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A movable type bioelectronics 
printing technology for modular 
fabrication of biosensors
Muqun Yang1,2,3, Mingyang Liu1,2, Jing Cheng1,2* & Han Wang2,3*

Biosensors have been widely used in various fields such as food industry, environmental testing and 
medical testing for their high sensitivity. However, current fabrication methods of biosensors, such 
as screen printing, micro fabrication and 3D printing suffer from complex procedures, requirement 
of cleanroom facility and limited fabrication materials, which significantly restrict the development 
and utilization of biosensors. Here, we propose a movable type bioelectronics printing method for 
the fabrication of biosensors by directly transferring bioelectronic materials onto various substrates 
using pre-fabricated molds. This simple, low-cost, yet robust method facilitates on-demand printing 
of master molds of partial or complete circuits on both rigid or flexible substrates. With this method, 
bioactive materials such as enzymes can be directly transferred onto substrates together with other 
electronic components, without complex modification after electrode fabrication using conventional 
methods. For demonstration, a dual-channel flexible electrochemical biosensor was fabricated by the 
movable type bioelectronics printing method for continuous monitoring of glucose and lactate. The 
movable type bioelectronics printing technology holds advantages of repeatability, flexibility and low 
cost for fabrication of biosensors on rigid and flexible substrates, as well as direct transfer printing of 
bioactive materials, which greatly promotes small-scale production of biosensors. 

Biosensors are analytical devices that combine biological components with physicochemical detectors. Due to 
advantages in high sensitivity and capability of automation and integration, biosensors have been widely used 
in various fields such as food industry1,2, environmental testing2,3 and medical testing4,5. A biosensor typically 
consists of a bio-receptor, a transducer that converts biological signals to physical signals such as optical or 
electrical signals, and electronic systems, which combines technologies from life science, analytical chemistry, 
engineering, material science and information technology, etc6,7. In recent years, considerable efforts have been 
devoted to identify alternative materials7, structures8 and modification methods9 for the improvement of per-
formance in the sensitivity, linear range and limit of detection of biosensors. However, the complex procedures 
of biosensor fabrication restrict its development and utilization.

At present, there are three representative technologies to fabricate bioelectronic sensors. Screen printing is a 
printing method that forces the liquid paste through a mask by a squeegee to form a pattern onto the substrate 
surface, which has been widely used owing to the easiness in fabrication on an industrial scale10,11. However, one 
noteworthy limitation of the screen-printing fabrication method resides in its requirement of skilled printers and 
its high cost on small-scale production. Indeed, screen printing has largely been confined to flat surfaces, which 
may also restrict the potential utility of the method in the biosensors fields12. Micro fabrication methods offer 
the possibility for highly reproducible mass fabrication of biosensor with complex geometries and functionalities 
of through techniques such as film deposition, photolithography, etching, bonding and molecular self-assembly. 
These biosensors are widely applied in sweat analysis13,14, tear analysis15,16 and saliva analysis17,18. However, the 
microfabrication method is restricted by its complex processing procedures and requirement of cumbersome 
machines and cleanroom. Moreover, 3D printing is another available fabrication method referring to a variety 
of processes in which photo-sensitive materials are deposited, joined or solidified under computer control to 
produce a three-dimensional object, where materials like plastics, liquids or powder grains are added together 
layer by layer19,20. But it suffers from the limitation of available printing materials. Besides, all of these methods 
cannot realize direct fabrication and functionalization with bioactive materials and thus reduce the efficiency 
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of research and the development of biosensors. Therefore, developing a method for small-scale production of 
biosensors that can simplify the fabrication and functionalization process is in urgent need.

Movable type printing is a system of printing with a long history, that uses movable components to reproduce 
the elements of a document usually on the medium like papers. The general procedure of movable type print-
ing consists of the following steps: making a reverse style of a single character, picking out words according to 
the manuscript, arranging the words in the font plate and finally printing with ink. After printing, the typeface 
could be recycled for use in the next typesetting21. Inspired by this work, we propose a fabrication method for 
biosensors, which could benefit from simple fabrication and flexible assembly of master molds of bioelectronic 
components, and direct preparation of bioactive materials without complex surface modification. Besides, simul-
taneous detection of multiple metabolites is of great importance. Diabetic patients, for instance, might also suffer 
from many complications like lactic acidosis, which is a dangerous disease with extremely high fatality. There 
are few reports that could realize simultaneous detection of both lactate and glucose22. Lin et al. developed a 
microfluidic chip-based electrochemical system by micro-fabrication for simultaneous monitoring of glucose, 
lactate, and ascorbate in rat brain. However, this method suffered from complex processing procedures and 
complicated system construction23. Here, we present a movable type bioelectronics printing technology through 
the procedures of biosensor design and master mold preparation, transfer printing and post-transfer treatment. 
This movable type bioelectronics printing technology holds advantages in repeatability, easy modification and 
assembly for fabrication of biosensors, as well as direct fabrication with bioactive materials on both rigid and 
flexible substrates. To demonstrate the capability and performance of the fabrication method, we developed a 
dual-channel electrochemical biosensor for the simultaneous monitoring of lactate and glucose to help manage 
the concentration levels of these metabolites and avoid lactic acidosis. We envisage the movable type bioelectron-
ics printing technology could help promote prototyping and small-scale production of biosensors.

Methods
Materials.  Chitosan (50,000–190,000 Da), Nafion, glucose, lactate acid and glutaraldehyde solution (50% in 
H2O) were all purchased from Sigma (Steinheim, Germany). Glucose oxidase (10 units/mg) and lactate oxidase 
(36 units/mg) were purchased from Yuanye Bio-Technology Corporation (Shanghai, China). Polydimethylsilox-
ane (PDMS, Sylgard 184, Dow Corning Corporation, Midland, MI) was prepared by mixing the pre-polymer 
and curing agent at a ratio of 10:1 (by weight). The Ag conductive paste and carbon paste were purchased from 
Ausbond Corporation (Silver paste 3813 and carbon paste A528, Ausbond Corporation, Shenzhen, China). 
Phosphate buffer solution (pH 7.2–7.4) was from Solarbio (Beijing, China). Polyethylene terephthalate (PET) 
was purchased from Suzhou Gule Packaging Materials Company (Suzhou, China). All other chemicals used in 
this work were of analytical grade. Double distilled water was used throughout the experiments. All mold pat-
terns were initially designed with a computer aided design software and printed with a light curing printer (CR-
10, Shenzhen Creality 3D Technology Corporation, Shenzhen, China). All electrochemical measurements were 
performed on an electrochemical workstation (CHI660E, Chenhua Corporation, Shanghai, China).

The mechanism of the movable type bioelectronics printing technology.  In this work, we pro-
pose a modular transfer printing technology as an alternative to conventional methods for biosensor fabrication 
(see Fig. 1). The proposed movable type bioelectronics printing technology is based on contact printing, which 
is a category of printing technology using master molds to transfer the patterns on the molds to the substrates. 
In our transfer printing technology, all the molds were designed and fabricated according to the requirement of 
different functional components of biosensors. Then a variety of bioelectronic materials can be used to prepare 
the pastes, such as conductive carbon paste, Ag/AgCl paste and insulation paste, etc., which were spun on a 

Figure 1.   Illustration detailing the steps involved in the movable type bioelectronics printing method including 
(A) biosensor design, (B) mold design and fabrication, (C) bioelectronic material preparation, (D) spin-coating, 
(E) transfer printing and (F) post-transfer treatment with an oven for drying.
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spin coating machine to form a thin layer. And then the pastes were stuck to the molds, transfer printed onto 
the substrates (see Fig. S1) and dried in the ventilating oven at 40 °C. This movable type bioelectronics print-
ing technology facilitates flexible manufacturing using both individual molds and assembled molds to produce 
partial or complete bioelectronic devices. On one hand, the individual molds of different circuit components 
such as resistors, capacitors, and wireless communication coil, etc., can be used to directly transfer print partial 
circuits on both flexible and rigid substrates. On the other hand, the individual molds can be freely combined 
on-demand to print complete bioelectronic circuits at one time. As a demonstration of the versatility of this fab-
rication technique, in this work complete electrochemical sensor patterns were printed onto different substrates 
such as silicon wafer, PET, glass and human skin.

Characterization and optimization of the transfer printed electrodes.  To characterize the printed 
electrodes on rigid and flexible substrates based on the modular transfer printing technology, we studied the 
resistance change of printed electrodes with various thickness and bending angles. As the spin-coating speeds 
increased, bioelectronic materials on the substrates would become thinner and thus the resistance of the printed 
patterns would be higher. So we used printed electrodes as an example and studied the resistance change with 
spin-coating speeds and stability after bending. The electrodes with 5, 10, 15  mm-length were printed onto 
rigid and flexible substrates via two steps: at first spin-coating the conductive paste with various spin-coating 
speeds as shown in Table S1, secondly transfer printing onto rigid (glass) and flexible (PDMS) substrates with 
the molds. After dried at the room temperature, the resistance and thickness of all the electrodes were measured 
with a Fluke multimeter (Fluke 17B + , Fluke Corporation, Elfrid Payton, WA) and a stylus profiler (P-7 stylus 
profiler, KLA-Tencor Corporation, San Francisco, CA). For the flexible electrodes printed on PDMS, resistance 
change characteristics at different bending angles were studied by tuning the substrate from 10◦ to 130◦ with 
an interval of 20◦ , and then the resistances were measured 4 times at each angle. The resolution of the printed 
electrodes was also measured by microscopy (QJY-9001, Shenzhen Industrial Vision Co., Ltd, Shenzhen, China).

Fabrication of a dual‑channel electrochemical biosensor.  Lactate metabolism dysfunctiont is a 
common complication of diabetes, which would cause lactate accumulation and thus result in diabetic lactic aci-
dosis with high mortality24–26. Thus, developing a dual-channel biosensor could help manage the concentration 
levels of glucose and lactate at the same time, preventing dangerous complications such as hypoglycemia and 
diabetic lactic acidosis. However, most of reported works on diabetic management can only measure the change 
of glucose level, partly due to the difficulty of complex fabrication and modification of dual-channel biosensors. 
In this work, we utilized the movable type bioelectronics printing technology to fabricate a dual-channel biosen-
sor for glucose and lactate monitoring. This transfer printing method enabled direct fabrication and function-
alization of the dual-channel electrochemical biosensor using lactate oxidase and glucose oxidase for detection 
of both lactate and glucose concentration levels. The mechanism of the dual-channel amperometric biosensor 
is based on enzymatic electrochemical reactions where lactate and glucose are oxidized (Fig. 2A). The general 
equations of the dual-channel amperometric biosensor are given below:

(1)Glucose + O2

GOx
→ Gluconate +H2O2

Figure 2.   (A) Design and working mechanism of a dual-channel electrochemical biosensor for detection of 
lactate and glucose. The dual-channel biosensor consists of two working electrodes, one counter electrode and 
one reference electrode. Lactate oxidase and glucose oxidase are immobilized on separate working electrodes. 
(B) Step-by-step schematic diagram of a printed dual-channel biosensor using movable type bioelectronics 
printing technology. (a) transfer printing of the counter electrode and the working electrode layer with 
conductive carbon paste; (b) transfer printing of connecting wires and the reference electrode layer with Ag/
AgCl paste; (c) and (d) transfer printing of lactate oxidase and glucose oxidase on their respective working 
electrode; (e) transfer printing of the protective Nafion layer for enzymes; (f) transfer printing of the insulator 
layer. (C) Fabricated dual-channel electrochemical biosensor on a variety of substrates including (a) epidermis, 
(b) gloves, (c) rough rubber, (d) sportswear, (e) papers and (f) PET respectively.
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GOx refers to glucose oxidase and LOx refers to lactate oxidase. Then the produced H2O2 decomposes on the 
surface of the electrodes as the following equation shows and the corresponding current is detected:

Figure 2B shows the step-by-step process of fabricating the dual-channel biosensor, without complex func-
tionalization with enzymes. The printing of the dual-channel biosensor contains these steps: Transfer printing 
counter and working electrode layers with conductive carbon paste, wires and reference electrode layer with Ag/
AgCl paste; Then transfer printing bioactive materials including lactate oxidase and glucose oxidase solutions, 
respectively. The Chitosan/CNTs solution was prepared by adding 5 mg amino-functionalized carbon nanotubes 
into a 2 mL chitosan solution (0.2% wt) with ultrasonic mixing for 10 min to achieve complete dispersion. Then 
1 mg lactate oxidase was added to the Chitosan/CNTs solution (50 μL) to obtain Lactate oxidase/Chitosan/CNTs 
solution (20 mg/mL for lactate oxidase). And Glucose/Chitosan/CNTs solution (10 mg/mL for glucose oxidase) 
was prepared using the same procedure as lactate oxidase/chitosan/CNTs solution. Finally, a protective Nafion 
(5% in water) layer for enzymes and an insulator layer (PDMS) were completed. With these printing procedures, 
we realized direct fabrication and functionalization with bioactive materials on PET substrates.

Electrochemical characterization of the dual‑channel biosensor.  Differential pulse voltammetry 
(DPV), cyclic voltammetry and amperometric i–t curve are common methods for electrochemical analysis. 
DPV is a sensitive voltammetric technique that involves applying staircase amplitude potential pulses on a lin-
ear ramp potential. However, this method is not intuitive to detect the concentration of target analytes, and 
the data processing is inconvenient. In our biosensors, we mainly applied the amperometric i–t curve method 
which could directly and quickly reflect changes of response currents versus time. Cyclic voltammetry studies 
were conducted with the dual-channel biosensor using a CHI660E electrochemical workstation. A comparison 
test between an enzyme modified biosensor and an unmodified biosensor in 100 μL testing solution mixed 
with lactate (300 μM) and glucose (300 μM) was carried out. To study the characteristics of the dual-channel 
biosensor, cyclic voltammograms were recorded by injecting 100 μL potassium ferricyanide solution (0.01 M) 
into the working electrode at scanning rates ranging from 20 to 160 mV/s with a 20 mV interval. The potential 
range during cyclic voltammetry tests was between −0.30 and 0.50 V. To further evaluate the performance of the 
dual-channel biosensor for lactate and glucose detection, amperometric i–t curves were recorded after inject-
ing 100 μL test samples containing lactate or glucose into the working electrode at room temperature (25˚C). 
The concentration of lactate samples varied from 0 to 1000 μM and the concentration of glucose samples varied 
from 0 to 1000 μM. After each measurement, the working electrode was cleaned three times with DI water. The 
potential of amperometric i-t tests was set at 0.30 V and the testing time was set to 100 s.

Specificity and stability studies of the dual‑channel biosensor.  Firstly, to study the specificity of 
the dual-channel biosensor, amperometric i–t measurement of the biosensor was carried out by adding differ-
ent interferents such as uric acid at 50 μM, and ascorbic acid at 0.1 mM, respectively, into 100 μL PBS solution. 
The concentration of each interferent was chosen based on the average concentration level in healthy human 
blood. Secondly, to evaluate the stability of the dual-channel biosensor, after testing with lactate and glucose as 
described in the previous session, the dual-channel biosensor was washed by PBS buffer, dried and stored in a 
refrigerator at 4 ̊ C for around one week. Then the biosensor was retrieved and the performance was investigated 
by amperometric i–t test every week for a total of 4 weeks with lactate (300 μM) and glucose (300 μM) samples. 
The potential of amperometric i–t tests was set at 0.30 V and the testing time was set to 100 s. The measured 
currents of the dual-channel biosensor before and after storage were compared.

Analysis of human serum samples.  To investigate the feasibility of the dual-channel biosensor for meas-
urement of lactate and glucose in biological fluids, serum samples from healthy human volunteers were diluted 
by PBS and measured by our biosensor, and compared with the FDA-approved electrochemical glucose analyzer 
(Accu-Chek Advantage, Roche Diagnostics Corporation, Basel, Switzerland) and lactate analyzer (Lactate Scout 
4, EKF Diagnostics Corporation, Barleben, Germany). The serological samples were collected in anticoagulant 
tubes and used immediately after collection. All experimental protocols were approved by the Ethics Review 
Committee of Tsinghua University (Beijing, China). All methods were performed in accordance with the rel-
evant guidelines and regulations by the Ethics Review Committee of Tsinghua University (Beijing, China) and 
informed consent was obtained from all participants.

Results and discussion
In this work, we proposed a modular transfer printing technology for prototyping and small-scale fabrication 
of biosensors. The movable type bioelectronics printing technology holds advantages in flexible manufactur-
ing using individual molds as well as assembled molds for patterning different combinations of bioelectronic 
components on-demand. Besides, this movable type bioelectronics printing technology enables transfer printing 
of bioelectronic patterns on a variety of rigid or flexible substrates. Figure 2C illustrates transfer printing of a 
dual-channel electrochemical biosensor on different substrates such as epidermis, gloves, rough rubber, sports-
wear, papers and PET, respectively. This demonstrated the good applicability of the movable type bioelectronics 
printing technology using various substrates including unconventional non-planar and curvilinear substrates.

(2)Lactic acid + O2

LOx
→ Pyruvate +H2O2

(3)O2 + 4e− + 4H+

→ 2H2O2
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To evaluate the resolution and repeatability of the printed patterns by this movable type bioelectronics print-
ing technology, a series of electrodes with length varying between 5 and 15 mm and width between 1.0 and 
2.0 mm were patterned and measured (Fig. 3A). The results showed that the coefficients of variation of width 
and length were no more than 11.0% in our experiments (Fig. 3b). On the other hand, the resistance of transfer 
printed electrodes using conductive paste prepared at different spin-coating speeds was characterized. Elec-
trode patterns with the length of 5, 10 and 15 mm and the width of 1.5 mm were used for printing. Figure 3C,D 
show that the resistance of printed electrodes increased as the spin-coating speed increased, where the printed 
electrodes became thinner. The resistance of printed electrodes also increased with the length of the electrode 
pattern. These demonstrated that the resistance of transfer printed bioelectronic components could be adjusted 
by changing spin-coating speed or designing the electrode length or width.

To further demonstrate the capability of this modular transfer printing technology for fabrication of biosen-
sors, a dual-channel electrochemical biosensor for detection of both lactate and glucose was fabricated as shown 
in Fig. S1. Figure 4A shows the cyclic voltammograms of the dual-channel biosensor under different scanning 
rates from 20 to 180 mV/s with an interval of 20 mV/s. The peak oxidation current of cyclic voltammetry curves 
increased in a linear manner as the scanning rate increased (Fig. 4B). This suggests that electron transfer of 
the dual-channel biosensor was surface adsorption controlled, which means the rate of the REDOX reaction 
depends on the adsorption rate between the reactants and the active substances on the surface of the working 
electrode. A comparison test between dual-channel biosensors with or without enzymes in the working electrode 
was carried out and the one with enzymes exhibited better response for detection of lactate and glucose, which 
demonstrated outstanding electrocatalytic performance of the transfer printed biosensor with lactate oxidase 
and glucose oxidase (Fig. S2). Amperometric i-t curves were recorded to further evaluate the sensitivity of the 
dual-channel biosensor with different concentrations of lactate and glucose as shown in Fig. 4C,D. Figure 4E,F 
show the peak oxidation currents corresponding to different concentrations of lactate and glucose. As seen from 
Fig. 4E, the peak oxidation current corresponding to different concentrations of lactate solutions increased stead-
ily from 100 to 800 μM. At concentrations higher than 800 μM, the peak oxidation current reached saturation. 
Similar phenomenon appeared in Fig. 4F. The insert in Fig. 4E,F showed the linear curve fitting between analyte 
concentrations and currents. The linear range of the dual-channel biosensor for lactate detection was 0–600 μM 
and the sensitivity was 103.2 μA/(mM⋅cm2), while for glucose detection the linear range was 200–1000 μM and 
the sensitivity was 48.0 μA/(mM⋅cm2). The sensitivity of the dual-channel biosensor was on the same level as 
other planar biosensors such as paper-based screen-printing biosensors.

As seen in Fig. 5A, to study the specificity of the dual-channel biosensor, amperometric i–t measurement 
of the biosensor was carried out by adding different interferents such as uric acid at 0.1 mM, and ascorbic acid 
at 0.1 mM, respectively, into 100 μL PBS solution. The concentration of each interferent was chosen based on 
the physiological concentration level in healthy human blood. The results showed that these interfering species 
exhibited no effect on the biosensor response, indicating that our fabricated biosensor was feasible for specific 

Figure 3.   Resolution tests of the transfer printed electrodes. (A) Photographs of electrode molds by a light 
curing printer and the printed electrode patterns with the molds. (B) The length and width resolution test 
results of the patterned electrodes. The coefficients of variation for patterned electrodes with length of 5, 10, 
15 mm (A1–A3) were 10.9%, 10.8% and 6.5%, respectively, and the coefficients of variation for patterned 
electrodes with width of 1.0, 1.5, 2.0 mm (B1–B3) were 6.7%%, 2.1% and 1.4%, respectively. The numbers above 
the histograms refer to the standard deviations. (C) Relationship between the resistance of printed electrodes on 
silicon with different spin-coating speeds (N = 4). (D) Relationship between the resistance of printed electrodes 
on PDMS with different spin-coating speeds (N = 4).
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detection of lactate and glucose in the presence of other interferents. The fabricated dual-channel biosensor 
demonstrated good stability by comparing the performance after storage in a 4 ˚C refrigerator for at most 4 weeks 
to that of the freshly fabricated ones (Fig. 5B). After storage, the response current of the dual-channel biosensor 

Figure 4.   Electrochemical results of the dual-channel biosensor. (A) Cyclic voltammetry results of the 
biosensor in 100 μL potassium ferricyanide solution (0.01 M) under different scanning rates. Scanning rates: 
20, 40, 60, 80, 100, 120, 140, 160, 180 mV/s. The oxidation current increased as the scanning rate increased. 
(B) Relationship between peak oxidation and reduction currents versus scanning rates. Error bar was plotted 
in black (N = 3). The peak oxidation current increased as the scanning rate increased in a linear manner. (C) 
Amperometric i–t curve results of the dual-channel biosensor in 0.01 M PBS (pH 7.4) containing lactate with 
concentrations from 0 to 1000 μM. (D) Amperometric i–t curve results of the dual-channel biosensor in 
0.01 M PBS (pH 7.4) containing glucose with concentrations from 0 to 1400 μM. (E) The relationship between 
peak oxidation currents and concentrations of lactate (N = 4). The insert shows linear curve fitting between 
lactate concentrations and measured currents, coefficient of association R2 = 0.9965 (N = 4). The linear range 
was 0–600 μM and the sensitivity was 103.2 μA/(mM⋅cm2) (The area of the working electrode was 0.1 cm2). 
(F) The relationship between peak oxidation currents and concentrations of glucose (N = 4). The insert shows 
linear curve fitting between glucose concentrations and measured currents, coefficient of association R2 = 0.9941 
(N = 4). The linear range was 200–1000 μM and the sensitivity was 48.0 μA/(mM⋅cm2) (the area of the working 
electrode was 0.1 cm2).
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for glucose detection remained steady for the duration of 4 weeks, while for lactate detection the response 
current slightly decreased with time. The coefficients of variation for glucose and lactate testing of the freshly 
fabricated dual-channel biosensors were less than 2.08% and 1.94%, respectively. And the coefficients of varia-
tion for glucose and lactate testing after 4 weeks storage were 3.09% and 6.81%, respectively. The results showed 
that the mean response current decreased about 5.7% which might be attributed to the leakage or denaturation 
of the enzymes. The electrochemical analysis of the catalytic activity of enzymes provided valuable insights of 
the integrity and functionality of the immobilized enzymes on the biosensor. Still, these results showed that the 
biosensor maintained good performance for the duration of 4 weeks, which is advantageous compared to other 
research whose biosensor retained about 91% of the initial current response after 2 weeks27. These results suggest 
that after 4 weeks storage, the dual-channel biosensor could maintain excellent stability for analytical applications 
with necessary calibration. Besides in the future, we would like to conduct further experiments to test the activity 
of enzymes using both FTIR ((Fourier Transform Infrared)) and electrochemical methods.

To confirm the feasibility of the developed dual-channel biosensor for detection of target analytes in biological 
fluids fabricated by the proposed movable type bioelectronics printing technology, serum samples from healthy 
human volunteers were tested with our dual-channel biosensor and compared with commercial electrochemical 
analyzers ACCU-CHEK from Roche Diagnostics Corporation for glucose measurement and Lactate Scout 4 from 
EKF Diagnostics Co., Ltd. for lactate measurement. The results showed no significant difference between lactate 
and glucose concentrations measured by our dual-channel biosensor and by commercial analyzers (p = 0.328, 
0.968 for lactate and glucose, respectively) using Paired T-test (Fig. 5C,D), demonstrating that the accuracy of 
the developed dual-channel biosensor by movable type printing is sufficient for electrochemical detection in 
real samples.

From the above results, the capability and feasibility of the proposed movable type bioelectronics printing 
technology have been successfully demonstrated for the fabrication of biosensors. This simple, low-cost, yet 
robust printing method could realize direct transfer printing of individual or assembled master molds on rigid 
or flexible substrates. Additionally, this movable type bioelectronics printing technology could facilitate the 
fabrication and direct functionalization of bioactive materials.

Figure 5.   (A) Interference tests of the dual-channel biosensor upon addition of uric acid (0.1 mM), ascorbic 
acid (0.1 mM) in100 μL PBS solution. (B) Stability testing results of the dual-channel biosensor in lactate 
solution with a concentration of 300 μM (dotted line) and glucose solution with a concentration of 300 μM 
(solid line) after storage in a refrigerator at 4 ˚C after a week. (N = 4). (C) Concentrations of lactate in real 
serum samples collected from human measured using our biosensor compared with a Lactate Scout 4 system 
(N = 4, p = 0.328, Paired T-test). (D) Concentrations of glucose in real serum samples collected from human 
measured using our biosensor compared with an ACCU-CHEK analyzer (N = 4, p = 0.968, paired T-test).
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Conclusion
In this work, we have successfully developed a movable type bioelectronics printing technology. This movable 
type bioelectronics printing technology could directly transfer print bioelectronic circuits on both rigid and 
flexible substrates through the process of biosensor design, mold design and fabrication, conductive material 
preparation, transfer printing and post-transfer treatment, with high production efficiency, high flexibility and 
good applicability. Additionally, this movable type bioelectronics printing technology holds advantages in repeat-
ability of pattern transfer, easy modification and flexible combination for fabrication of biosensors, as well as 
direct fabrication and functionalization with bioactive materials on both rigid and flexible substrates. Finally, 
biosensors with different functions could be easily implemented by adjusting the conductivity, hydrophobicity or 
bioactive materials of the prepared paste so as to meet the requirements of different applications. With this new 
transfer printing technology, we have successfully fabricated electrodes with different geometry and different 
thickness and studied their characteristics. A dual-channel biosensor for both glucose and lactate detection was 
fabricated by the movable type bioelectronics printing technology. The results demonstrated that the fabricated 
dual-channel biosensor exhibited great performance towards both glucose and lactate monitoring.

In summary, the movable type bioelectronics printing technology holds advantages of high repeatability, flex-
ibility and low cost in fabrication of biosensors on rigid and flexible substrates, as well as direct transfer printing 
with bioactive materials, which helps promote prototyping and small-scale production efficiency of biosensors. 
We envisage that this modular transfer printing technology might also facilitate the fabrication of a wide range 
of bioelectronic components and sensors for development of wearable devices.

Received: 30 July 2021; Accepted: 29 October 2021

References
	 1.	 Anand, T. P., Chellaram, C., Murugaboopathi, G., Parthasarathy, V. & Vinurajkumar, S. Applications of biosensors in food industry. 

Biosci. Biotechnol. Res. Asia 10, 711–714. https://​doi.​org/​10.​13005/​bbra/​1185 (2013).
	 2.	 Dincer, C. et al. Disposable sensors in diagnostics, food, and environmental monitoring. Adv. Mater. 31, e1806739. https://​doi.​

org/​10.​1002/​adma.​20180​6739 (2019).
	 3.	 Wang, X., Lu, X. & Chen, J. Development of biosensor technologies for analysis of environmental contaminants. Trends Environ. 

Anal. Chem. 2, 25–32. https://​doi.​org/​10.​1016/j.​teac.​2014.​04.​001 (2014).
	 4.	 Kirsch, J., Siltanen, C., Zhou, Q., Revzin, A. & Simonian, A. Biosensor technology: Recent advances in threat agent detection and 

medicine. Chem. Soc. Rev. 42, 8733–8768. https://​doi.​org/​10.​1039/​c3cs6​0141b (2013).
	 5.	 Bandodkar, A. J., Jeang, W. J., Ghaffari, R. & Rogers, J. A. Wearable sensors for biochemical sweat analysis. Annu. Rev. Anal. Chem. 

12, 1–22 (2019).
	 6.	 Turner, A., Karube, I. & Wilson, G. S. Biosensors: Fundamentals and Applications. (Oxford University Press, 1987).
	 7.	 Ray, T. R. et al. Bio-integrated wearable systems: A comprehensive review. Chem. Rev. 119, 5461–5533. https://​doi.​org/​10.​1021/​

acs.​chemr​ev.​8b005​73 (2019).
	 8.	 Yang, M., Wang, H., Liu, P. & Cheng, J. A 3D electrochemical biosensor based on super-aligned carbon nanotube array for point-

of-care uric acid monitoring. Biosens. Bioelectron. 179, 113082. https://​doi.​org/​10.​1016/j.​bios.​2021.​113082 (2021).
	 9.	 Kim, B. C. et al. Fabrication of enzyme-based coatings on intact multi-walled carbon nanotubes as highly effective electrodes in 

biofuel cells. Sci. Rep. 7, 40202. https://​doi.​org/​10.​1038/​srep4​0202 (2017).
	10.	 Cao, X. et al. Screen printing as a scalable and low-cost approach for rigid and flexible thin-film transistors using separated carbon 

nanotubes. ACS Nano 8, 12769–12776 (2014).
	11.	 Gonzalez-Macia, L. & Killard, A. J. Medical Biosensors for Point of Care (POC) Applications. 69–98 (2017).
	12.	 Windmiller, J. R., Bandodkar, A. J., Parkhomovsky, S. & Wang, J. Stamp transfer electrodes for electrochemical sensing on non-

planar and oversized surfaces. Analyst 137, 1570–1575. https://​doi.​org/​10.​1039/​c2an3​5041f (2012).
	13.	 Kim, D. H. et al. Stretchable and foldable silicon integrated circuits. Science 320, 507–511. https://​doi.​org/​10.​1126/​scien​ce.​11543​

67 (2008).
	14.	 Nyein, H. Y. et al. A wearable electrochemical platform for noninvasive simultaneous monitoring of Ca(2+) and pH. ACS Nano 

10, 7216–7224. https://​doi.​org/​10.​1021/​acsna​no.​6b040​05 (2016).
	15.	 Chu, M. et al. Biomedical soft contact-lens sensor for in situ ocular biomonitoring of tear contents. Biomed. Microdev. 13, 603–611. 

https://​doi.​org/​10.​1007/​s10544-​011-​9530-x (2011).
	16.	 Yao, H., Shum, A. J., Cowan, M., Lahdesmaki, I. & Parviz, B. A. A contact lens with embedded sensor for monitoring tear glucose 

level. Biosens. Bioelectron. 26, 3290–3296. https://​doi.​org/​10.​1016/j.​bios.​2010.​12.​042 (2011).
	17.	 Arakawa, T. et al. Mouthguard biosensor with telemetry system for monitoring of saliva glucose: A novel cavitas sensor. Biosens. 

Bioelectron. 84, 106–111. https://​doi.​org/​10.​1016/j.​bios.​2015.​12.​014 (2016).
	18.	 Mishra, S. et al. Recent advances in salivary cancer diagnostics enabled by biosensors and bioelectronics. Biosens. Bioelectron. 81, 

181–197. https://​doi.​org/​10.​1016/j.​bios.​2016.​02.​040 (2016).
	19.	 Ahmad, R., Vaseem, M., Tripathy, N. & Hahn, Y. B. Wide linear-range detecting nonenzymatic glucose biosensor based on CuO 

nanoparticles inkjet-printed on electrodes. Anal. Chem. 85, 10448–10454. https://​doi.​org/​10.​1021/​ac402​925r (2013).
	20.	 Li, L. et al. All inkjet-printed amperometric multiplexed biosensors based on nanostructured conductive hydrogel electrodes. 

Nano Lett. 18, 3322–3327. https://​doi.​org/​10.​1021/​acs.​nanol​ett.​8b000​03 (2018).
	21.	 Zhang, Y. et al. Equipment-free quantitative measurement for microfluidic paper-based analytical devices fabricated using the 

principles of movable-type printing. Anal. Chem. 86, 2005–2012. https://​doi.​org/​10.​1021/​ac403​026c (2014).
	22.	 Kreisberg, R. A. Lactic acidosis: An update. J. Intens. Care Med. 2(2), 76–84. https://​doi.​org/​10.​1177/​08850​66687​00200​204 (1987).
	23.	 Lin, Y. et al. Continuous and simultaneous electrochemical measurements of glucose, lactate, and ascorbate in rat brain following 

brain ischemia. Anal. Chem. 86(8), 3895–3901. https://​doi.​org/​10.​1021/​ac404​2087 (2014).
	24.	 English, P. & Williams, G. Hyperglycaemic crises and lactic acidosis in diabetes mellitus. Postgrad. Med. J. 80, 253–261. https://​

doi.​org/​10.​1136/​pgmj.​2002.​004291 (2004).
	25.	 Phypers, B. & Pierce, J. M. T. Lactate physiology in health and disease. Contin. Educ. Anaesth. Crit. Care Pain 6, 128–132. https://​

doi.​org/​10.​1093/​bjace​accp/​mkl018 (2006).
	26.	 Cox, K. et al. Prevalence and significance of lactic acidosis in diabetic ketoacidosis. J. Crit. Care 27, 132–137. https://​doi.​org/​10.​

1016/j.​jcrc.​2011.​07.​071 (2012).

https://doi.org/10.13005/bbra/1185
https://doi.org/10.1002/adma.201806739
https://doi.org/10.1002/adma.201806739
https://doi.org/10.1016/j.teac.2014.04.001
https://doi.org/10.1039/c3cs60141b
https://doi.org/10.1021/acs.chemrev.8b00573
https://doi.org/10.1021/acs.chemrev.8b00573
https://doi.org/10.1016/j.bios.2021.113082
https://doi.org/10.1038/srep40202
https://doi.org/10.1039/c2an35041f
https://doi.org/10.1126/science.1154367
https://doi.org/10.1126/science.1154367
https://doi.org/10.1021/acsnano.6b04005
https://doi.org/10.1007/s10544-011-9530-x
https://doi.org/10.1016/j.bios.2010.12.042
https://doi.org/10.1016/j.bios.2015.12.014
https://doi.org/10.1016/j.bios.2016.02.040
https://doi.org/10.1021/ac402925r
https://doi.org/10.1021/acs.nanolett.8b00003
https://doi.org/10.1021/ac403026c
https://doi.org/10.1177/088506668700200204
https://doi.org/10.1021/ac4042087
https://doi.org/10.1136/pgmj.2002.004291
https://doi.org/10.1136/pgmj.2002.004291
https://doi.org/10.1093/bjaceaccp/mkl018
https://doi.org/10.1093/bjaceaccp/mkl018
https://doi.org/10.1016/j.jcrc.2011.07.071
https://doi.org/10.1016/j.jcrc.2011.07.071


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:22323  | https://doi.org/10.1038/s41598-021-01741-1

www.nature.com/scientificreports/

	27.	 Rabti, A., Argoubi, W. & Raouafi, N. Enzymatic sensing of glucose in artificial saliva using a flat electrode consisting of a nano-
composite prepared from reduced graphene oxide, chitosan, nafion and glucose oxidase. Microchim. Acta. 183, 1227–1233. https://​
doi.​org/​10.​1007/​s00604-​016-​1753-3 (2016).

Acknowledgements
This project was supported by the National Key R&D Program of China (2020YFB2009004), National Natural 
Science Foundation of China (81801791), Shenzhen Municipal Development and Reform Commission, Shenzhen 
Engineering Laboratory for Precision Medicine and Healthcare, Grant Number: SDRC [2015]1950 and Shenzhen 
Municipal Development and Reform Commission Subject construction project [2017]1434.

Author contributions
M.Y. conducted the experiments, collected and analyzed the data and drafted the manuscript. M.L. participated 
in conducting the experiment of the detection system. J.C. supervised this work and revised the manuscript. 
H.W. designed the study, supervised this work, drafted and revised the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​01741-1.

Correspondence and requests for materials should be addressed to J.C. or H.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1007/s00604-016-1753-3
https://doi.org/10.1007/s00604-016-1753-3
https://doi.org/10.1038/s41598-021-01741-1
https://doi.org/10.1038/s41598-021-01741-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A movable type bioelectronics printing technology for modular fabrication of biosensors
	Methods
	Materials. 
	The mechanism of the movable type bioelectronics printing technology. 
	Characterization and optimization of the transfer printed electrodes. 
	Fabrication of a dual-channel electrochemical biosensor. 
	Electrochemical characterization of the dual-channel biosensor. 
	Specificity and stability studies of the dual-channel biosensor. 
	Analysis of human serum samples. 

	Results and discussion
	Conclusion
	References
	Acknowledgements


