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Abstract
In enzyme-based biosensors, Ag+ eluted from the reference electrode inhibits the enzyme activity. Herein, to suppress the 
inhibition of bilirubin oxidase (BOD) by Ag+, kinetic analysis was used to examine the effect of Ag+ on the activity of BOD. 
It was confirmed that the addition of Ag+ decreased the bioelectrocatalytic activity of BOD. Atomic absorption spectroscopy 
(AAS) suggested that Ag+ was attached to BOD. Moreover, the changes in the visible absorption spectra after Ag+ addition 
showed that Ag+ was bound to the type I Cu sites in BOD. During oxygen reduction by BOD, the direct-electron-transfer-type 
bioelectrocatalytic current decreased after Ag+ was added. The decay of the catalytic current was evaluated using kinetic 
analysis (assuming a pseudo-first-order reaction). Based on the analysis, the inhibition of BOD was suppressed when the Ag+ 
concentration was below 0.1 µM. Referring to the solubility product of AgCl, Cl− at a concentration of 1 mM suppressed 
the inhibition of the enzymatic activity by 95%.
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Introduction

Bioelectrocatalysis is the coupling reaction of biocatalytic 
(involving redox enzymes) and electrode reactions via sub-
strate regeneration. Direct-electron-transfer (DET)-type 
bioelectrocatalysis involves the direct interaction between 
enzymes and an electrode. DET-type bioelectrocatalysis 
imparts enzymatic characteristics to the electrode, creating 
simple systems with low energy loss [1–4]. The catalytic 
current by DET-type bioelectrocatalysis directly reflects the 
activity of the enzyme. The high substrate specificity of bio-
electrocatalysis facilitates the targeted oxidation or reduction 
of an analyte in a sample. Therefore, the current or charge 
developed during bioelectrocatalysis can be used to quantify 
the analyte; essentially, these bioelectrocatalytic devices are 
electrochemical biosensors. Biosensors offer the advantages 
of high sensitivity, high selectivity, and ease of measure-
ment under mild conditions. Furthermore, electrochemical 

biosensors have been employed in various practical applica-
tions, such as blood-glucose sensors [5, 6].

Similar to typical electrochemical systems, electrochem-
ical biosensors also require reference electrodes. In these 
biosensors, Ag|AgCl|sat. KCl electrodes are often used as 
reference electrodes because of their stability, safety, repro-
ducibility, and reversibility. Practically, it is important to 
reduce the sample volume in biosensors in order to reduce 
the size of the sensor. However, a small volume of sample 
solution can prevent the use of a salt bridge. Therefore, the 
reference electrode in biosensors is often directly inserted 
into the sample solution. In electrochemical biosensors, the 
eluate from the reference electrode, such as Ag+, is expected 
to have a large effect on the working electrode. For exam-
ple, a previous report demonstrated that eluates from the 
Ag|AgCl ink-printed electrodes attenuated the activity of 
the enzymes, thus degrading the sensor performance [7]. 
However, the kinetics of denaturation of enzymes by Ag+ 
has not been clarified.

In this study, bilirubin oxidase (BOD) is used as a model 
enzyme to focus on oxygen reduction during bioelectro-
catalysis. The active sites in BOD consist of four copper 
atoms, which can be classified into three types: type I (T1), 
type II (T2), and type III (T3). Additionally, BOD exhibits 
high DET-type catalytic activity [8]. During the DET-type 
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reaction, the T1 Cu site likely functions as the electrode 
reaction site and the T2/T3 Cu site is the active center of 
the enzymatic reaction [9–11]. Attempts have been made to 
exploit the DET-type bioelectrocatalysis of BOD in micro-
electrodes for biosensing of oxygen [12–14]. The catalytic 
current due to the DET-type bioelectrocatalysis of BOD ena-
bles to monitor the activity of BOD adsorbed at the electrode 
surface. To suppress the inhibition of BOD by Ag+, kinetic 
analysis is used herein to examine the effect of Ag+ on the 
activity of BOD to clarify the effect of eluates from the refer-
ence electrode on the biosensor.

Experimental

Reagents and chemicals

BOD (EC 1.3.3.5) from Myrothecium verrucaria was pur-
chased from Amano Enzyme, Inc. (Japan) and used without 
further purification. Ketjen Black (KB EC300J, Brunauer-
Emmmett-Teller (BET) area of 800 m2 g−1, and primary 
particle size of 40 nm) was purchased from Lion Corp., 
Japan. Poly(1,1,2,2-tetrafluoroethylene) (PTFE, 6-J) fine 
powder was purchased from DuPont-Mitsui Fluorochemi-
cals Co., Ltd. (Japan). 2,2ʹ-Azinobis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS) was purchased from F. Hoffmann-La 
Roche, Ltd. (Switzerland). Other chemicals were obtained 
from FUJIFILM Wako Pure Chemical Corp. (Osaka, 
Japan). All chemicals used in this study were of analytical 
grade, and all the solutions/suspensions were prepared with 
ultrapure water.

Determination of Cu and Ag in enzyme solution

A solution of AgNO3 was added to a 5 mL of BOD solution 
[25 mg mL−1 (L = dm3), BOD-1] to give a final Ag+ con-
centration of 2 mM. Dialysis by using a dialysis membrane 
(Spectra/Por®, MWCO = 6000–8000) was then performed 
for two days against Ag+-free buffer to remove free Ag+ 
from the solution. To remove the aggregates formed dur-
ing dialysis, the solution was centrifuged at 10,000 × g for 
10 min. The supernatant was ultrafiltered using a 100 kDa 
Amicon® Ultra (Merck, Germany) instrument at 3000 × g 
for 10 min to obtain a fraction below 100 kDa. A 10 kDa 
Amicon® Ultra instrument was used for ultrafiltration to 
concentrate and separate the fractions above 10 kDa from 
those below 10 kDa. The fraction containing 10–100 kDa 
(BOD-2) was dried, the residues were dissolved in 25 mL 
of HNO3 (0.1 M). A flame atomic absorption spectropho-
tometer (AA-7000, Shimadzu Co., Ltd., Japan) was used to 
determine the concentrations of Ag and Cu.

Spectrophotometric measurements

A spectrophotometer (UV1900i, Shimadzu Co., Ltd., Japan) 
was used to perform spectrophotometric measurements. The 
solution activity of BOD was determined by the increase in 
the concentration of ABTS+ after BOD was added to the 
buffer solution containing ABTS and excess oxygen. The 
ABTS+ concentration was determined from the absorption 
coefficient of 36,000 M−1 cm−1 at an absorbance of 420 nm 
[15]. The concentration of BOD was determined from the 
absorption coefficient of 5000 M−1 cm−1 at an absorbance 
of 600 nm [16].

Preparation of electrodes

To prepare the KB slurry, KB (40 mg) was mixed with PTFE 
powder (20 mg) and homogenized in 2-propanol (3.5 mL) 
for 2 min at 0 °C. The KB slurry (3 µL) was applied to 
a 3 mm (diameter) glassy carbon electrode (GCE; BAS, 
Japan), which was then dried to prepare the KB/GCE. The 
BOD solution (20 µL; 0.06 mM) in MES buffer (0.1 M; pH 
7.0) was cast onto the KB/GCE surface. The prepared elec-
trode (BOD/KB/GCE) was left for 90 min at 4 °C. MES 
buffer (0.1 M; pH 7.0) was used to wash excess enzyme 
from the electrode surface prior to the electrochemical 
measurements.

Electrochemical measurements

All electrochemical measurements were performed at 25 °C 
with an electrochemical analyzer (ALS 714C, BAS Inc., 
Japan) and a rotating disk electrode (RRDE-3A, BAS Inc., 
Japan) at a rotating speed of 4000 rpm. A platinum wire and 
a homemade Ag|AgCl|sat. KCl electrode were used as the 
counter and reference electrodes, respectively. All potentials 
quoted versus the reference electrode. The amperometric 
measurements were performed at an applied potential of 0 V.

Inhibition of the bioelectrocatalysis with AgCl was exam-
ined by adding 50 mg AgCl powder to 10 mL of the meas-
urement solution under stirring.

Results and discussion

Binding of Ag+ to BOD

The binding of the Ag+ to BOD was quantified from the con-
centrations of Cu and Ag in the BOD solution using atomic 
absorption spectrometry. Table 1 lists the estimated concen-
trations of Ag and Cu in each sample. The results show that 
the BOD-1 fraction contained Cu; however, there was no 



909Inhibition of direct‑electron‑transfer‑type bioelectrocatalysis of bilirubin oxidase…

1 3

Ag. Most parts of BOD were aggregated by the addition of 
Ag+ and removed by dialysis. The BOD-2 fraction, which is 
10–100 kDa, likely contained Ag+-bound BOD because its 
molecular mass is 61 kDa (PDB:2XLL) [17]. BOD molecule 
contains four copper atoms. Assuming that the Cu atoms 
remain in Ag+ treated BOD, the ratio of Ag to Cu in the 
BOD-2 fraction indicates that approximately four Ag atoms 
were attached to each BOD molecule.

To determine the binding site of Ag+, spectroscopic 
investigations of inactivated BOD were performed, which 
involved examining the effect of Ag+ on the visible absorp-
tion spectra of the BOD solutions. Figure 1 shows the vis-
ible absorption spectra 24 h after adding AgNO3 to the 
BOD solution (0.08 mM) at Ag+ concentrations ( cAg ) of 
0.0, 0.1 1.0, and 2.0 mM. In many cases where enzymes are 
inhibited by Ag+, it is confirmed that Ag+ attacks cysteine 
[18–20]. BOD has only one cysteine residue. The residue is 
strongly coordinated with the T1 Cu [21, 22]. Therefore, we 
hypothesized that the binding of Ag+ to the cysteine resi-
due would affect the T1 Cu site. Charge transfer from the 
cysteine-derived S atom to the T1 Cu site in BOD results in 
a strong absorption near 600 nm [9, 16, 23]. The absorption 
band at 600 nm from the coordination of cysteine to T1 Cu 
disappeared at high Ag+ concentrations. Additionally, the 
inhibition of copper enzymes often involves the substitution 
of Cu+ in the catalytic site by Ag+ because of the analo-
gous behavior of these two ions [24–26]. Table 2 lists the 
BOD activity with the addition of various Ag+ solutions, 

demonstrating that the inhibition of T1 Cu decreased the 
enzymatic activity. Therefore, the binding of Ag+ to the T1 
Cu site is a significant step in inhibiting BOD.

Inhibition of BOD during DET‑type 
bioelectrocatalysis

Figure 2 shows the cyclic voltammograms (CVs) of the BOD/
KB/GCE. In the absence of Ag+, a current was generated from 

Table 1   Concentration of Ag 
and Cu in each enzymatic 
solution

BOD-1 BOD-2

cAg/µM  − 1 ± 2 7.4 ± 0.7
cCu/µM 180 ± 30 7 ± 2

Fig. 1   Absorption spectra of BOD solutions with various concentra-
tions of Ag+ [0.0 (solid line), 0.1 (dotted line), 1.0 (dashed line), and 
2.0 mM (dash-dotted line), respectively]

Table 2   Change in BOD activity after 24 h following the addition of 
Ag+ solution

cAg 0 mM 0.1 mM 1 mM 2 mM

Activity change (%) 101 ± 8 110 ± 10 13 ± 3 5 ± 1

Fig. 2   CVs for the reduction of O2 at the BOD-modified electrodes 
in 0.1 M MES buffer (pH 7.0) at 25 °C under O2 atmosphere in the 
absence (solid line) and presence (dashed line) of (A) 50 µM AgNO3 
or (B) 50 µM KNO3 at the scan rate of 20 mV  s−1. The dotted line 
shows the voltammogram recorded under Ar atmosphere



910	 T. Makizuka et al.

1 3

the four-electron reduction of O2 during the DET-type bioelec-
trocatalysis with BOD. The catalytic current density decreased 
significantly when AgNO3 (50 µM) was added (Fig. 2A). 
Because the addition of KNO3 did not decrease the catalytic 
current density (Fig. 2B), this observation suggests that Ag+ 
reduced the DET-type bioelectrocatalytic activity of BOD. 
Figure 3 shows the decay of the catalytic current density gen-
erated from O2 reduction at the BOD/KB/GCE after AgNO3 
was added. The black circles, green squares, blue diamonds, 
and red triangles in Fig. 3, respectively, correspond to cAg = 0, 
2, 5, and 10 µM. The current densities were normalized to the 
current density at t = 0 when AgNO3 was added to the electro-
lytic cell ( jmax ). The decrease in the current densities became 
more pronounced as the Ag+ concentration increased. 

Under steady-state limiting current conditions, DET-type 
bioelectrocatalysis comprises two steps: substrate diffusion 
and enzymatic reaction. However, this experiment was not 
strictly performed under steady-state limiting current condi-
tions because the current density is time-dependent. However, 
because it took several hundred seconds for the current density 
to decrease, while the two-step reaction ended immediately, 
steady-state conditions can be considered in determining the 
limiting current densities. The characteristics of the two steps 
can be expressed by the Koutecký-Levich equation as follows 
[27]:

(1)
1

j
=

1

jmt

+
1

jcat
.

Here, j is the measured current density, and jmt is the 
diffusion-controlled current density of the rotating disk elec-
trode, which can be determined from Eq. (2).

The term jcat is the catalytic kinetic-controlled current 
density, which can be determined from Eq. (3).

Here, nO2
 , F , DO2

 , � , cO2
 , kcat , and Γeff are the number of 

electrons involved in O2 reduction, the Faraday constant, 
the diffusion coefficient of O2, the kinematic viscosity of 
water, the concentration of dissolved O2, the catalytic con-
stant of the enzyme, and the surface concentration of the 
effective enzyme immobilized on the electrode, respec-
tively. Note here that kcat is not equal to the catalytic con-
stant of the enzyme in solution. It was estimated that jmt 
=  − 8.4 mA cm−2 at � = 4000 rpm and at 25 °C by using 
the following parameters: nO2

 = 4, DO2
 = 1.7 × 10−5 cm2 s−1,� 

= 0.01 cm2 s−1, and cO2
 = 1.2 mM [28]. Assuming that the 

inhibition of BOD is slower than substrate diffusion and the 
enzymatic reaction, kcat can be used to quantify the inhibi-
tion of BOD.

Unfortunately, BOD desorption from the electrode sur-
face is non-negligible (black circles in Fig. 3; that is, Γeff is 
time-dependent. To eliminate the effect of enzyme desorp-
tion, the normalized current ratio ( Jnorm ) can be determined 
from Eq. (4).

Here, jcat,i , jcat,i,max , jcat , and jcat,max are the catalytic cur-
rent densities at t, t = 0, in the absence of AgNO3 at t, and in 
the absence of AgNO3 at t = 0, respectively.

From the previous discussion on the effect of Ag+ on 
the inhibition of BOD, the model considers that BOD is 
inactivated when it binds to Ag+ at the T1 Cu site, as shown 
in Eq. (5).

Here, k2 is the second-order reaction rate constant. 
Because the total amount of Ag+ in the system is expected 
to be much larger than the amount of BOD on the electrode, 
pseudo-first-order conditions were adapted, based on Eq. (6).

Therefore, the reaction rate can be determined from 
Eq. (7).

(2)jmt = −0.62nO2
FD

2∕3

O2
�
−1∕6cO2

�
1∕2.

(3)jcat = −nO2
FkcatΓeff.

(4)Jnorm =

(

jcat,i

jcat,i,max

)

∕

(

jcat

jcat,max

)

.

(5)BOD(active) + Ag+
k2
��������→ BOD(inactive)

(6)BOD(active)
k
�

1

��������→ BOD(inactive).
Fig. 3   Effect of Ag+ on the normalized O2 reduction current density 
at BOD-modified electrodes in 0.1 M MES buffer (pH 7.0) at 25 °C 
in O2 atmosphere at 0 V with various Ag+ concentrations (0.0 (cir-
cles), 2.0 (squares), 5.0 (diamonds), and 10.0 µM (triangles), respec-
tively). The error bars were evaluated from student’s t-distribution at 
the 90% confidence level
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Here, k′

1

(

≡ k2cAg
)

 is the pseudo-first-order reaction rate 
constant. The decay equation is derived by substituting 
Eq. (3) into Eq. (7), as shown in Eq. (8).

Using k′

1
 as an adjustable parameter, Eq.  (8) was fit-

ted to the time-course of the normalized catalytic current 
densities ( Jnorm ) from 0 to 100 s; the fit was achieved with 
non-linear regression analysis in Gnuplot®. The best-fit 
curves are shown as dotted lines in Fig. 4. The fitting results 
agreed with the experimental results. Figure 5 shows the 
cAg dependence of k′

1
 . The linear relationship between cAg 

and k′

1
 shows that the current model explains the inhibition 

of BOD by Ag+. The estimated value of k2 from the slope is 
0.00071 ± 0.00009 µM−1 s−1 [90% confidence level (n = 14)]. 
Therefore, the model can be used to predict the relationship 
between k′

1
 and cAg.

Protective method for bioelectrocatalytic detection

The possibility of reducing the concentration of Ag+ in solu-
tion by utilizing the ability of Ag+ to form insoluble salts 
with various anions to suppress the inhibition reaction was 
investigated. The determined relationship between k′

1
 and the 

Ag+ concentration suggests that at an Ag+ concentration of 
0.1 µM, the decay of Jnorm after 500 s is expected to be less 
than 5%. Because the solubility product of AgCl is 10−9.76 

(7)−
dΓ

���

dt
= k

�

1
Γ
���

.

(8)jcat∕jcat,max = exp
(

−k
�

1
t
)

.

(25 °C) [29], the Ag+ concentration can be controlled to 
about 10−7 M (= 0.1 µM) in the presence of 1 mM Cl− in the 
electrolyte solution. To mimic the contact of the Ag|AgCl 
electrode with the measurement solution, AgCl powder was 
added to the measurement solution. The triangles in Fig. 6 
show the time-course of Jnorm after AgCl was added. Fig-
ure 6 also shows that there was a gradual decrease in the 
catalytic current density and the decay of Jnorm at 500 s was 
63 ± 7%. This result suggests that the elution of AgCl from 

Fig. 4   Time-course of normalized catalytic current and best-fit curves 
estimated by non-linear regression analysis based on Eq.  (8). Ag+ 
concentrations of 2.0 (squares), 5.0 (diamonds), and 10.0 µM (trian-
gles) were, respectively, used. The error bars were evaluated from stu-
dent’s t-distribution at the 90% confidence level

Fig. 5   Determined kinetic constants for the inhibition of BOD with 
Ag+. The error bars were evaluated from student’s t-distribution at the 
90% confidence level. The dashed line shows the best-fitted regres-
sion line

Fig. 6   Time-course of the normalized catalytic currents. Triangles 
and circles show the current in the buffers with AgCl (50  mg) and 
KCl (1  mM), respectively. The error bars were evaluated from stu-
dent’s t-distribution at the 90% confidence level
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the reference electrode will reduce the functionality of the 
biosensor.

The circles in Fig. 6 show the Jnorm values after AgCl was 
added to the buffer solution with KCl (1 mM); the decay of 
Jnorm at 500 s is suppressed to 6 ± 1%, which is consistent 
with the expectation from the kinetic analysis. Therefore, the 
preparation of insoluble silver salts in electrolytic solutions 
can protect biosensors from the negative effects of eluted 
Ag+. Implicitly, these results suggest that Cl− in biofluids 
likely act as a protective agent in biosensing.

Conclusion

Electrochemical methods confirmed that Ag+ dissolved from 
AgCl inhibited the activity of BOD. The spectroscopic study 
showed that the binding of Ag+ to the T1 Cu site was the 
main factor inhibiting BOD. Therefore, it is concluded that 
the irreversible binding of Ag+ at the T1 Cu site inhibited 
BOD (Fig. 7). Kinetic analysis of the inhibition was con-
ducted, assuming a pseudo-first-order reaction. Based on 
these results, the time-course of the decay of the normalized 
catalytic current density after 500 s is expected to be less 
than 5% when the Ag+ concentration is 0.1 µM. Addition-
ally, 1 mM KCl was successfully used to reduce the Ag+ 
concentration and retard decay of the electrode during the 
analysis. The study reveals that to control the inhibition of 
BOD, the Ag+ concentration must be reduced, which is use-
ful knowledge for future biosensor development.
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