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A B S T R A C T

Herein, a resettable and reprogrammable biomolecular keypad lock on the basis of a closed bipolar electrode
(BPE) system was established. In this system, one ITO electrode with immobilized chitosan (CS) and glucose
oxidase (GOD), designated as CS-GOD, acted as one pole of BPE in the sensing cell; another ITO with
electrodeposited Prussian blue (PB) films as the other pole in the reporting cell. The addition of ascorbic acid
(AA) in the sensing cell with driving voltage (Vtot) at +2.5 V would make the PB films become Prussian white
(PW) in the reporting cell, accompanied by the color change from blue to nearly transparent. On the other hand,
with the help of oxygen, the addition of glucose in the sensing cell with Vtot at −1.5 V would induce PW back to
PB. The change of color and the corresponding UV–vis absorbance at 700 nm for the PB/PW films in the
reporting cell could be reversibly switched by changing the solute in the sensing cell between AA and glucose
and then switching Vtot between +2.5 and −1.5 V. Based on these, a keypad lock was developed with AA, glucose
and Vtot as 3 inputs, and the color change of the PB/PW films as the output. This keypad lock system combined
enzymatic catalysis with bipolar electrochemistry, demonstrating some unique advantages such as good
reprogrammability, easy resettability and visual readout by naked eye.

1. Introduction

As a subfield of molecular computing (de Silva and Uchiyama,
2007; Stojanovic et al., 2014), biomolecular computing or biocomput-
ing has grown rapidly and aroused great interest among investigators
in recent years (Katz, 2015; Katz et al., 2013, 2017; Kraemer et al.,
2009; Wang and Katz, 2010; Zhou and Dong, 2011). Biocomputing
utilizes biomolecules such as DNA (Bai et al., 2015; Bi et al., 2016; Li
et al., 2014; Lian et al., 2015; Zhang et al., 2015), enzymes (Katz and
Privman, 2010; Strack et al., 2008; Yu et al., 2016b) and whole cells
(Simpson et al., 2001) to process information, and various types of
biocomputing devices (Chen et al., 2015; Halamek et al., 2010a; Liu
et al., 2015; Wu et al., 2015) have been developed and applied in some
areas, including biofuel cells (Zhou et al., 2010) and information
protection (Li et al., 2014).

Among the great variety of biocomputing devices, keypad locks
have attracted particular attention from researchers because they are a
type of security systems that can protect information (Bi et al., 2015;
Chen et al., 2015; Gao et al., 2016; Halamek et al., 2010b; Hong et al.,
2012; Li et al., 2014; Liu et al., 2012; Strack et al., 2008; Yu et al.,

2016a; Zhu et al., 2013). For a keypad lock, when both the combination
and sequence of inputs are correct, the desired output can be obtained
(Jiang and Ng, 2014; Margulies et al., 2007). Or only when the right
“password” is inputted, the keypad lock will be unlocked. However,
most of the reported biomolecular keypad locks cannot be reset to their
initial states after they are unlocked (Halamek et al., 2010b; Strack
et al., 2008; Zhu et al., 2013), which greatly limits their applications in
practice. For those resettable keypad locks, they are usually constructed
by specially designed DNA strands with specific sequences and
fluorescent or electroactive probes (Chen et al., 2015; Hong et al.,
2012; Kraemer et al., 2009; Liu et al., 2012), which have a relatively
high cost, limiting their future applications. In addition, when the
original password is cracked or disclosed, the keypad lock will lose its
protecting function. The development of a keypad lock with a repro-
grammable function is thus significant. For a reprogrammable keypad
lock, when the original password is destroyed, the system can be easily
reprogrammed and a new password can be created. Now, the new
password can unlock the keypad lock exclusively but the original one
becomes invalid. So far, only a few studies on reprogrammable
biomolecular keypad locks have been reported (Li et al., 2014; Yu
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et al., 2016a). Wang's group for the first time constructed a resettable
and reprogrammable keypad lock based on specifically designed DNA
(Li et al., 2014). Our group developed a resettable and reprogrammable
keypad lock with dual outputs on the basis of the enzymatic reaction
with a conventional three-electrode system (Yu et al., 2016a).
Therefore, the development of new and different types of resettable
and reprogrammable biomolecular keypad locks becomes urgently
needed.

Recently, bipolar electrochemistry or bipolar electrode (BPE)
system has attracted increasing attention among researchers
(Bouffier et al., 2016; Fattah et al., 2012; Fosdick et al., 2013; Loget
et al., 2013; Zhang et al., 2013), and applied in different areas,
including material science (Ramaswamy and Shannon, 2011), seawater
desalination (Knust et al., 2013), cation enrichment (Sheridan et al.,
2012) and evaluation of electrocatalysts (Fosdick et al., 2014).
However, the reports on molecular computing based on a BPE system
have been quite limited up to now (Chang et al., 2010; Loget et al.,
2015; Wang et al., 2016; Zhan and Crooks, 2003; Zhang et al., 2014).
For instance, different logic gates based on a BPE system were reported
by Crooks and his co-workers (Chang et al., 2010). With the help of a
three-channel closed BPE system, Wang's group developed an inter-
esting molecular keypad lock without resettable function (Zhang et al.,
2014). Our group designed a resettable molecular keypad lock on the
basis of a closed BPE system but without using any biomolecule and
enzymatic reaction, which exhibited visible readout with the help of
electrochromic poly(3-methylthiophene) films (Wang et al., 2016).
However, until now, no study on biomolecular keypad locks combined
with bipolar electrochemistry has been reported.

In this report, a homemade closed BPE system has been con-
structed, and its schematic structure and operation mechanism are
illustrated in Scheme 1. Compared with an open BPE that two poles are
in the same cell, in a closed BPE the two poles are separated into
different cells and the current only passes through the BPE (Fosdick
et al., 2013). Thus, the current efficiency is higher in the closed BPE
system, and the analyte and reporter do not interfere with each other
(Guerrette et al., 2012). Herein, a CS-GOD film electrode and a PB film
electrode acted as the two poles of BPE respectively, where CS =
chitosan, GOD = glucose oxidase, and PB = Prussian blue. Two Pt wires
served as two driving electrodes through a DC power supply. One
beaker containing pH 6.0 buffer solutions with N2 atmosphere was
designated as the reporting cell, in which the PB film electrode and a Pt
electrode were placed. Another beaker containing pH 6.0 buffer
solutions in the presence of dissolved oxygen acted as the sensing cell,
in which the CS-GOD film electrode and another Pt electrode were
immersed. The driving voltage (Vtot) between two Pt driving electrodes
was utilized to activate the reactions at the bipolar electrodes in
solution. When the Pt driving electrode served as the cathode in the

reporting cell, the Vtot was designated as “−”. Conversely, the Vtot was
considered as “+” if the Pt driving electrode acted as the anode in the
reporting cell. Herein, PB films were selected as the reporting
substance because their colors would be reversibly transformed
between blue for PB and nearly transparent for its reduced form of
Prussian white (PW) when the electrochemical reaction was changed
between oxidation and reduction (Jin et al., 2013; Ricci and Palleschi,
2005; Yu et al., 2016a). When ascorbic acid (AA) was added into the
sensing cell and the Vtot of +2.5 V was applied, the AA was electro-
oxidized to dehydroascorbic acid (DA) (Hasanpour et al., 2016) at the
CS-GOD film anode, inducing the simultaneous electroreduction of PB
to PW at the BPE cathode in the reporting cell. On the other hand,
when glucose was put into the sensing cell and the Vtot of −1.5 V was
applied, the reaction between glucose and oxygen in solution could be
catalyzed by GOD (Ohnuki et al., 2007; Yao et al., 2014; Yu et al.,
2016b) in the CS-GOD film electrodes, and the generated H2O2 was
then electroreduced at the CS-GOD film cathode, simultaneously
inducing the electrooxidation of PW back to PB at the BPE anode.
The color change between blue and nearly transparent of the PB/PW
films could be reversibly switched by altering the solute between AA
and glucose in the sensing cell and simultaneously switching Vtot

between +2.5 and −1.5 V. Based on this, a resettable and reprogram-
mable biomolecular keypad lock system with visible readout was
designed and developed. To the best of our knowledge, the present
work is the first research on an enzyme-based biomolecular keypad
lock on the basis of the BPE system. Although this study is still on the
theoretical level, the promising idea may have the potential to improve
the practicability of biocomputing devices in the future.

2. Experimental section

2.1. Setup of bipolar electrode (BPE) system

Our bipolar electrochemistry experiments were performed on a home-
made closed BPE system, and its structure is illustrated in Scheme 1. Here,
transparent glass coated with indium tin oxide (ITO) was selected as the
substrate electrode. A chitosan-glucose oxidase (CS-GOD) film electrode
and a Prussian blue (PB) film electrode were connected with a copper wire,
acting as the two poles of the BPE. And two Pt strips (0.6 × 2.5 cm2) served
as two driving electrodes through a PS-3005D DC power supply (A-BF).
The application of Vtot on the two Pt driving electrodes was used to activate
the related reactions in this closed BPE system. In each cell, the distance
between the Pt driving electrode and the bipolar electrode maintained
1.5 cm.

The preparation and characterization of PB and CS-GOD films on
ITO electrodes, the reagents and apparatus used in this work were
described in Supplementary information.

Scheme 1. Experimental device and operational mechanism of the CS-GOD/PB BPE system.
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