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a b s t r a c t

Biocompatible poly(L-lactide) (PLA) was synthesized by a lactide monomer polymerization, with the
structure be confirmed by FT-IR spectrum. The direct electrochemistry and electrocatalytic properties
of Hemoglobin (Hb) and PLA co-assembled film (Hb-PLA film) cast on glass carbon (GC) electrode were
investigated. A pair of well-defined redox peaks of Hb with a formal potential (E00) of about �0.38 V
(vs. SCE) in a pH 7.0 phosphate buffer solution (PBS) were obtained at the Hb-PLA film modified GC elec-
trode. The apparent heterogeneous electron transfer rate constant (ks) was evaluated to be 42.3 s�1 by the
Laviron’s equation. The surface concentration (C*) of the electroactive Hb in the PLA film was estimated to
be 4.39 � 10�11 mol cm�2. Moreover, the Hb entrapped in PLA film showed good bioelectrocatalytic
activity for the electrochemical reduction of H2O2. The amperometric response varied linearly with the
H2O2 concentration ranged from 10 lM to 120 lM, with a detection limit of 12.3 � 10�6 M and a high sta-
bility of the immobilized Hb in PLA film. Finally, we applied this proposed method to investigate the con-
centration of H2O2 in real samples.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In the past decade, many investigations were focused on the di-
rect electron transfer of protein or enzyme. The studies on the di-
rect electron process between the redox proteins and electrodes
had provided us useful thermodynamics and kinetics information
to elucidate the electron transfer process, and also a platform for
fabricating biosensors and biomedical devices [1–4]. Moreover,
the electron transfer process in organism was simulated since
the direct electrochemistry of protein involved interface specific-
ity, interface compatibility and denaturation of protein [5].

Hb, consists of four subunits of polypeptide chain, and the heme
group in each subunit acts as the active center. The electron trans-
fer between Hb in solution or immobilized on the bare electrode
and the bare electrode is either not observed or is very slow [6].
It can be explained by the deep burying of the electroactive pros-
thetic groups, the adsorptive denaturation of proteins onto elec-
trodes and the unfavorable orientations at electrodes, despite of
their electron transfer is quite fast in biological systems [3]. Immo-
bilizing protein or enzyme into suitable matrix can accelerate the
direct electron transfer between its active center of protein or en-
zyme and the solid electrode such as nanomaterials [7–9], ionic
liquids [10,11], bioceramics [12,13], conducting polymer [14],
ll rights reserved.
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hydrogels [15,16] and surfactant [17]. Therefore, the preparation
of suitable materials for effective proteins immobilization has at-
tracted increasing attentions.

In the past two or three decades, biodegradable polymers have
been developed to a great extent for pharmaceutical and biomed-
ical applications [18,19]. Among the biodegradable polymers, PLA
was a very important biomedical material due to the perfect com-
bination of its bioresorbable, biocompatible, biodegradable and
mechanical properties and has been intensively investigated in
numerous medical and pharmaceutical applications [20–24]. Gen-
erally, PLA can be prepared by direct polycondensation of lactic
acid or by ring-opening polymerization of lactides. These lactides
exist in the form of four stereoisomers, among which both L-lactic
acid and D,L-lactic acid monomers are used in large quantities since
they are easily obtained from inexpensive raw materials [25–28].
Furthermore, the properties and potential applications of PLA can
cover a much broad range after the structural changes and modifi-
cations. And the variations of the properties can be achieved by
copolymerization with other monomers or by physical blending
with other polymers or inorganic compound [29–33]. Today, the
homopolymers and copolymers of PLA are frequently used in bio-
medical applications, but to our best knowledge, no one has stud-
ied the application of PLA in electrochemical biosensors. In the
paper, PLA was synthesized using the LA monomer ring-opening
polymerization. Hb was chosen as a model protein to study the
application of PLA in bioelectrochemistry.
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2. Experimental

2.1. Materials and chemicals

L(+)-Lactic acid (88%) was purchased from Purac Biochem
(Netherlands). Stannous octoate (Sn(Oct)2, 99%) was obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Hemoglo-
bin (Hb, from bovine blood, MW 66,000, lyophilized powder, the
isoelectric point pI � 7.4 [34]) was purchased from Sigma and
was used without additional purification, whereas the hydrogen
peroxide (H2O2, 30% (w/w)) was from Beijing Chemical Company
(Beijing, China). The dilute solution of H2O2 was prepared daily.
Aqueous solutions were prepared with doubly distilled water.
Potassium dihydrogen orthophosphate (0.10 M) was used to pre-
pare the supporting electrolyte and its pH value was adjusted to
7.0 using KOH. All other chemicals and solvents were at analytical
grade and used without further purification.

2.2. Preparation of LA and poly(L-lactide)

The L-lactide (LA) was synthesized from L-lactic acid according
to the method of literature [35] and purified by recrystallizing
three times from dry ethyl acetate, then vacuum-dried at 45 �C
for 24 h.

The ring-opening polymerization (ROP) of LA was performed in
the bulk phase with stannous octoate as an initiator. LA and the
solution of Sn(Oct)2/toluene were added into a 20 ml ampoule in
sequence with the molar ratio of LA/Sn(Oct)2 = 1000:1. When the
toluene was evaporated under vacuum at room temperature, the
ampoule was sealed under vacuum and kept in a vacuum oven at
140 �C and vigorously shaken until the monomer was melted and
the initiator was completely mixed with the molten monomer.
After 24 h, the products were purified three times with being dis-
solved in chloroform and precipitated into an excess of methanol,
and then filtered and dried under vacuum at 45 �C for 24 h.

2.3. Fabrication of Hb-PLA film modified electrodes

Glassy carbon (GC, 3 mm-diameter), before the use, were firstly
polished with emery paper (# 2000), 0.3 and 0.05 lm alumina slur-
ry on a woolen cloth, and then cleaned under bath sonication for
10 min and finally rinsed thoroughly with distilled water.

A total of 5 lL of 5 mg mL�1 PLA in N,N-dimethylformamide was
spread evenly onto the freshly abraded GC electrode, and then 5 lL
of 20 mg mL�1 Hb solution was spread. A small bottle was fitted
over the electrode followed by a period of standing in air until
dry. Then the electrode (denoted as Hb-PLA/GC electrode, hereaf-
ter) was immersed into 0.10 M phosphate buffer solution.

2.4. Apparatus and procedures

The FT-IR spectrum was obtained with a FT-IR Perkin–Elmer
100 spectrometer (Perkin–Elmer Company, USA) at room temper-
ature. Sample films for FT-IR spectroscopy were prepared by cast-
ing Hb-PLA solutions onto glass slides and allowed to dry up in the
air. The films were then stripped off and tableted with KBr powders
for measurements.

The UV–visible (UV–vis) absorption spectroscopy was carried
out by using a 2550 spectrophotometer (Shimadzu, Japan). Sample
films for measurements were prepared by casting Hb solution and
PLA onto ITO glass slides and drying them up in the air.

The electrochemical measurements were carried out with a
computer-controlled electrochemical analyzer (CHI 650C, CHI,
Austin, TX) in a two-compartment and three-electrode cell. The
modified GC electrodes were used as working electrode, a platinum
spiral wire as auxiliary electrode, and a saturated calomel elec-
trode (SCE) as reference electrode. A 0.10 M phosphate buffer solu-
tion (pH 7.0) was used as the supporting electrolyte. For the
experiments conducted under anaerobic conditions, the electrolyte
was deoxygenated by bubbling highly pure N2 gas for more than
30 min prior to the experiment, and N2 gas was kept flowing over
the solution during the electrochemical measurements. All electro-
chemical measurements were performed at ambient temperature
(18 ± 2 �C).

3. Results and discussion

3.1. Spectroscopic characterization of PLA and Hb-PLA composite film

The FT-IR spectrum of the pure LA (Fig. 1a) showed the charac-
teristic absorption bands at about 2930 cm�1 attributing to the
stretching of C–H of methyl. The C@O stretching band at
1760 cm�1 from the LA was detected clearly in this measurement.
The bands at 1270 and 1190 cm�1 were attributed to the C–O
stretch. The FT-IR spectrum of the PLA (Fig. 1b) showed a broad
absorption in the region of 3500 cm�1, which was the characteris-
tic of the hydroxyl functions, whereas the strong band at
1750 cm�1 corresponded to C@O bond stretching, the bands at
2920 cm�1 and 2860 cm�1 could be assigned to the C–H stretching
of –CH3, and the bands at 1090 cm�1 aroused from the absorption
of ester C@O stretching. It can be seen that the absorption at
935 cm�1 of the lactide monomer completely disappeared after
polymerization.

FT-IR spectroscopy is an effective means to probe into the con-
formational change of proteins. The amide I band in the region of
1600–1700 cm�1 is caused by C@O stretching vibrations of peptide
linkages in the backbone of protein. The amide II band in the region
1500–1600 cm�1 is caused by the combination of N–H in plane
bending and C–N stretching vibrations of the peptide groups. The
positions of the both amide bands can provide information on
the secondary structure of polypeptide chain because of their posi-
tions are more sensitive to the protein peptide chain conforma-
tional change [36]. As shown in Fig. 1c, the amide I and II bands
of native Hb were observed at 1656 cm�1 and 1546 cm�1, respec-
tively. The amide I and II bands of immobilized Hb on PLA film
were nearly the same as those obtained from native Hb, which ap-
peared at 1654 and 1546 cm�1, respectively (Fig. 1d). As shown in
Fig. 1c and d, the similarities of the two spectra suggested that Hb
retains the essential features of its native secondary structure in
Hb-PLA composite film. Moreover, the characteristic absorption
Fig. 1. FT-IR spectra of (a) LA, (b) PLA, (c) Hb and (d) Hb-PLA.
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Fig. 2. UV–vis spectra of the Hb, and the Hb-PLA films on indium tin oxide sides: (a)
dry Hb films, (b) dry Hb-PLA films; and Hb-PLA films in different pH buffers: (c) pH
5.0, (d) pH 6.0, (e) pH 7.0, (f) pH 8.0, (g) pH 9.0. The absorbance coordinate only
reflects relative absorbance.
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band of PLA films was also observed in the FT-IR spectrum of Hb-
PLA film, as shown in Fig. 1d. Thus, PLA film might provide a prom-
ising matrix for enzyme immobilization and biosensor fabrication
because of its excellent biocompatibility.

UV–vis absorption spectroscopy can give structural information
about the environmental surrounding of the heme prosthetic
group of Hb [37]. As could be seen from Fig. 2, the pure PLA films
demonstrated no absorption band in the tested wavelength region,
whereas both dry Hb and Hb-PLA composite film assembled on ITO
glass slides showed the Soret band at 412 nm, shifting about 3 nm
toward the blue in comparison with that of Hb in pH 7.0 PBS. It
indicated that Hb entrapped in the composite film had a similar
structure to the native of Hb, and retained its near–native confor-
mations. Because PLA film was a biocompatible material and could
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Fig. 3. Cyclic voltammograms (CVs) obtained at Hb-PLA/GC (solid line) and PLA/GC
(dashed line) electrodes in 0.10 M N2-saturated phosphate buffer. Scan rate,
100 mV s�1.
provide a microenvironment for Hb, PLA might be used as a fine
film material for the study of the bioelectrochemistry. The posi-
tions of the Soret band depended on the pH value of external solu-
tions when the Hb-PLA composite film was immersed into buffers.
The Hb-PLA composite film absorption spectrum in the range of pH
5.0–9.0 exhibited a strong heme Soret band at 412 nm, similar to
that of the dry Hb.
3.2. Direct electrochemistry of Hb in PLA film

We used Hb as an example to further demonstrate the possible
application of the biodegradable PLA in the facilitation of the direct
electron transfer of heme proteins. Fig. 3 showed the cyclic voltam-
mograms (CVs) of the Hb-PLA/GC (solid line) and PLA/GC (dashed
line) modified electrode in 0.10 M a phosphate buffer solution of
pH 7.0 at a scan rate of 100 mV s�1. No redox peak was observed
at the PLA/GC electrode (dashed line), but a pair of well-defined re-
dox peaks were observed at the Hb-PLA/GC electrode with the
potentials as Epc = �0.42 V and Epa = �0.33 V (vs. SCE), and the
peak-to-peak separation (DEp) was 90 mV at the scan rate
100 mV s�1, which was attributed to the electrode process of elect-
roactive center of heme FeIII/FeII redox couple of Hb in the film. Its
formal potential (defined as the average of the anodic and cathodic
peak potentials), E00, was �0.38 V (vs. SCE), which was close to that
of Hb on other film electrode previously reported [7–11]. These
features were the characteristics of the electrode process of heme
FeIII/FeII redox couple in Hb molecules, indicating that the direct
electron transfer between Hb and GC electrode was realized in
the micro-environment formed by PLA. It meant that the direct
electron transfer of Hb could be essentially facilitated by the PLA
assembled onto GC electrode.

The redox behavior of Hb-PLA modified GC electrode depended
on the scan rate. Fig. 4 showed the cyclic voltammograms of the
Hb-PLA/GC electrode in 0.10 M PBS (pH 7.0) at different scan rates.
It could be observed that the cathodic and anodic peak currents (Ip)
of the Hb increased with the increase of the scan rate (v), at the
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Fig. 4. CVs obtained at Hb-PLA/GC electrode in 0.10 M N2-saturated phosphate b-
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900 mV s�1. Inset showed a plot of cathodic and anodic peak currents against po-
tential scan rate.
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same time, the cathodic and anodic peak potentials exhibited a
small shift and the peak-to-peak separation also increased. As
shown in the inset of Fig. 4, the cathodic and anodic peak currents
increased linearly with the scan rate (not v 1/2) in the range from
100 to 900 mV s�1. All these results were the characteristics of sur-
face-confined thin-layer electrochemistry behaviors [38], which
indicated that all electroactive heme FeIII of protein converted to
heme FeII on the forward cathodic scan and in the reverse anodic
scan all the heme FeII produced on the electrode surface reversely
transformed to heme FeIII.

The integration of the FeIII reduction peaks of Hb-PLA film was
incorporated into Faraday’s law, Q = nFAC*, to estimate the surface
concentration (C*) of the electroactive Hb in the film. Here F was
Faraday’s constant, Q was obtained by integrating the cyclic vol-
tammograms reduction peak at very low scan rates, n and A stood
for the number of electron transferred and the area of the electrode
surface, respectively. The surface concentration of electroactive Hb
at the Hb-PLA/GC electrode was estimated to be
4.39 � 10�11 mol cm�2, which was close to the theoretical mono-
layer coverage of the Hb on the surface of the GC electrode. How-
ever, the ratio of electroactive Hb to the total Hb in Hb-PLA
composite film was of 2.07%. The results indicate that only those
Hb molecules closest to the electrode surface can achieve the elec-
tron transfer.

When the scan rate was higher than 15 V s�1, the wave shape
was distorted severely (DEp > 200 mV). This indicated that the elec-
trode reaction became electrochemically irreversible at higher scan
rate. For the irreversible electrode reaction, the relationship be-
tween the peak potential and the scan rate followed Laviron’s
equation.

The apparent heterogeneous electron transfer rate constants
(ks) of Hb confined within PLA could be calculated by Laviron’s
equations [39] as follows:

Ep;c ¼ E00 þ RT
anF

ln
RTks

anF
� RT

anF
ln v

Ep;a ¼ E00 � RT
ð1� aÞnF

ln
RTks

ð1� aÞnF
þ RT
ð1� aÞnF

ln v

DEp ¼
RT

að1� aÞnF
ln vþ RT

að1� aÞnF

a lnð1� aÞ þ ð1� aÞ ln a� ln
RT
nF
� ln ks

� �

where ks was the apparent heterogeneous electron transfer rate
constants, a was the electron transfer coefficient, and m was the scan
rate. In the present study, ks was calculated to be 42.3 s�1 according
to Laviron’s theory and the fitting equation, which was larger than
those observed at Hb/CNT/GC electrode [4] and Mb/IL/BPG elec-
trode [11].

On the other hand, the well-defined and nearly reversible vol-
tammograms were obtained in the range of pH 5.0–9.0 at Hb-
PLA modified electrode as shown in Fig. 5. It could be seen that
the increase of pH value of the solution led to a negative shift of
E00. The E00 exhibited linear relationship with the pH value, with a
slope of �36.8 mV pH�1 in the range of pH 5.0–9.0. These values
were smaller than the theoretical value for the reaction of one
electron coupled one proton, �59.2 mV pH�1, but similar to those
measured at Hb/CMK-3 film electrode [40] and Mb/2C12N+PVS�-
modified electrode [41]. The all amino acid carboxyl groups have
pK values between 4.0 ± 0.5, the propionic groups on the heme
have the pK value of 4.0 and the distal histidine has a pK of about
5.4 [42]. The groups near the heme iron were proposed to make an
impact on the redox potential. Thus, the protonation of distal or
proximal histidines, or the protonation of the water molecule coor-
dinated to the central iron are believed to be responsible for the pH
dependence of E00 [43,44].
3.3. Electrocatalysis of Hb in PLA film

Hemoglobin had certain intrinsic peroxidase activity due to its
close similarity with peroxidase, so it could be used to reduce oxy-
gen and hydrogen peroxide through electrochemical catalysis. As
could be seen from Fig. 6A, when the H2O2 was added to pH 7.0
PBS, the cathodic peak current increased dramatically at about
�0.42 V with the decrease of the anodic peak for Hb (Fig. 6A, curve
b–e). Moreover, the cathodic peak current increased with the
increasing concentration of H2O2, indicating that the immobilized
Hb exhibited an excellent electrocatalytic activity toward the
reduction of H2O2. Fig. 6B showed the amperometric response of
the Hb-PLA films modified GC electrode using the chronoampero-
metric technique upon the successive additions of H2O2 to
0.10 M pH 7.0 PBS at an applied potential of �0.40 V. Obviously,
the steady-state response current increased as the H2O2 concentra-
tion increased. As can be seen from the inset of Fig. 6B, the linear
range of this biosensor to H2O2 concentration was between 10
and 120 lM which could be described by a linear regression equa-
tion of DI/nA = 2.14 + 0.507 C/lM, with the correlation coefficient
of 0.996 (n = 7). The detection limit of the biosensor was 12.3 lM
at a signal to noise ratio of 3, which was similar to other’s works
[45,46]. These results indicated that the Hb entrapped in the PLA
film possessed an electrocatalytic activity to H2O2. The reproduc-
ibility of the biosensor expressed in terms of relative standard
deviation was 3.39% (n = 5) for a concentration of 20 lM H2O2.
When the H2O2 biosensor had been stored in a 0.10 M pH 7.0
PBS for three weeks at 4 �C, the biosensor retained over 90% re-
sponse of its initial sensitivity to the reduction of H2O2, demon-
strating its good long-term stability.

When the concentration of H2O2 was higher than 120 lM, a pla-
teau was observed, showing a feature of the Michaelis–Menten ki-
netic mechanism. According to the Lineweaver–Burk form of the
Michaelis–Menten equation [47], 1=Iss ¼ 1=Imax þ Kapp

m =Imaxc, where
Iss was the steady-state current after the addition of a substrate
and obtained from amperometric experiments, Imax was the maxi-
mum current under saturated substrate conditions, c was the con-
centration of the substrate and Kapp

m was the Michaelis–Menten
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constant. By drawing a plot of 1/ Iss vs. 1/c and then linearly
regressing the data, a slope value of 1.44 mM lA�1 and an intercept
value of 4.75 lA�1 were observed. Thus, the Kapp

m value was calcu-
lated to be 303 lM, which was markedly smaller than that re-
ported previously [48,49]. The above result showed that the
immobilized Hb in PLA film possessed a good electrocatalytic
activity to H2O2.

Finally, to further assess the possible application of our pro-
posed method, the concentration of H2O2 in two kinds of eyedrops
and one kind of disinfectant, as real samples, were investigated.
The real samples were firstly diluted with PBS (pH 7.0) before
the detection, in order to make the concentration of H2O2 locating
Table 1
Determination of H2O2 in two kinds of eyedrops and one kind of disinfectant samples
(n = 6)

Sample Concentration of H2O2 (mM) R.S.D (%)

Eyedrop I 0.288 3.61
Eyedrop II 0.302 3.19
Disinfectant 109 2.27
in the detection limit range. The results were listed in Table 1,
which indicated that the present method was reliable and effective
in practical applications. Thus, we might conclude that the PLA film
might be useful for the development of new electrochemical
biosensor.

4. Conclusions

We demonstrated that biodegradable PLA film on GC electrode
could provide favorable micro-environment for Hb. The Hb en-
trapped in PLA film retained its original conformation by UV–vis
and FT-IR spectra, and the direct electron transfer between the
immobilized redox proteins in PLA film and the electrode were eas-
ily performed. Moreover, the Hb entrapped in PLA film showed a
good bioelectrocatalytic activity for electrochemical reduction of
H2O2. In addition, the established biosensor showed a fast amper-
ometric response, very high sensitivity, and good reproducibility
and stability. These properties were believed to be very useful for
extending the application of biomedical polymer in the field of bio-
electronic nano-devices, e.g., electrochemical biosensor and en-
zyme-based biofuel cells.
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