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Abstract

The real-time and full concentration analysis of ethanol during the fermentation reac-

tion allows the precise control of the microbial metabolism to promote the conver-

sion rate; however, only few techniques can directly detect the fermentation broth

without pretreatment. To address this issue, a screen-printed biosensing microchip

(SPBM) was proposed to analyze the ethanol concentration in fermentation, relying

on designing a well-defined nanocubic structure of an Au nanoparticles/nickel

hexacyanoferrate nanocomposite. This nanocomposite was then made into a printing

ink for the direct fabrication of a SPBM. The as-prepared microchip exhibits an ultra-

high electrocatalysis on nicotinamide adenine dinucleotide with a high sensitivity of

96.2 ± 2.9 μA�mM−1�cm−2. Moreover, after the immobilization of alcohol dehydroge-

nase, the accurate and rapid monitoring of the ethanol concentration during the real

fermentation reaction can be realized within an ultrawide linear range of 0.1–10 M in

the broth without any pretreatment.

K E YWORD S

ethanol biosensor, fermentation, regular nanocubes, screen-printed microchip,
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1 | INTRODUCTION

With the rapid development of ethanol fuel and the alcoholic beverage

industry, the global demand for ethanol has been continuously increas-

ing year by year.1 According to a report, in the United States, the total

ethanol production in 2018 reached 61 billion liters.2 Among various

ethanol production processes, fermentation has grown rapidly in recent

years due to its low cost, environmental friendliness and safety.3-5

However, due to the inhibitory effects of ethanol on yeast and

enzymes, the ethanol concentration in the fermentation reaction is

always a trade-off with the product conversion rate.6-8 In particular,

when the ethanol content exceeds 14% (vol/vol), the fermentation pro-

cess will be terminated due to the inactivation of the enzymes involved

in this biological process.9 In this case, if the ethanol concentration in

the reactor can be well controlled to keep in a lower range, then the

fermentation reaction enables a harvest with superior efficiency with

rare waste over those without ethanol control.10,11 Therefore, the real-

time monitoring of the ethanol concentration is basic and essential for

the precise control of the operation parameters for the optimization of

alcoholic fermentation technology.12 Some traditional techniques have

already been widely applied to analyze some composition concentra-

tions in the industrial ethanol fermentation, such as densimeter, refrac-

tometer, gas or liquid chromatography.13-15 Densimeter and

refractometer enable to partially indicate the metabolic state of bacteriaSijian Zhang and Ying Xie contributed equally to this study.
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and fermentation process with low cost and easy operation. However,

their poor specificities limit the detection of the target concentration.

Although high-efficiency gas and liquid chromatography can analyze

the concentration of each component in gas and broth, high cost and

long test period of the instruments cause their difficulty in the on-site

and rapid detection of the ethanol concentration.

Since Clark and Lyons proposed the first enzymatic biosensor in

1962, biosensor research has been attracting increasing attention in

clinical medicine, environmental protection and chemical engineer-

ing.16-24 Among all kinds of biosensors, electrochemical biosensors

have been advanced by their simple operation, quick response and

low cost, making it much easier to realize product transfer in practical

applications.25 For ethanol detection, the electrochemical biosensor

mainly works by using alcohol oxidase (AOX) or alcohol dehydroge-

nase (ADH) as the biorecognizer to produce the response signal.26-29

Although AOX shows a higher catalytic activity to ethanol than ADH,

it is poor in selectivity and can generally oxidize all short-chain alco-

hols, such as methanol and butanol, which may also coexist with etha-

nol in some fermentation reactions.30,31 Hence, ADH is more

attractive for the fabrication of ethanol biosensors for fermentation

applications. Nicotinamide adenine dinucleotide (NAD+) is an essential

coenzyme of ADH; thus, the following two reactions are considered

in realizing ethanol recognition:

CH3CH2OH+NAD+ !ADH
CH3CHO+NADH+H+ ð1Þ

NADH!NAD+ +H+ +2e− ð2Þ

In these two reactions, nicotinamide adenine dinucleotide

(NADH) serves as the mediator for electron transfer relying on its

redox ability.32,33 However, only using NADH as the electrode

material for ethanol detection usually requires a very high over-

potential (≥1 V), which will produce many side electrochemical reac-

tions to greatly affect the test accuracy.34 Therefore, extra electrode

materials with high electrocatalytic activity are widely introduced to

reduce the operation potential and strengthen the biosensing

signal.35-37

Owing to the mixed-valanced metal center in the unit cell, Prus-

sian blue (PB) and its analogs (PBA) are excellent electrocatalysts via

their redox reaction to promote the magnification of the electrochem-

ical signal.38 Although this type of material has been widely applied to

enhance the sensitivity of biosensors, its weak conductivity derived

from its wide band gap between the highest occupied molecular

orbital and lowest unoccupied molecular orbital may obviously affect

its detection range due to the resistance of the electron transfer.39 It

is worth noting that in a whole ethanol fermentation process, the fluc-

tuation of ethanol concentration is extremely wide from 0 to 2 M;

therefore, the desired biosensor is capable of satisfying full-range

detection. In this case, the electrocatalytic activity and conductivity

are both essential for the electrode material to achieve the real-time

detection of ethanol in industrial fermentation. In addition, due to the

long period of the fermentation reaction, reusability and stability are

particularly required; otherwise, the high cost and low reliability will

strongly block its industrial application.

In this work, we proposed a novel biosensing flexible microchip

for the ultrasensitive and fast analysis of ethanol concentration in

fermentation, relying on designing a nanocubic Au nanoparticles/

nickel hexacyanoferrate (AuNPs/NFPBA) composite as the elec-

trode material. As shown in Figure 1, a well-defined nanocube

structure of NFPBA with a negatively charged surface was first

constructed to serve as the growth site for the further deposition

of AuNPs via electrostatic adsorption. This AuNPs/NFPBA compos-

ite was then transformed as the printing ink for directly producing a

F IGURE 1 Schematic of the preparation route
of the AuNPs/NFPBA-based microchip and its
biosensing mechanism [Color figure can be viewed
at wileyonlinelibrary.com]
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three-electrode microchip with a highly integrated configuration.

After the immobilization of ADH, this biosensor enables accurate

the recognition of ethanol in an ultrawide linear range from 0.5 to

50 mM with a limit of detection of 0.01 mM, as well as satisfying

the detection range between 0.1 and 10 M in the fermentation

broth. Moreover, the microchip shows remarkable reusability that

enables the maintenance of 56.36% sensitivity after 600 repetitive

ethanol tests in the real fermentation liquid without any dilution

pretreatment.

2 | EXPERIMENTAL

2.1 | Materials and apparatus

Potassium ferricyanide(III) (K3[Fe(CN)6]�3H2O), nickel(II) chloride

hexahydrate (NiCl2�6H2O), β-nicotinamide adenine dinucleotide

(NADH) and ADH from yeast (EC1.1.1.1) were purchased from

Sigma-Aldrich. Potassium chloride (KCl), dipotassium hydrogen

phosphate (K2HPO4) potassium dihydrogen phosphate (KH2PO4)

glutaraldehyde 25% (vol/vol) and absolute ethanol were acquired

from Shanghai Lingfeng Chemical Reagent Co., Ltd. Methanol, gluta-

mate, ascorbic acid (AA) and lactate were purchased from Sinopharm

Chemical Reagent Co., Ltd. All the chemicals were directly used

without any further purification, and all the solutions were prepared

with ultrapure water.

Field emission scanning electron microscopy (FESEM) (Hitachi,

ModelS-4800II, Japan) was used to examine the micromorphology of

NFPBA and AuNPs/NFPBA. The X-ray diffraction (XRD) of AuNPs/

NFPBA and carbon ink were analyzed on an X-ray diffractometer

(D/MAX 2500 V/PC) with a Cu-Ka line (0.15419 nm). The X-ray pho-

toelectron spectrometers (XPS) and the spectroscopy of the samples

were tested by X-ray photoelectron spectrometry (Thermo, ESCALAB

250) and Fourier transform infrared (FTIR) (Thermo Electron, Nicolet-

8700), respectively. Transmission electron microscopy (TEM) experi-

ments were performed by a JEOL JEM-2010 UHR. For fabrication of

the screen-printed biosensing microchips (SPBMs), a 245 DEK screen

printing machine (Weymouth, United Kingdom) was utilized. A

NORDSON EFD three-dimensional dotting-enzyme machine (JR-

V2303 MI, Taiwan) was used to immobilize the ADH solution on the

surface of the working electrode. Broadband dielectric impedance

spectrometer (NOVOCONTROL Concept80, Germany) was used to

investigate the intrinsic resistance of NFPBA and AuNPs/NFPBA. For

the broadband dielectric spectroscopy (BDS), compressed the AuNPs/

NFPBA and NFPBA powders were compressed as into two cylinders

with the diameter of 16 mm under 0.7 Gpa, respectively, and then

test in a dry nitrogen atmosphere. The characterization frequency

ranges were from 0.01 Hz to 10 MHz. All electrochemical measure-

ments, including cyclic voltammetry (CV) chronoamperometry and

electrochemical impedance spectroscopy (EIS), were performed on an

electrochemical workstation (CHI 660E, Shanghai Chenhua Instru-

ment Co., Ltd., China). Although we have tested the intrinsic

resistance of AuNPs/NFPBA and NFPBA through BDS, considering

that the biosensor was working in buffer, EIS was further applied to

investigate the resistance of electron transfer (Rct) in solution.40 EIS

characterization was carried out in the presence of 5 mM [Fe(CN)6]
3−/4−

solution containing 0.1 M KCl, the frequency ranges were also from

0.01 Hz to 10 MHz. Diffusion control experiments were carried out in

0.5 M phosphate buffer solution (PBS) containing 0.5 mM NADH. The

effective area was tested in the solution of 10 mM K3[Fe(CN)6] and

3 M KCl. In all CV tests, the scan rate and sampling frequency were

0.1 V/s and 0.001 V respectively. All experiments in the electrochemi-

cal detection section were carried out in 0.5 M PBS, moreover, in the

part of ethanol detection and the real sample analysis, 4 mM NAD+

was required. All these experiments were performed at room

temperature.

2.2 | Synthesis of AuNPs/NFPBA nanocubes

For the rapid synthesis (microrate) of NFPBA, two solutions were pre-

pared: solution A: 10 mM K3[Fe(CN)6] + 0.1 M KCl and solution B:

10 mM NiCl2�6H2O + 0.1 M KCl. After transferring the solution A and

solution B to a 100 ml syringe, respectively, the syringe was fixed on

the two-channel syringe pump. Then, a 500 ml beaker was placed in a

heated magnetic stirrer as the reaction vessel, and 50 ml of ultrapure

water was added to the beaker to start stirring and heating. Once the

temperature of the ultrapure water stabilized at 35�C, the A, B solu-

tion was simultaneously injected into the beaker at a rate of

0.5 ml/min by a syringe pump.

After the synthesis of the NFPBA suspension, we continued to

inject 40 ml B solution into the beaker to uniformly charge some

nickel ions on the NFPBA nanocube surface. Next, we added 10 ml

of 2 mM HAuCl4 solution to the beaker, and [AuCl4]
− was loaded

on the surface of the NFPBA nanocubes due to electrostatic attrac-

tion. Then, 0.01 M ascorbic acid was used to reduce Au3+, with a

0.3 ml/min injection rate. Finally, the obtained suspension was cen-

trifuged three times with ultrapure water and ethanol, and the

product was dried at 60�C and stored in a refrigerator at 4�C

before use.

2.3 | Screen printing of the biosensing microchip

The microchip was prepared by a screen printer. The material of the

working electrode was obtained by uniformly mixing AuNPs/

NFPBA and carbon ink at a suitable mass ratio, using a silver chlo-

ride slurry as a reference electrode. The counter electrode and the

connected portion were carbon ink. To immobilize ADH, an enzyme

solution was prepared that included 0.25% glutaraldehyde and

1.2 U/μl of ADH. Then, 5 μl of the enzyme solution was added

dropwise onto the surface of the working electrode of each SPBM

by the NORDSON EFD three-dimensional dotting-enzyme

machine.
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3 | RESULTS AND DISCUSSION

3.1 | Nanostructural evolution of the AuNPs/
NFPBA nanocomposite

The unit cell of NFPBA is a face-centered cubic structure; hence, it is

possible to obtain a nanocubic shape if the crystallization process is

well controlled. However, the challenge is its over-rapid formation

rate, which makes it difficult to control the crystal growth to achieve a

regular structure. To decrease the reaction rate of the NFPBA synthe-

sis, we controlled the addition speed of two reactants, NiCl2 and

K3[Fe(CN)6], to 500 μl/min to exactly study the formation mechanism

with reaction time. As shown in Figure 2, the structural evolution of

the NFPBA crystals was investigated by prolonging the preparation

time from 10 min to 2 hr. It can be observed that only irregular parti-

cles were rapidly produced to present varied sizes from 10 to 100 nm

(Figure 2a). Then, this size difference was almost erased when the

growth time reached 30 min. The average size of crystals was increased

to �150 nm with a very uniform distribution (Figure 2b). Moreover, all

these crystals were of a cubic-like feature that possessed the distin-

guishable eight geometric faces and clear edges, although the corners

are still round. Further extending the reaction time to 1 hr, a well-

defined nanocubic morphology of the NFPBA crystals possessing

smooth faces and straight edges was obtained with a size of �300 nm,

as shown in Figure 3c. Nevertheless, continuing to grow cannot achieve

a better nanostructure. Instead, heavy aggregation between crystals

was performed to lose the regular shape, causing a decrease in the

surface area.

As designed in Figure 1, the weak conductivity of NFPBA will be

improved through the in-situ assembly of AuNPs on its crystal surfaces.

However, the introduced AuNPs should not completely cover the

whole surface to block the original catalytic sites of NFPBA. Thus, we

studied the influence of the HAuCl4 reactant concentration on the mor-

phology of the prepared AuNPs/NFPBA crystals. Importantly, the

excessive NiCl2 solution was used in the NFPBA synthesis to produce a

positively charged surface that enables the attraction of [AuCl4]
− ions.

In this way, it is beneficial to anchor the crystal nucleus during the initial

formation of AuNPs. Relying on the electrostatic interaction between

Ni2+ and [AuCl4]
−, the AuNPs realized in-situ growth on the whole sur-

face of the NFPBA crystals with a uniform distribution instead of aggre-

gating themselves (Figure 3a). However, there were still some faces of

the nanocubes with only a few particles. After further increasing the

concentration of HAuCl4 to 2 mM, all six geometric crystal faces were

covered by many independent particles but still revealed the original

NFPBA surface (Figure 3b). Subsequently, when AuNPs were continu-

ously generated, their structure and amount did not show an obvious

change. This result may be attributed to the saturation of the binding

sites on the cubic surface, which cannot allow the further in situ

growth of more AuNPs. Then, we investigated the distributions of

the Ni, Fe and Au elements of the cubic surface. It can be observed

that, in Figure 3d,e, the features of the Ni and Fe distributions

showed rare differences because of the linear segment of Ni-CN-Fe

as the only unit to build the framework of NFPBA. The mapping

image of Au (Figure 3f) illustrated its uniform deposition on the cubic

surface without obvious local aggregation, which benefited from the

positively charged surface of NFPBA for Au growth. More details of

the AuNPs was obtained from the TEM characterization, as shown in

Figure 3h the interplanar spacing of AuNPs was measured by lattice

fringes, and the value was calculated as 0.23 nm, which correspond

to the (111) plane.

The element valances of NFPBA and AuNPs/NFPBA were then

examined to survey the bonding information between the two materials.

F IGURE 2 Field emission scanning
electron microscopy (FESEM) images of
the NFPBA crystals prepared at different
reaction times: (a) 10 min, (b) 30 min,
(c) 1 hr, and (d) 2 hr

4 of 12 ZHANG ET AL.



As shown in Figure 4a, after the deposition of AuNPs, typical Au peaks

were presented, which indicated the successful preparation of the AuNPs/

NFPBA composites. Moreover, the Ni2p peaks at 855.7 eV (Ni2p2/3) and

873.1 eV (Ni2p1/3) did not change after AuNPs formation, confirming that

no new interaction occurred with Ni (Figure 4b).41 However, the maps of

Fe2p in Figure 4c indicated obvious differences before and after Au depo-

sition. The strengths of the two peaks presented at 708.2 eV (Fe2+2p1/2)

and 720.9 eV (Fe2+2p3/2) were remarkably enhanced, while the other two

peaks belonging to Fe3+2p1/2 and Fe3+2p3/2 at 710.0 and 723.6 eV

decreased.42,43 This result reveals that during the reduction of [AuCl4]
− to

Au, the ascorbic acid serving as the reducer can also reduce the iron ele-

ment from Fe3+ to Fe2+ to decrease its valance. In addition, only two Au4f

peaks located at 83.7 and 87.4 eV can be observed, proving that all Au

nanoparticles are in an elementary state.44,45

BDS is often used to characterize the intrinsic resistance of samples

in N2 atmosphere.46 Therefore, before the test in this work, the prepared

AuNPs/NFPBA and NFPBA powders were processed as two disks with

the diameter of 16 mm under 0.7 Gpa, respectively. As shown in

Figure 5a, we compared the intrinsic resistance of NFPBA and AuNPs/

NFPBA, the impedance of NFPBA was tested as 2.76 Mohm, while the

impedance of the AuNPs/NFPBA nanocomposite was only 0.086 Mohm.

This result indicates that AuNPs can remarkably decrease the impedance

of NFPBA by two orders of magnitude. In addition, we investigated the

impedance change in the AuNPs/NFBPA nanocomposite at various tem-

peratures from 10 to 50�C. The results (Figure 5b) showed that the

impedance of the nanocomposite gradually decreased with increasing

temperature. The impedances were fitted to 0.47, 0.19, 13.78, 8.93 and

4.11 Kohm at temperatures ranging from 10, 20, 30, 40 and 50�C,

respectively. This result shows that the AuNPs are stable enough on

NFPBA when the operation temperature is increased; otherwise, the

impedance will obviously increase due to the decreasing of AuNPs.

3.2 | Screen printing of AuNPs/NFPBA nanocubes
for microchip fabrication

We designed a three-electrode configuration to construct a bio-

sensing microchip (Figure 6a). The prepared AuNPs/NFPBA

F IGURE 3 Field emission scanning electron microscopy (FESEM) images of AuNPs/NFPBA prepared by using different HAuCl4
concentrations (a) 1 mM, (b) 2 mM, (c) 3 mM) and (d–f) EDX mapping results for Ni, Fe and Au, respectively. (g) TEM image of the AuNPs/NFPBA
nanocomposites. (h) SAED pattern of the AuNPs/NFPBA nanocomposites. (i) TEM diffraction pattern of the AuNPs/NFPBA nanocomposites
[Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 4 X-ray photoelectron
spectrometer (XPS) spectra of (a) sum
maps of NFPBA and AuNPs/NFPBA and
each magnified element map of (b) Ni 2p,
(c) Fe 2p and (d) Au 4 f [Color figure can
be viewed at wileyonlinelibrary.com]

F IGURE 5 (a) The impedance diagram
of NFPBA and AuNPs/NFPBA; the inset
is an enlarged diagram of the impedance
of the AuNPs/NFPBA nanocomposite.
(b) The impedance diagram of AuNPs/
NFPBA from 10 to 50�C; the inset is an
enlarged diagram of the impedance from
30 to 50�C [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 6 (a) Digital image of the flexible biosensor chip. (b) Fourier transform infrared (FTIR) spectra of AuNPs/NFPBA nanocomposites,
carbon ink and AuNPs/NFPBA mixed carbon ink. (c) X-ray diffraction (XRD) patterns of NFPBA, NFPBA mixed carbon ink and AuNPs/NFPBA
mixed carbon ink [Color figure can be viewed at wileyonlinelibrary.com]
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nanocubes were then mixed with carbon ink to directly serve as the

biosensing ink for the screen printing of the working electrode. As

shown in Figure 6b, this ink can still preserve the typical absorption

peak at 2,090 cm−1, which belongs to the stretching absorption band

of the CN functional group in the section of NFPBA, confirming

no damage produced to the unit cell of NFPBA during mixing. It is

worth noting that another strong adsorption peak at 1,700 cm−1 is

revealed in both the mixture and carbon inks, indicating the existence

of COOH groups derived from the carbon ink.47 Due to the NH2

group in the general enzyme, the abundant COOH groups are bene-

ficial for establishing CONH2 bonds for enzyme immobilization.

Moreover, the stability of the AuNPs in the ink mixture was investi-

gated by XRD patterns. The peaks located at 38.2� and 44.4� belong

to the (111) and (200) lattice faces of the Au crystals, demonstrating

the stability of the loaded AuNPs during the printing process.48

3.3 | Electrochemical behaviors of the SPBM

The electrochemical redox abilities of the bare chip (printed by only

carbon ink), NFPBA and AuNPs/NFPBA SPBMs were examined for

comparison by using CV measurements (Figure 7a). There was no

obvious redox peak of the bare chip, indicating the weak

electrocatalytic capacity of the carbon ink. After mixing NFPBA or the

AuNPs/NFPBA crystals in carbon ink for chip printing, both obtained

chips presented several redox peaks, but significant differences

remained. When AuNPs were employed, the redox potential differ-

ence (ΔEp) of the chip was effectively reduced from 0.28 to 0.23 V,

together with a much sharper feature of the peaks. The above results

demonstrate that AuNPs can effectively enhance both the

electrocatalysis and conductivity of NFPBA, showing benefits with

respect to the generation and magnification of the response signal

from the enzymatic reaction. EIS was further applied to investigate

the resistance of electron transfer (Rct) in the operation environment

of SPBMs. As a result, above two kinds of resistances proved that

both of the AuNPs/NFPBA nanocomposite and its microchip are of

good conductivity to facilitate the transfer of biosensing signal. As

shown in Figure 7b, the Rct value of the AuNPs/NFPBA SPBM was

calculated to be 151.7 Ω, which was significantly smaller than that of

the bare SPBM (202.3 Ω) and NFPBA SPBM (234.6 Ω).

In addition, we studied the kinetic control of the SPBM by chang-

ing the scan rate of CV from 50 to 250 mV/s (Figure 8a). According to

the linear fitting in Figure 8b, there was a well-defined linear relation-

ship between the peak current and the square root of the scan rate,

verifying the diffusion control principle of the SPBM during its elec-

trochemical reaction. Furthermore, the effective surface area of the

working electrode in the SPBM was calculated through the Randles–

Sevcik equation:

Ip
v1=2

= 2:69×105
� �

n3Do
1=2Co ×A ð3Þ

where Ip is the redox peak current, v is the scan rate, n is the total

number of electrons transferred during the redox process, and Do,

Co, and A refer to the molecular diffusion coefficient, probe mole-

cule concentration and electrode area, respectively. Obviously, A is

proportional to Ip/ v1/2. For test the effective surface area, five

NFPBA SPBMs and AuNPs/NFPBA SPBMs from different batches

were randomly selected, respectively. According to the results of

Figure 8c–f, the effective areas of the NFPBA SPBM and AuNPs/

NFPBA SPBM were calculated to be 7.7 ± 0.1 × 10−2 and

9.7 ± 0.1 × 10−2 cm2, respectively. The AuNPs/NFPBA-based SPBM

had a larger effective electrode area due to the introduction of

AuNPs covering the whole surface of the NFPBA nanocubes,

enabling greatly enhanced catalytic efficiency and binding sites for

enzyme loading.

3.4 | Electrocatalysis of the SPBM to NADH

As mentioned above, NADH is a coenzyme that catalyzes the reaction

of ADH as an electron mediator (Equations 1 and 2). Therefore, the

electrocatalytic performance of the as-prepared SPBM on NADH will

determine the performance of ethanol detection. The CV results in

Figure 9a show that the oxidation current increased significantly from the

scanning potential over 0.4 V after the addition of 1 mM NADH. This

result demonstrated that NADH can be effectively electrochemically oxi-

dized by NFPBA-based SPBM. Particularly, the potential corresponding to

the maximum increase amount of the oxidation current was 0.6 V; there-

fore, this potential was selected as a working potential for the further

F IGURE 7 (a) Comparison of cyclic
voltammetry (CV) values of the bare
screen-printed biosensing microchip
(SPBM), NFPBA SPBM and AuNPs/
NFPBA SPBM at a scan rate of 0.05 V/s
in a 0.05 M PBS solution. (b) EIS diagrams
of the above three SPBMs at a scanning
frequency range from 0.1 to 100 kHz
[Color figure can be viewed at

wileyonlinelibrary.com]
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chronoamperometry test. As shown in Figure 9b, with each addition of

0.1 mM NADH, a stable current step was rapidly generated for both

NFPBA-and AuNPs/NFPBA-based SPBMs. Obviously, the current step

strength of the AuNPs/NFPBA-based chip was superior to that of the

NFPBA-based chip. The linear range of detection was studied through suc-

cessive additions of different NADH concentrations from 0.001 to 1 mM

F IGURE 9 (a) Cyclic voltammetry

(CV) results of the NFPBA screen-
printed biosensing microchip (SPBM)
absence and presence of NADH in
0.05 M PBS at a scan rate of 50 mV/s.
(b) Chronoamperometry results of the
NFPBA SPBM and AuNPs/NFPBA
SPBM to NADH at 0.6 M PBS.
(c) Calibration curves of the NADH
concentration according to the
chronoamperometry results. (d) The
linear range of the AuNPs/NFPBA
composite for NADH detection under
0.6 V in a 0.05 M PBS [Color figure can
be viewed at wileyonlinelibrary.com]

F IGURE 8 (a) Cyclic voltammetry (CV) curves of the AuNPs/NFPBA screen-printed biosensing microchip (SPBM) at different scan rates in
0.05 M PBS with 0.5 mM NADH. (b) Calibration curves of the peak current versus the square root of scan rate. Cyclic voltammograms of Bare
SPBM, (d) NFPBA SPBM and (e) AuNPs/NFPBA SPBM in a solution of 10 mM K3[Fe(CN)6] and 3 M KCl at scan rates of 50, 100, 150, 200 and
250 mV/s. (f) Calibration curves of the peak current versus the square root of the scan rate for the bare SPBM NFPBA SPBM and AuNPs/
NFPBA SPBM [Color figure can be viewed at wileyonlinelibrary.com]
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(Figure 9d). Initially, a concentration of 0.001 mM did not produce any evi-

dent current response. When the concentration was increased to

0.01 mM, a significant current step was rapidly generated to show the limit

of detection. In order to evaluate the accuracy of these results, each SPBM

were repeated the experiment for five times to obtain the error analysis.

According to the calibration curves (Figure 9c), the sensitivities of NFPBA-

and AuNPs/NFPBA-printed SPBMs to NADH were calculated as

41.6 ± 1.2 and 96.2 ± 2.9 μA�mM−1�cm−2, respectively. Hence, for NADH

detection, the AuNPs/NFPBA-based SPBM exhibits higher sensitivity over

a wide linear range from 0.01 to 1 mMwith a detection limit of 0.01 mM.

3.5 | Performance of the SPBM for ethanol
detection

Subsequently, this AuNPs/NFPBA-based SPBM was modified with

0.25% glutaraldehyde and 3 U ADH to construct an ethanol biosen-

sor. Then, the CV test was applied to determine the optimum poten-

tial for ethanol detection (Figure 10a). After adding ethanol to the

PBS solution containing 4 mM NAD+, the oxidation current curve

increases significantly by �0.6 V, which was consistent with the

above NADH test. Hence, using 0.6 V as the working potential, the

detection performance of the AuNPs/NFPBA and NFPBA-based

SPBMs on ethanol was evaluated by chronoamperometry, and each

SPBM were also repeated this experiment for five times. In

Figure 10b, both chips can rapidly present the current responses after

each addition of 0.5 mM ethanol, and according to the Figure 10c, the

response time of AuNPs/NFPBA SPBM was just 12 s. However, the

AuNPs/NFPBA chip produced a much higher sensitivity of

0.71 ± 0.04 μA�mM−1�cm−2 than the NFPBA-printed chip alone

(0.21 ± 0.01 μA�mM−1�cm−2). This change is due to the synergetic

effects derived from AuNPs and NFPBA to simultaneously enhance

F IGURE 10 (a) Cyclic voltammetry (CV) results of the NFPBA screen-printed biosensing microchip (SPBM) in the absence and presence of
ethanol in 0.05 M PBS with 4 mM NAD+ at a scan rate of 50 mV/s. (b) Chronoamperometry results of the NFPBA SPBM and AuNPs/NFPBA
SPBM for ethanol at 0.6 V in 0.05 M PBS with 4 mM NAD+. (c) The response time of AuNPs/NFPBA for ethanol detection. (d) Calibration curves
of the ethanol concentration according to the chronoamperometry results. (e) The linear range test of AuNPs/NFPBA for ethanol detection at
0.6 V in 0.05 M PBS with 4 mM NAD+. (f) The liner range result [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 11 The anti-interference test of the AuNPs/NFPBA

screen-printed biosensing microchip (SPBM) to methanol, glucose,
fructose, glutamate and aldehyde at 0.6 V in 0.05 M PBS with 4 mM
NAD+ [Color figure can be viewed at wileyonlinelibrary.com]
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both the conductivity and electrocatalysis for the enzymatic reactions.

As shown in Figure 10e,f, the linear range of ethanol detection by this

biosensor was tested to 0.5–50 mM. The detection was operated in a

cell containing 40 ml PBS, and the injected volume of the sample was

200 μl, in fact, the concentration of the real sample has been

200 times diluted by PBS. In addition, ADH is easy to lose its activity

under an acidic condition. While PBS is advance to stabilize the pH

value of the detection environment at around 7.5.49 Therefore, the

as-prepared AuNPs/NFPBA chip can directly detect samples in the

concentration range of 0.1–10 M, without any pretreatment.

3.6 | Anti-interference ability, reproducibility and
stability of the biosensing chips

The anti-interference ability of the SPBM is essential for practical applica-

tions in fermentation systems because of its complex composition. For a

typical ethanol fermentation process, the substances that coexist in the

fermentation broth are glucose, fructose, methanol, glutamate, and alde-

hyde. Therefore, these possible interfering substances were added in

sequence after each injection of ethanol at the same concentration. As

shown in Figure 11, the current signal rarely increased after the addition

of other components, except for the addition of ethanol. This result proved

that the prepared SPBM had an excellent anti-interference ability to

ensure the detection accuracy in the fermentation broth.

To study the reproducibility of the SPBM, five chips from differ-

ent printing batches were randomly selected to examine their sensitiv-

ity to ethanol. The relative SD of the sensitivity was 4.31%, indicating

satisfactory reproducibility. Moreover, the stability was also studied

by monitoring the response current of a chip during storage at 4�C for

30 days. As shown in Figure 12b, the sensitivity remained at 56.36%

of the initial value after 30 days with total 600 times of tests, indicat-

ing excellent stability for continuous and long-term operation.

3.7 | Real analysis in a practical fermentation
process

Furthermore, we continuously monitored the concentration fluctuations

of ethanol and glucose in a real ethanol fermentation broth. This fermen-

tation broth is viscous with white color. The detection results were then

compared with the results of gas chromatography to check the accu-

racy of the SPBM. Because the enzyme will continuously loss its

activity during the detection to decrease the response current, the

pure ethanol solution with known concentration was used as the

standard sample for evaluating the ethanol level in fermentation

broth. Therefore, the main steps for detecting the ethanol concentra-

tion in the fermentation broth can be described as follows: First, the

current response signal (Δi[ethanol]) of the SPBMs to the standard sam-

ple is required to obtain. In this work, we injected 200 μl of 0.5 M

ethanol as the standard sample. Then, we injected 200 μl of the fer-

mentation broth to get the response current signal Δi[fermentation broth].

In this way, we can calculate the ethanol concentration in the fer-

mentation according to the Equation (4):

C fermentation broth½ � =0:5×
Δi fermentation broth½ �

Δi ethanol½ �
: ð4Þ

The fermentation broths cultured with different fermentation

times were collected for testing, and each detection was repeated five

times to calculate the average value. In addition, the concentrations of

glucose that served as the fermentation substrate in these samples

were also tested by a commercial bioanalyzer. As shown in Figure 13,

from the beginning of the fermentation process, the glucose concen-

tration gradually decreased with the continuous increase in the

F IGURE 12 (a) Reproducibility of the
AuNPs/NFPBA screen-printed biosensing
microchip (SPBM) for ethanol detection.
(b) Stability of the SPBM over 30 days,
56.36% is the sensitivity at the end as a
percentage of the initial [Color figure can
be viewed at wileyonlinelibrary.com]

F IGURE 13 Analysis results for ethanol and glucose in real
fermentation broth [Color figure can be viewed at
wileyonlinelibrary.com]
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ethanol concentration, indicating a normal metabolic process of yeast.

Importantly, the results tested by the as-prepared SPBM are very

close to the data obtained by gas chromatography, the RSD of the

biosensing results serving the chromatographic data as the standard is

calculated as 4.32%, verifying its excellent accuracy in the application

of real fermentation processes.

4 | CONCLUSIONS

In summary, we successfully fabricated a flexible biosensing microchip

by constructing AuNPs/NFPBA nanocubes as the working material,

which achieved the real-time detection of ethanol in the practical fer-

mentation process. This chip-type biosensor exhibits excellent sensi-

tivity with a high anti-interference ability to ensure accurate detection

in a viscous and colored fermentation broth. This sensor also shows

good reproducibility and storage stability for repetitive usage over

30 days. This fabrication strategy from regular nanomaterials to chip

design is promising and provides inspiration for the research of

advanced fermentation biosensors for promoting production effi-

ciency and new product development.
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