variance in the short
circuit current, a linear formaldehyde detection range of 0.01
to 0.35 mM and a detection limit of as low as 0.006 mM have
been obtained, which are comparable to or better than those
reported for other enzymatic or non-enzymatic sensors
previously. The ESPB shows high selectivity to formaldehyde,
as there is no interference from acetaldehyde and ethanol. The
short circuit currents of ESPB to 0.2 mM formaldehyde remain
over 92 and 80% of its initial value after 21 days and 31 days of
storage in air at 4 °C, suggesting good long-term storage
stability. Importantly, the color change of the cathode can be
distinguished easily and exactly via the naked eye with the
concentration up to 0.35 mM, and quantitative detection can
be achieved by analyzing the color change using the equation
of B/(R + G + B). In a spiked real sample test, the recovery
ratios of formaldehyde with concentrations from 0.010 to
0.045 mM are determined to be between 95 and 100% by both
measuring the short circuit current and analyzing the color
change digitally, demonstrating the feasibility of the ESPB in
practical applications. It is worth mentioning that the detection
range of the ESPB covers well for example the permissive level
in drinking water sources in China and the permissive short-
term exposure limit recommended by WHO. Therefore, as a
cost-effective, time-saving, convenient, disposable, and portable
biosensor with the capability of working like test paper, the
ESPB shows good promise in routine and field formaldehyde
detection.

B ASSOCIATED CONTENT
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Size and shape of the ITO-PET (Figure S1); images of
the contact angles of a drop of water on primary BP and
BP surfaces (Figure S2); SEM image of a BP electrode
(Figure S3); CVs obtained at a BP electrode with (red)
and without (black) NADH (Figure S$4); SEM image of
the Au NPs/CFP electrode (Figure SS); XRD patterns
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of CFP, Au NPs/CFP, and PB/Au NPs/CFP electrodes
(Figure S6); chronoamperometric responses of ESPB to
formaldehyde (Figure S7); photograph of the ESPB
(Figure S8); colorimetric cards and calibration curves
obtained with the ESPB composed of the cathodes
loading different amounts of PB; comparison of optical
sensitivity of ESPB with cathode of different PB amounts
(Figure S9) (PDF)
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