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SYNOPSIS 

Before or after the blend membrane of regenerated silk fibroin (RSF), poly(viny1 alcohol) 
(PVA), and peroxidase is treated with ethanol, RSF, PVA, and peroxidase maintain their 
own structures. The conformational transition of RSF in the blend membrane is accom- 
plished from the silk I structure to the silk I1 structure by ethanol treatment, which is used 
to immobilize peroxidase. A ferrocene-mediating sensor for H202 is made, which is based 
on the immobilization of peroxidase in the blend membrane of RSF and PVA. Performance 
and characteristics of the sensor were evaluated with respect to response time, detection 
limit, selectivity, and dependencies on temperature and pH as well as on operating and 
storage stability. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Interest in the use of polymers as a carrier for im- 
mobilizing enzymes has existed for a long time. The 
immobilized enzymes have been applied to biopro- 
cessing,'.' analytic systems: etc. According to dif- 
ferent usages, the polymers for immobilizing en- 
zymes are available in many different physical forms, 
such as fiber,4s5 microspheres,6-10 and mem- 
brane~.'~-" In the use of biosensors, enzymes are 
generally immobilized onto the polymer membranes. 
In recent years, many methods have been developed 
to immobilize enzymes onto the electrode surface as 
onto amperometric sensors. They include physical 
adsorption, chemical bending (crosslinking), elec- 
trostatic attraction (ion exchange), and entrapment. 
The polymers as an immobilization matrix of en- 
zymes include artificial and natural polymers, such 
as poly(acry1 amide), poly (methyl methacrylate), 
poly(styrene sodium sulfonate), chitosan, K-carra- 
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geenan, chitin, collagen, gelatin, poly(acry1amide- 
co-Na acrylate), and polypyrrole. Recently, we 
successfully immobilized glucose oxidase" and 
peroxidase2' by using regenerated silk fibroin (RSF) 
as an immobilization matrix. As a biomaterial, RSF 
has many advantages over other natural and syn- 
thetic materials, such as its biological compatibility 
and stability to most solvents. As an enzyme im- 
mobilization matrix, its major merit is that it entraps 
enzymes without using the usual crosslinking chem- 
icals. The process is accomplished by physical, 
chemical, or mechanical treatment. Immobilization 
of enzymes is based on its conformational transition 
from a water-soluble silk I structure to a water-in- 
soluble silk I1 structure. However, it becomes brittle 
in organic solvents or in a dried state for a long time. 
To improve its mechanical property, we prepared a 
blend of RSF and poly(viny1 alcohol) (PVA). The 
blend maintains the excellent property of RSF and 
possesses better mechanical properties. Moreover, 
it has been used to immobilize glucose oxidase.'l In 
this article, we explored the feasibility that the blend 
of RSF and PVA is used to immobilized peroxidase, 
investigated the structure of the blend membrane 
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of RSF, PVA, and peroxidase, and examined the 
parameters of the hydrogen peroxide sensor based 
on ferrocene's mediating electron transfer between 
immobilized peroxidase and a glassy carbon elec- 
trode. 

EXPERIMENTAL 

Materials 

Peroxidase from horseradish (POD) (EC 1.11.1.7, 
type VI) and ferrocene were obtained from Sigma. 
A solution of the Eastman-AQ-55D polymer (28% 
dispersion) was obtained from Eastman Kodak Co. 
Hydrogen peroxide (30% w/v solution) and PVA was 
purchased from Shanghai Chemical Reagent Co. 
The concentration of these diluted peroxide solu- 
tions prepared from this material was determined 
by titration with cerium(1V) to a ferroin endpoint.22 
Regenerated fibroin solution was prepared according 
to the 1iterat~re.l~ All other chemicals were of an- 
alytical grade. All the solutions were prepared with 
deionized water. Membranes were cast by using the 
RSF solution or the mixed solution of the given 
weight of the silk fibroin, PVA, and peroxidase on 
glass plates at room temperature in air. 

Fabrication of Eastman-AQ-Ferrocene-modified 
Electrode 

The glassy carbon electrodes were polished with 0.3, 
0.1, and 0.05 pm A1203, rinsed thoroughly in deion- 
ized water between each polishing step, sonicated in 
1 : 1 nitric acid, acetone, and doubly distilled water 
consecutively, and dried in air before use. Eastman- 
AQ-ferrocene was coated onto the electrode by pi- 
petting 8 pL of diluted Eastman-AQ (1 : 25 (v/v 
Eastman-AQ : acetone) polymer solution containing 
0.06M ferrocene onto the electrode surface and let- 
ting it dry in air. 

Construction of Hydrogen Peroxide Sensor 

Twenty milligrams peroxidase was completely dis- 
solved in a 0.6 mL blend solution of RSF and PVA. 
Aliquots (30 pL) of the mixture were spread onto 
the Eastman-AQ-ferrocene modified electrode and 
allowed to dry in ambient conditions for 20 h and 
then 2 pL of a 2% Eastman-55D ethanol-diluted so- 
lution was pipetted onto the surface of the sensor, 
letting it dry. The sensor was kept dry in air a t  4°C 
in a refrigerator between the measurements. 

Pretreatment of Hydrogen Peroxide Sensor 

After fabrication of the sensor and prior to experi- 
ments, the sensor response was stabilized by scan- 
ning between +0.5 and -0.2 V (vs. SCE) in phos- 
phate buffer (pH 6.0) over a 10 min period. During 
this process, ferrocene (Fc) was oxidized to Fc+ and 
incorporated into Eastman-AQ polymer by ion ex- 
change. The electrochemical reaction of ferrocene 
in the Eastman-AQ film can be described as follows: 

Fc + S03/Na+ + S03/Fc+ + Na+ + e. 

Measurements 

IR spectra of the dried membranes were recorded 
by the transmission method on a MAGNA-IR 550 
(Nicolet) spectrometer at room temperature. All ex- 
periments were performed with a three-electrode 
system comprising a hydrogen peroxide sensor as a 
working electrode, a saturated calomel reference 
electrode (SCE), and a platinum wire auxiliary elec- 
trode. The electrodes were connected to an FDH 
3204 and FDH 3206 cyclic voltammetry apparatus 
(Scientific Equipment Co. of Fudan University, 
China) and the signal was recorded on a type 3086 
J - y recorder (Tokyo, Japan) for cyclic voltam- 
metric and amperometric measurements, separately. 
All experiments were carried out in a thermostatted 
stirred electrochemical cell containing 5 mL of 0.1M 
phosphate buffer (pH 7.0) at 25.0 * 0.5"C. In the 
constant potential experiments, aliquots of the hy- 
drogen peroxide stock solution were successively in- 
jected into the cell while the current was monitored 
after a constant residual current had been estab- 
lished. A calibration curve was obtained by applying 
a standard addition method, with measurements a t  
95% of the steady-state current. 

DISCUSSION AND RESULTS 

Structure of Samples 

Figure 1 shows the IR spectra of the membranes 
before ethanol treatment. The blend membrane of 
RSF, PVA, and peroxidase displays the absorption 
bands at 1654 cm-' (amide I), 1540 cm-l (amide 11), 
and 1237 cm-l (amide 111) [shown in Fig. l(D)], 
which is assigned to the silk I structure of RSF since 
the absorption bands of the pure RSF membrane 
are 1653 cm-' (amide I), 1543 cm-' (amide 11), and 
1243 cm-' (amide 111) [shown in Fig. l(A)], which 
is characteristic of the silk I structure. The absorp- 
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Figure 1 IR spectra of the samples before ethanol 
treatment (A) RSF; (B) PVA; (C) POD; (D) RSF : PVA 
: POD = 4 : 20 : 3. 

tion bands at 1443 and 1334 cm-' in the blend mem- 
brane [shown in Fig. l(D)] are attributed to the 
0 - H bending absorption bands of PVA since pure 
PVA displays the absorption bands at 1446 and 1332 
cm-' (0-H bending) [shown in Fig. l(B)]. The 
absorption bands at 1143 and 1094 cm-' [shown in 
Fig. 1(D)] are attributed to the C-0 stretching 
absorption bands of PVA since pure PVA illustrates 
the absorption bands at  1142 and 1093 cm-' (C -0 
stretching) [shown in Fig. l(B)]. The absorption 
bands of peroxidase at  1655 and 1544 cm-' [shown 
in Fig. l(C)] are overlapped by the ones of RSF in 
the blend membrane. These facts indicate that the 
RSF, PVA, and peroxidase, respectively, maintain 
their own structures in the blend membrane before 
ethanol treatment. 

Figure 2 shows IR spectra of the membranes after 
ethanol treatment. The blend membrane of RSF, 
PVA, and peroxidase displays the absorption bands 
at  1626 cm-' (amide I), 1527 cm-' (amide 11), and 
1235 cm-' (amide 111) [shown in Fig. 2(D)], which 
is attributable to the silk I1 structure of RSF because 
the characteristic absorption bands of the silk I1 
structure of pure RSF are 1627 cm-' (amide I), 1531 
cm-' (amide 11), and 1236 cm-' (amide 111) [shown 
in Fig. 2(A)]. The absorption bands at 1444 and 1333 
cm-' in the blend membrane [shown in Fig. 2(D)] 
are assigned to the 0 - H bending absorption bands 
of PVA because pure PVA displays the absorption 
bands at  1448 and 1334 cm-' (0-H bending) 
[shown in Fig. 2(B)]. The absorption bands at  1142 
and 1093 cm-' are attributed to the C - 0 stretching 
absorption bands of PVA because pure PVA illus- 

trates the absorption bands at 1144 and 1093 cm-' 
(C- 0 stretching) [shown in Fig. 2(B)]. These facts 
show that the RSF, PVA, and peroxidase in the 
blend membrane still maintain their own structures, 
respectively, in spite of ethanol treatment. 

Electrochemical Characterization of Hydrogen 
Peroxide Sensor 

Figure 3 gives cyclic voltammograms of the H202 
sensor at various scan rates in 0.1Mphosphate buffer 
(pH 7.0). Without H202 in solution, the enzyme 
contributes no response and only the ferrocene-gen- 
erated voltammograms comply with a reversible 
electron redox agent (Up = 60 mV [25"C]; ip/v'I2 
constant). The blend membrane of regenerated silk, 
PVA, and peroxide does not affect the electrochem- 
ical behavior of ferrocene since the mediator couple 
remains reversible in the presence of the enzyme 
film. 

Bioelectrocatalytic Reduction of Hydrogen 
Peroxide at Sensor 

There is no electrocatalytic reduction current at the 
Eastman-AQ-ferrocene-modified electrode upon 
addition of H202 to the phosphate buffer. Figure 4 
shows characteristic cyclic voltammetric results for 
the H202 sensor. In the absence of H202, only a typ- 
ical oxidation and reduction peak for ferrocene at 
the electrode in solution is observed [Fig. 4(a)]. 
Adding H202 to the cell brings about an enhanced 
reduction peak current for ferrocene. Comparison 
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Figure 2 IR spectra of the samples after ethanol treat- 
ment: (A) RSF; (B) PVA; (C) POD; (D) RSF : PVA : POD 
= 4 : 20 : 3. 
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Figure 3 Cyclic voltammograms of the sensor for hy- 
drogen peroxide at various scan rates of 15,25,45,65,85, 
105, 125, 145, and 165 mV/s (from inner curve to outer 
one) in 0.1M phosphate buffer. 

of the voltammograms in the absence and presence 
of H202 demonstrates that ferrocene can enhance 
electron communication between immobilized per- 
oxidase and a glassy carbon electrode. 

Peroxidase from horseradish is a glycoprotein 
with a molecular weight of approximately 44,000 
(Ref. 23) containing ferroprotoporphyrin IX as the 
strongly bound cofactor. Horseradish peroxidase 
(HRP) is known to catalyze the reduction of hydro- 
gen peroxide and certain organic peroxides. In a sin- 
gle two-electron process, the native form of HRP is 
oxidized by hydrogen peroxide to form water and an 
oxidized form of HRP: 

HRP + H202 -P compound I + H 2 0  

The reduction of compound I to HRP can be 
achieved through two successive one-electron 
 step^'^,^^ by employing an electron transfer mediator 
or by direct electron transfer from the electrode to 
the heme site of the HPR in intimate contact with 
the conducting surface in the absence of a mediator: 

compound I + Medred (or e- )  -P 

compound I1 + Me$, 

compound I1 + Medred (or e-) -P HRP + Me&, 

The oxidized mediator can be reoxidized and recy- 
cled at the electrode, resulting in a reduction current: 

Me$x + 2e -P Medred 

Moreover, employing a mediator in a biosensor can 
significantly improve the sensitivity of the biosensor 
toward hydrogen peroxide. 

Steady-state Amperometric Response of the 
Sensor to H,O, 

The steady-state response of the sensor to H202 is 
measured at an applied potential 0 V (vs. SCE) (Fig. 
5 ) .  The curve (current vs. time) clearly illustrates 
the quick response and high sensitivity of the sensor 
to H202. The sensor reaches steady-state current 

1 1 1 1 1 1 1 1 l  
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Figure 4 Cyclic voltammograms of the H202 sensor at 
a scan rate of 65 mV/s in 0.1Mphosphate buffer (pH 7.0) 
(a) without H202 and with H202 concentration of (b) 0.05, 
(c) 0.075, and (d) 0.1 mM Hz02. 
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Figure 5 Dynamic response of the H,Oz sensor to suc- 
cessive addition of HzOz in 50 p M  steps in solution at  the 
applied potential of 0.0 V. 

responses within 50 s after adding the stock H202 
solution. The fast response of the sensor to H20z 
results from the enhanced hydrophilicity of the 
blend membrane of RSF and PVA, which reduces 
the mass-transfer resistance to the substrate and 
reaction product. Figure 6 displays the plot of cur- 
rent response as a function of H202 concentration. 
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Figure 6 Calibration plot for the H,Oz sensor. 

2.5 

2.0 

5 1.5 
I 

U r z 3 1.0 

0.5 

0.0 I I I I I I I 

-0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 

Applied potential (vs. SCE) 

Figure 7 Effect of applied potential on the response of 
the sensor to H202; the experiment was carried out in 
0.1M phosphate buffer containing 0.5 mM H,Oz. 

The sensor has a detection limit of 0.1 pM at a sig- 
nal-to-noise ratio of 3. 

Figure 7 shows the effect of the applied poten- 
tial on the sensor response to 0.5 mM H202. The 
current response of the sensor increases on step- 
ping the applied potential from 0.1 to -0.2 V (vs. 
SCE). The increased sensitivity with a decreasing 
applied potential can be ascribed to the increased 
driving force for the fast reduction of compounds 
I and I1 of HRP. A t  an applied potential of 0.3 V, 
the reduction current keeps increasing even with- 
out hydrogen peroxide, which is attributed to the 
fact that the dissolved oxygen in the buffer starts 
to be reduced a t  the potential. The working po- 
tential is fixed at  0.0 V for all other experiments, 
where electroactive species such as ascorbic acid 
and uric acid are neither oxidized nor reduced a t  
the electrode. 

Dependence of the Sensor on pH and 
Temperature 

The effect of pH on the sensor is shown in Figure 
8, displaying an optimum pH between 6.0 and 6.5, 
which indicates that the pH profile is controlled 
by the enzymatic activity. The influence of tem- 
perature on the sensor was investigated between 
15 and 60°C. The experiment shows that the cur- 
rent response of the sensor increases with tem- 
perature, reaching a maximum value at  about 
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50°C. Further increasing temperature results in a 
decrease in response current because of the partial 
denaturation of the enzyme. 

Stability of the Sensor 

The storage stability of the sensor stored at 4°C was 
studied by checking periodically its relative activity 
(Fig. 9). The activity is maintained 96.5% for 1 
month and 90.5% for 2 months storage. The oper- 
ational stability was examined by recording over 25 
successive assays of 0.5 and 0.3 mM H2O2; the rel- 
ative standard deviations are 2.8 and 3.3%, respec- 
tively. 

CONCLUSION 

The blend of RSF and PVA was successfully used 
to immobilize peroxidase. In the blend membrane 
of RSF, PVA, and peroxidase, each maintains their 
own intrinsic properties. We developed a reliable, 
low-cost, highly sensitive sensor for HzOz by em- 
ploying ferrocene as an electron shuttle between 
immobilized peroxidase in the blend membrane and 
a glassy carbon electrode. While the method is dem- 
onstrated in connection with peroxidase, it could be 
extended to other enzymes or to other bioactive ma- 
terials. 
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Figure 8 Effect of pH on H,Oz sensor; the experiment 
was conducted in 0.1M phosphate buffer containing 0.5 
mM H202. 

2-o I t :r a = L 1.0 

0 10 20 30 40 50 60 70 

Time (days) 

Figure 9 
at 4°C. 

Stability of the HzOz sensor under dry storage 
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