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Abstract

Biocompatible nanosized polyamidoamine (PAMAM) dendrimer films provided a suitable microenvironment for heme proteins to

transfer electron directly with underlying pyrolytic graphite (PG) electrodes. Hemoglobin (Hb), myoglobin (Mb), horseradish peroxidase

(HRP), and catalase (Cat) incorporated in PAMAM films exhibited a pair of well-defined, quasi-reversible cyclic voltammetric peaks,

respectively, characteristic of the protein heme Fe(III)/Fe(II) redox couples. While Hb-, Mb-, and HRP-PAMAM films showed the cyclic

voltammetry (CV) peaks at about � 0.34 V vs. saturated calomel electrode (SCE) in pH 7.0 buffers, Cat-PAMAM films displayed the peak

pair at a more negative potential of � 0.47 V. The protein-PAMAM films demonstrated a surface-confined or thin-layer voltammetric

behavior. The electrochemical parameters such as apparent heterogeneous electron transfer rate constants (ks) and formal potentials (EjV)
were estimated by square wave voltammetry with nonlinear regression analysis. UV–vis and IR spectroscopy showed that the proteins

retained their near-native secondary structures in PAMAM films. Oxygen, hydrogen peroxide, and nitrite were catalytically reduced at the

protein-PAMAM film electrodes, showing the potential applicability of the films as the new type of biosensors or bioreactors based on direct

electrochemistry of the proteins.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past decade, several types of redox protein

films have been developed to achieve direct electron

exchange of proteins or enzymes with electrodes [1,2].

The direct electrochemistry of these protein or enzyme

films provides a model for investigating mechanisms of

redox transformations between enzyme molecules in bio-

catalysis and metabolic processes involving electron trans-

portation in biological systems [3]. For example, one of

our particular interests is to develop stable films for

studying chemical pollutant activation catalyzed by the

family of iron heme cytochrome P450 (Cyt P450) enzymes

[4]. Since Cyt P450s are not commercially available and

require considerable effort to obtain, our approach has

been to develop films using the other easy-to-get heme

proteins such as myoglobin (Mb), hemoglobin (Hb), or
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horseradish peroxidase (HRP) as an experimental model

[5].

The direct electrochemistry of protein films can also

establish a foundation for constructing the third generation

of electrochemical biosensors [6] and a new kind of bio-

reactors, in which the redox mediators are no longer needed,

and the complications brought about by the mediators are

avoided. Immobilization of proteins or enzymes is one of

the key steps in fabricating biosensors or bioreactors. Our

long-term goal is to develop stable protein films with good

electroactivity and enzyme activity. Various types of films

have been developed to immobilize proteins and achieve

direct electrochemistry and electrocatalysis. Several exam-

ples include cast films of proteins with insoluble surfactants

[7,8], hydrogel polymers [9–11] or biopolymers [12,13],

polyelectrolyte- or clay-surfactant composites [14–16], and

films of proteins and polyions grown layer-by-layer [17–

19]. Recently, efforts have been devoted to construction of

protein films either cast or layer-by-layer assembled on

electrodes with nanoparticles such as MnO2, SiO2 or exfo-

liated clay [20–22]. Inorganic nanoparticle films demon-
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strate unique and excellent properties including good bio-

compatibility, high surface activity, and nice stability when

used to immobilize proteins or enzymes. All these films

enhance the direct, quasi-reversible electron transfer be-

tween heme proteins and electrodes compared to that on

bare electrodes with the proteins in solution.

In recent years, dendrimers, a new class of polymers,

have aroused great interest and has been used as a building

unit for constructing the organic nanostructure films

[23,24]. Dendrimers have a highly branched dendritic

structure, and possess some excellent characteristics such

as a high density of active groups, good structural homo-

geneity, and intense internal porosity [23,25,26]. For

instance, the fourth generation polyamidoamine (PAMAM)

dendrimer possesses 64 primary amine groups on the

surface and has a spherical shape with diameter of about

4.5 nm [23,27]. In aqueous solution, PAMAM can be

protonated at its terminal and/or internal amino groups

depending on the solution pH [28].

PAMAM dendrimers are of particular interest because

their polyamidoamine structure mimicking the three-dimen-

sional structure of biomacromolecules and their good bio-

compatibility [29,30]. PAMAM has thus been utilized as the

bioconjugating reagents for construction of films with bio-

molecules. For instance, Kim et al. [31,32] developed a

glucose biosensor prepared by alternate layer-by-layer dep-

ositions of periodate-oxidized glucose oxidase (GOX) and

PAMAM or ferrocenyl-tethered PAMAM. They also con-

structed a biosensor based on avidin–biotin affinity inter-

action in which a PAMAM monolayer functionalized with

ferrocenyl and biotin analogues was assembled layer-by-

layer on gold electrodes [33]. Biotinylated GOX as a model

enzyme was also loaded onto the affinity surface of

PAMAM layers, and cyclic voltammetric measurements

were performed by registering the activity of the associated

GOX [34]. The unique and excellent properties of PAMAM,

especially its biocompatibility, stimulate us to use this new

type of polymers and organic nanoparticles as a building

block or film-forming material in preparing protein films on

electrodes. We expect that incorporated heme proteins

would be compatible with PAMAM in the films and

demonstrate good electroactivity and catalytic reactivity.

To the best of our knowledge, direct electrochemistry of

heme proteins immobilized in PAMAM dendrimer films has

not been reported until now.

In the present paper, the simple cast method was used to

immobilize heme proteins (Hb, Mb, HRP, and Cat) into

PAMAM films on pyrolytic graphite (PG) electrodes. All

four protein-PAMAM films showed a quasi-reversible cy-

clic voltammetric peak pair for the heme Fe(III)/Fe(II) redox

couples, respectively. The films were characterized by

electrochemical and spectroscopic techniques. Various sub-

strates with biological or environmental significance were

electrochemically catalyzed by the protein-PAMAM films.

The potential application of the films as a foundation of the

new type of biosensor or bioreactor was explored.
2. Materials and methods

2.1. Reagents

The forth generation amine-terminated PAMAM (MW

14,215) were purchased from Aldrich. Mb (MW 17,800)

and bovine liver catalase (Cat, EC 1.11.1.6, MW 240,000)

were from Sigma. Hb (MW 66,000) and HRP (EC 1.11.1.7,

MW 42,100) were obtained from Shanghai Chemical

Reagent Company. They were used as received. All other

chemicals were reagent grade. NaNO2 and H2O2 were

freshly prepared before being used.

Buffers were 0.1 M sodium acetate, 0.05 M sodium

dihydrogen phosphate, 0.05 M boric acid, or 0.05 M citric

acid, all containing 0.1 M KBr. Buffer pH was adjusted with

HCl or NaOH solutions. Twice-distilled water was used to

prepare solutions.

2.2. Preparation of protein-PAMAM films

Prior to coating, basal plane PG disk (Advanced

Ceramics, geometric area 0.16 cm2) electrodes were abraded

with metallographic sandpaper of 1200 grit, and then ultra-

sonicated in pure water for 30 s. To obtain the best cyclic

voltammetric responses, the experimental conditions for

film casting, such as the concentration of proteins and

PAMAM, the volume ratio of protein/PAMAM, and the

total volume of protein-PAMAM solutions, were optimized.

Typically, 10 Al of the solution containing 1 mg ml� 1

PAMAM and 8.5� 10� 6 M Hb, 2.8� 10� 5 M Mb,

1.4� 10� 4 M HRP, or 3.3� 10� 5 M Cat were spread

evenly onto a freshly abraded PG electrode. A small bottle

was fit tightly over the electrode so that water was evapo-

rated slowly and more uniform films were formed. The

films were then dried overnight in air.

2.3. Measurements

Cyclic voltammetry (CV) and square wave voltammetry

(SWV) were performed with a CHI 660 electrochemical

workstation (CH Instruments). The experiments were car-

ried out in a three-electrode cell at ambient temperature

(18F 2 jC). A Pt wire was used as counter electrode, a

saturated calomel electrode (SCE) was used as reference

electrode, and a PG disk coated with films was acted as

working electrode. Voltammetries of protein-PAMAM films

were carried out in buffers containing no protein. Buffers

were purged with highly purified nitrogen for at least 15 min

prior to a series of voltammetric experiments. A nitrogen

environment was then kept in the cell by continuously

bubbling N2 during the whole experiment. In the experi-

ments with oxygen, measured volumes of air were injected

through solutions via a syringe in a sealed cell which had

been previously degassed with purified nitrogen. UV–vis

spectroscopy was done with a Cintra 10e UV–visible

spectrophotometer (GBC). Sample films for spectroscopy
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were prepared by depositing protein-PAMAM solutions

onto optical glass slides and then being dried in air.

Reflectance absorption infrared (RAIR) spectra of the films

were obtained by using an Avatar 360 FT-IR spectropho-

tometer (Nicolet). Films were prepared by depositing the

protein-PAMAM solutions onto aluminum disks.
3. Result and discussion

3.1. Direct electrochemistry of heme proteins in PAMAM

films

The electrochemical behavior of the four heme protein-

PAMAM films was studied by CV. When protein-PAMAM

film electrodes were placed in protein-free pH 7.0 buffers,

after several CV scans, a pair of well-defined, quasi-revers-

ible CV peaks was observed at about � 0.34 V vs. SCE for

Hb-, Mb-, and HRP-PAMAM films, and at � 0.47 V for

Cat-PAMAM films, respectively (Fig. 1). The peaks were

located at the potentials characteristic of the heme Fe(III)/

Fe(II) redox couples of the proteins [7,35–37]. No CV peak

was observed at plain PAMAM film electrodes in the same

potential range. This indicates direct electron transfer be-

tween the heme proteins and underlying PG electrodes in

the PAMAM film environment. The electrochemical param-

eters of the four protein-PAMAM films obtained from CV

are listed in Table 1 for comparison. While the formal

potential (EjV), estimated as a midpoint of CV reduction

and oxidation peak potentials, was quite similar for Hb-,

Mb-, and HRP-PAMAM films, Cat-PAMAM films showed

EjV value of 130 mV more negative than the others. This

indicates that the proteins with the same functional group or

redox center may not have the same redox formal potential

in the same microenvironment, as also observed in the

previous work [12]. The exact reason why Hb, Mb, and

HRP showed very similar CV peak positions while Cat

exhibited its EjV value so different than the others in
Fig. 1. Cyclic voltammograms at 0.2 V s� 1 in pH 7.0 buffers for (a) 0.025

mM Hb in buffers at bare PG electrodes, and for (b) HRP-PAMAM, (c)

Mb-PAMAM, (d) Hb-PAMAM, and (e) Cat-PAMAM film electrodes.
PAMAM films is not known yet, but the observation is

consistent with the behavior of protein-chitosan films [12].

Electron exchange was much faster for protein-PAMAM

films in blank buffers than that for the proteins in solution at

bare PG electrodes. For example, Hb in pH 7.0 buffers

showed no CV peaks at bare PG electrodes in the same

potential window (Fig. 1a). Thus, PAMAM films must have

a great effect on the kinetics of the electrode reaction for the

proteins and provide a suitable microenvironment for the

proteins to transfer electrons with underlying PG electrodes.

While the exact nature of this effect is not yet very clear, the

role of films in enhancing electron transfer is probably

related to the high degree of biocompatibility of PAMAM

films [29,30]. Another possibility is that the PAMAM films

may inhibit the adsorption of impurities from protein

solutions on the electrodes, which could otherwise block

electron transfer for the proteins [38].

PAMAM has a unique dendritic architecture in which

plenty of internal cavities or voids can host water and small

ions when in aqueous buffer solutions [39]. The PAMAM

molecule itself has a positive surface charge in pH 7.0 buffer

[28]. All these may greatly enhance the conductivity of the

PAMAM or protein-PAMAM films in the buffer, and

facilitate the electron transfer between the proteins and PG

electrodes. PAMAM films with considerable amounts of

water provide an essentially aqueous-like microenvironment

for proteins, which may also be favorable to the direct

electrochemistry of the proteins.

CVs of protein-PAMAM films showed nearly symmet-

rical peak shapes and roughly equal reduction and oxidation

peak currents. The reduction peak currents increased line-

arly with scan rates in the range from 0.02 to 2 V s� 1.

Integration of reduction peaks gave nearly constant charge

(Q) values with different scan rates. The peak separation

(DEp) was only about 20 mV (Table 1) for Hb-, Mb-, and

HRP-PAMAM films, much smaller than that of

corresponding proteins in other cast films [12,21], while

DEp was 40 mV for Cat-PAMAM films. All these results are

characteristic of quasi-reversible, surface-confined or thin-

layer electrochemical behavior, in which all electroactive

proteins in their heme Fe(III) forms in the films are reduced

on the forward cathodic scan, and the reduced proteins in

their heme Fe(II) forms are then fully oxidized back to the

heme Fe(III) forms on the reversed anodic scan [40].

3.2. Stability of protein-PAMAM films

Long-term stability is one of the most important proper-

ties required for a biosensor or bioreactor. The stability of

protein-PAMAM film electrodes was investigated by CV

with two different modes. In the solution studies, a PG

electrode modified with protein-PAMAM films was placed

in buffers during the whole storage time, and CVs were run

periodically. Alternatively, the films were stored in air for

most of the storage time, and CVs were run periodically

after returning the dry film electrode into buffer solutions.



Table 1

Electrochemical parameters of protein-PAMAM films estimated by CV at pH 7.0

Molecular

weight

Isoelectric

point

Deposited

C/(mol cm� 2)

Electroactive

C*/(mol cm� 2)a
Electroactive

protein (%)

EjV/V,
vs. SCEb

DEp/mVc

Hb 66,000 7.4d 26.6� 10� 11 3.7� 10� 11 13.8 � 0.332 17

Mb 17,800 6.8e 88.1�10� 11 10.4� 10� 11 11.8 � 0.339 16

HRP 42,100 8.9f 440� 10� 11 3.3� 10� 11 0.8 � 0.341 21

Cat 240,000 5.8g 105� 10� 11 0.88� 10� 11 0.8 � 0.469 40

a Estimated by integration of CV reduction peak at 0.02–2 V s� 1.
b Estimated as the midpoint of CV reduction and oxidation peak potentials at 0.2 V s� 1.
c The peak separation between CV reduction and oxidation peak potentials.
d Ref. [44].
e Ref. [60].
f Ref. [61].
g Ref. [62].
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Hb-, Mb-, and HRP-PAMAM films demonstrated excellent

stability with both methods. The CV peak potentials kept in

the same positions during the test, and the peak currents

remained essentially unchanged for at least 10 days. Taking

Hb-PAMAM films as an example, after 10 days of storage

with the ‘‘wet method’’, the CV peak potentials kept in the

same positions and the reduction peak current decreased by

only about 4%. While with the ‘‘dry method’’, the CV

reduction peak current decreased by about 17% in the first 4

days, but then remained constant during the following 6

days of storage, and the peak potentials were always

unchanged in the test. However, Cat-PAMAM films were

less stable. After soaking in blank buffers for 1 h, the

reduction peak current decreased by about 20% compared

with the initial steady state, while the peak potentials

remained unchanged. Similar situation was also observed

in protein-chitosan films, where Cat was much less stable

than Hb, Mb, and HRP [12]. In other polymer and lipid

films, Hb, Mb, and HRP also showed very good stability

[8–10,13–16], while Cat was less stable [11], although the

reason is not yet clear.

It is known that PAMAM dendrimers are very hydro-

philic and water-soluble [24,25]. Why were the protein-

PAMAM films, except Cat-PAMAM, cast on PG surface

so stable in aqueous solution? To further investigate the

interaction between the protein and PAMAM, a PG disk

coated with Hb-PAMAM films was placed into a blank

buffer solution of 3 ml at pH 7.0, and the characteristic

and sensitive Soret absorption band for Hb at 412 nm in

the external solution was monitored with UV–vis spec-

troscopy. At the first 100 s, the absorbance of Soret band

increased rapidly with soaking time, indicating that some

Hb in the Hb-PAMAM films did diffuse out from the

films. The absorbance grew much slower in the next 100

s, and no longer increased afterwards. When Hb with the

same amount as that of deposited on the PG surface (0.3

nmol) was directly dissolved in a 3 ml buffer solution, its

absorbance at 412 nm measured by UV–vis spectroscopy

would represent the total amount of Hb deposited on PG,

and then the fraction of Hb diffusing out from the Hb-

PAMAM films could be estimated. The results showed
that only about 11% of Hb in the Hb-PAMAM films

were lost during the soaking, and after about 200 s of

immersing, no further leaking of Hb was observed and

the films became quite stable. Thus, the interaction

between Hb and PAMAM would make great contribution

to the stability of the films in aqueous solution. After

being abraded, the surface of basal plane PG became

rough and the ‘‘edge’’ surface of PG was uncovered,

which was negatively charged by virtue of the surface

oxygen functionalities. Thus, positively charged organic

PAMAM would strongly interact with PG by electrostatic

attraction, which would also strengthen the stability of

the protein-PAMAM films on PG.

To further investigate the interaction between the pro-

teins and PAMAM, the PG electrodes coated with plain

PAMAM films were placed into a pH 7.0 buffer containing

the proteins. Taking Mb as an example, CV scans revealed

the growth of the reversible peaks at about � 0.34 V with

soaking times, indicating that Mb can enter the PAMAM

films from its solution. However, the process of Mb

entering the PAMAM films was much slower compared

with other polymer films [9,41]. About 12 days were

needed for PAMAM films to be fully loaded with Mb

and to reach the CV steady state. A similar situation was

observed for Hb and HRP but with 9 and 6 days for full

loading into the PAMAM films, respectively. When fully

loaded Mb-PAMAM films were removed from the Mb

solution, and transferred to a buffer containing no Mb at

the same pH, the CV responses were identical to those in

Mb solutions and also quite stable, indicating a strong

interaction between Mb and PAMAM. Both cast and

immersing methods showed very similar peak positions

for protein-PAMAM films at the steady state, but the

former was more convenient and quantitative, and thus

was used for preparing protein-PAMAM films for the

following studies.

At pH 7.0, protonated PAMAM possesses positive

surface charges [28]. Cat is negatively charged at pH

7.0 with its isoelectric point at pH 5.8 (Table 1). With the

isoelectric point at pH 7.4 for Hb and pH 6.8 for Mb

(Table 1), both Hb and Mb are essentially neutral with



Fig. 2. Dependence of (a) surface concentration of electroactive Hb (C*)

and (b) fractions of electroactive Hb among the total deposited Hb for Hb-

PAMAM films on different amounts of Hb-PAMAM (Al) with the constant

volume ratio of Hb/PAMAM.

Fig. 3. Influence of pH on the formal potentials estimated by CV at

0.2 V s� 1 for Hb-PAMAM (.), Mb-PAMAM (o), HRP-PAMAM (+),

and Cat-PAMAM films (y).
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little surface charge at pH 7.0. HRP has its isoelectric

point at pH 8.9 (Table 1), and is positively charged at pH

7.0. Thus, if only the overall or net surface charge

situation were considered, it would be impossible for

the electrostatic attraction to become the predominant

interaction between Hb, Mb, or HRP and PAMAM.

However, on the surface of the heme proteins, there are

lots of aspartic acid (Asp) and glutamic acid (Glu)

residues with the carboxyl group as a side chain. The

pKa values of different Asp and Glu side chains are

different depending on the type and position of the amino

acid residue, but most of them are in the range of pH 2–

4 [42–44]. Thus, at pH 7.0, there are still a quite number

of negatively charged Asp and Glu groups on the protein

surface. The localized electrostatic attraction between the

negatively charged Asp and Glu groups of the proteins

and the positively charged PAMAM nanoparticles could

be the main driving force for the proteins to enter

PAMAM films. Recently, secondary or short-range driv-

ing forces such as hydrophobic interaction and hydrogen

bonding have received more recognition in the film

assembly [45]. However, it seems unlikely that hydropho-

bic interaction becomes a predominant driving force for

the proteins to get into PAMAM films, since both the

proteins and PAMAM are water-soluble, demonstrating

very hydrophilic characters, especially on their surface.

PAMAM dendrimers have lots of U+NH3 groups on their

surface at pH 7.0, and the proteins have many surface

groups containing O and N in their side chains of

polypeptide residues. Thus, the hydrogen bonding of

NUH���O and NUH���N between PAMAM and the pro-

teins would be probable. This hydrogen bonding, com-

bined with the localized electrostatic interaction, would be

mainly responsible for the excellent stability of Hb-, Mb-,

and HRP-PAMAM films in blank buffers. Further studies

on the interaction between PAMAM and proteins are

needed and are underway in our laboratory.
3.3. Influence of the film thickness

The average surface concentration of electroactive pro-

teins in the films (C*) was estimated by using the integrals

of CV reduction peaks (Q) and Faraday’s law (Q = nFAC*)
[40]. The fractions of electroactive proteins among the total

deposited proteins in the protein-PAMAM films were dif-

ferent for different protein films, ranging from 0.8% to 14%

(Table 1).

To explain the reason why the fractions of electroactive

proteins in protein-PAMAM films were relatively small, the

influence of film thickness was investigated. Taking Hb-

PAMAM films as an example, various amounts of Hb-

PAMAM solutions with the same Hb/PAMAM ratio were

deposited on PG electrodes to make Hb-PAMAM films with

different film thickness, and CVs were performed to obtain

the values of Q and C*. Results showed that while the C*
value increased with the film thickness, the fraction of

electroactive Hb decreased dramatically (Fig. 2). This

implies that only those Hb molecules in the inner layers

of the films closest to the electrode surface are electrochem-

ically addressable. This also explains the fact that while

about 11% of total deposited Hb in Hb-PAMAM films were

lost in the first few minutes of soaking in buffers, the CV

reduction peak current remained stable and did not show

any decrease during the same testing period.

3.4. Influence of pH on voltammetry

CVs of protein-PAMAM films showed a strong depen-

dence on pH of external buffers. Both reduction and

oxidation peak potentials of the heme Fe(III)/Fe(II) redox

couple for the four protein-PAMAM films shifted negatively

with an increase in pH. The formal potential (EjV) showed a

linear dependence on pH in the range of pH 5.0 to 11.0 with

a slope of � 49.2 mV pH� 1 for Hb-PAMAM films, � 50.2

mV pH� 1 for Mb-PAMAM films, and � 49.6 mV pH� 1

for HRP-PAMAM films (Fig. 3). While Cat-PAMAM films

showed the linear range in pH 2.5–8.0 with a slope of
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Table 2

Apparent heterogeneous electron transfer rate constants (ks) and formal

potentials (EjV) for protein films on PG electrodes in pH 7.0 buffers

Films ks/s
� 1 Average EjV/V,

vs. SCE

Reference

CV SWV

Hb-PAMAM 47F 6 � 0.332 � 0.337 this worka

Mb-PAMAM 57F 6 � 0.339 � 0.337 this worka

HRP-PAMAM 77F 21 � 0.341 � 0.341 this worka

Cat-PAMAM 23F 3 � 0.469 � 0.471 this worka

Hb-Chitosan 104F 34 � 0.337 � 0.344 12

Mb-Chitosan 82F 22 � 0.330 � 0.315 12

HRP-Chitosan 106F 34 � 0.332 � 0.332 12

Cat-Chitosan 40F 7 � 0.458 � 0.467 12

Hb-clay 31F 2 � 0.347 � 0.360 21

Mb-clay 50F 3 � 0.342 � 0.358 21

HRP-clay 74F 5 � 0.364 � 0.363 21

a Average values for analysis of eight SWVs at frequencies of 100–180

Hz, amplitudes of 60–75 mV, and a step height of 4 mV.
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� 56.4 mV pH� 1 (Fig. 3). All these slope values are

reasonably close to the theoretical value of � 57.6 mV

pH� 1 at 18 jC for a one-proton coupled, reversible single-

electron transfer [46], which can be represented as

HemeFeðIIIÞ þ Hþ þ e�ZHemeFeðIIÞ

For Hb-, Mb-, and HRP-PAMAM films, an inflection

point was observed at pH 5.0 in the EjV–pH plot, respec-

tively (Fig. 3). At pH < 5.0, the variation of EjV with pH

showed a much smaller slope, suggesting that the protonat-

able site of proteins associated with the electrode reaction

has an apparent pKa value of 5.0 [7,42]. For Cat-PAMAM

films, however, the EjV–pH relationship showed a different

behavior. The inflection point appeared at pH 8.0. At pH>

8.0, the EjV value shifted with pH with a smaller slope (Fig.

3). The distinct difference in EjV–pH plot for Cat from the

other proteins in PAMAM films was also observed in

chitosan films [12].

3.5. Estimation of electrochemical parameters

SWV is a powerful method for characterizing the elec-

trochemistry of interfacially confined redox molecules

[47,48], and was used here to estimate the average apparent

heterogeneous electron transfer rate constant (ks) and formal

potential (EjV) for protein-PAMAM films. The procedure

employed nonlinear regression analysis of SWV forward

and reverse curves, using a model that combines the single-

species surface-confined SWV model [48] with the formal

potential distribution model, as described in detail previ-

ously [7,49].

The analysis of SWV data for protein-PAMAM films

showed accuracy of fit on the 5-EjV dispersion model over a

range of amplitudes and frequencies. Fig. 4 shows an
Fig. 4. Square wave forward and reverse current voltammograms for Mb-

PAMAM films in pH 7.0 buffer solutions at different frequencies. Points

represent the experimental SWVs from which the background has been

subtracted. The solid lines are the best fit by nonlinear regression onto the

5-EjV dispersion model. SWV conditions: pulse height 75 mV, step height 4

mV, and frequencies (Hz): (a) 100, (b) 125, (c) 152, (d) 179.
example of SWV forward and reverse curves for Mb-

PAMAM films and the fitting results at different frequencies

with background subtracted. The simulated curves fit nicely

with the experimental data over a range of pulse amplitudes

and frequencies. The average ks and EjV values obtained by

this method at pH 7.0 for the four protein-PAMAM films are

listed in Table 2. Although the ks values for various protein-

PAMAM films are different, they are in the same relatively

large magnitude of order, showing that the electron transfer

of proteins in the PAMAM films was fairly facile. The EjV
value obtained by SWV was in good agreement with that

estimated by CV, but different from that for the same protein

in clay [21] or chitosan [12] films (Table 2). EjV of heme

Fe(III)/Fe(II) couple of Mb in didodecyldimethylammonium

bromide (DDAB) films at pH 7.5 was at + 0.05 V vs. NHE

(� 0.19 V vs. SCE) [50], while in solution phase, the formal

potential of Mb at pH 7.0 was estimated to be + 0.059 V vs.

NHE (� 0.18 V vs. SCE) by spectroelectrochemistry [51],

all different from that of Mb-PAMAM films. These confirm

a specific influence of the film environment on EjV for heme

proteins, as reported previously [7,9]. The film microenvi-

ronment and various film components may influence the

formal potentials via interactions with the protein or by their

effect on the electrode double layer.

3.6. Conformational studies

Infrared spectroscopy can provide detailed information

on the secondary structure of proteins [52,53], and RAIR

spectroscopy was used to detect possible conformational

change of the proteins in PAMAM films. We focused on the

region of 1700–1500 cm� 1 where the characteristic amide I

band at 1700–1600 cm� 1 is caused by CMO stretching

vibrations of peptide linkage, and the characteristic amide II

band at 1600–1500 cm� 1 results from a combination of

NUH in-plane bending and CUN stretching of the peptide

groups. Since PAMAM films also showed IR absorbance in



Fig. 5. Second derivative RAIR spectra of PAMAM, Mb, and Mb-PAMAM

films. The y-axis coordinate only reflects relative value.

Fig. 6. UV–vis absorption spectra of (a) dry PAMAM, (b) dry Hb, and (c)

dry Hb-PAMAM films, and Hb-PAMAM films in different pH buffers: (d)

pH 5.5, (e) pH 7.0, (f) pH 9.0, (g) pH 10.0, (h) pH 11.0, (i) pH 4.0.
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the same region, the second derivative RAIR spectra were

used to enhance the peak resolution. Take the Mb system as

an example (Fig. 5). The second derivative RAIR spectra of

Mb-PAMAM films showed the negative peaks of amide I

band at 1654 cm� 1 and amide II band at 1543 cm� 1, very

similar to those of Mb films alone, respectively, suggesting

that Mb essentially retains its native secondary structure in

PAMAM films. Similar results were also observed for other

protein-PAMAM film systems.

Positions of the Soret absorption band of the heme

prosthetic group of the heme proteins may provide some

conformational information of the proteins, especially in the

heme group region [54,55]. UV–vis spectroscopy was used

to detect the dependence of Soret band position on pH of

external solution for protein-PAMAM films. For example,

when Hb-PAMAM films cast on glass slides were placed

into buffers at pH between 5.5 and 11.0, the Soret band at

410 nm was very close to that at 412 nm for dry Hb-

PAMAM films and dry Hb films alone (Fig. 6). These

results indicate that Hb in PAMAM films essentially retain

the secondary structure similar to its native state in the

medium pH range. At pH 4.5, the Soret band became

broader and much smaller, suggesting that Hb in PAMAM

films may denature to a considerable extent when the

solution pH shifted toward the acidic direction. Mb-

PAMAM films demonstrated UV–vis spectroscopic behav-

ior very similar to Hb-PAMAM films. However, since HRP-

and Cat-PAMAM films on glass slides were not stable in

solution, it was difficult to conduct the experiments of pH

effect with UV–vis spectroscopy for the HRP- and Cat-

PAMAM films.

3.7. Catalytic reactivity

The electrocatalytic behavior of protein-PAMAM films

toward various substrates was characterized by CV. Quali-

tatively, Cat-PAMAM films exhibited the catalytic proper-

ties similar to the other protein-PAMAM films, however,

since Cat-PAMAM films were not very stable in solution, it

was difficult to obtain the quantitative estimation. Thus, the
electrocatalytic studies were mainly focused on Hb-, Mb-,

and HRP-PAMAM films.

Electrochemical catalytic reduction of oxygen was ob-

served at protein-PAMAM film electrodes. When a certain

volume of air was passed through a pH 7.0 oxygen-free

buffer using a syringe, significant increases in reduction

peak at about � 0.3 V were observed for Hb-, Mb-, and

HRP-PAMAM films (Fig. 7) compared with those in the

absence of oxygen. This increase in reduction peak was

accompanied by the disappearance of oxidation peak for

heme Fe(II), since heme Fe(II) had reacted with oxygen. An

increase in the amount of oxygen in solution led to the

increase of the reduction peak currents. For PAMAM films

with no protein incorporated, a wave for direct reduction of

oxygen was observed at about � 0.8 V (Fig. 7b), far more

negative than the potential of the catalytic reduction peaks.

Thus, the heme proteins in PAMAM films decreased the

reduction overpotential of oxygen by about 0.5 V. The

catalytic efficiency, expressed as the ratio of reduction peak

current of heme proteins in the presence (Ic) and absence of

oxygen (Id), Ic/Id, decreased with an increase of scan rate

(Fig. 7, inset). All these results are characteristic of the

reduction of oxygen by electrochemical catalysis with

protein-PAMAM films [56,57]. With the same volume of

air injected and at the same CV scan rate, the three protein-

PAMAM films showed different catalytic reduction peak

currents with an order of Mb>Hb>HRP (Fig. 7), while the

catalytic efficiency for the protein-PAMAM films exhibited



Fig. 7. Cyclic voltammograms at 0.2 V s� 1 in 5 ml of pH 7.0 buffers for (a) PAMAM films with no oxygen present, and for (b) PAMAM, (c) HRP-PAMAM,

(d) Hb-PAMAM, (e) Mb-PAMAM films after 40 ml of air was injected into a sealed cell, respectively. Inset: influence of scan rate on catalytic efficiency, Ic/Id,

for (a) Hb-PAMAM, (b) Mb-PAMAM, (c) HRP-PAMAM film in pH 7.0 buffers, where Id is the CV reduction peak current in buffers without oxygen and Ic is

the CV reduction peak current in 10 ml of buffers with 40 ml of air injected.
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a different sequence of HRP>Mb>Hb (Fig. 7, inset; and

Table 3).

The electrochemical catalysis of hydrogen peroxide at

protein-PAMAM film electrodes were also tested by CV.

Taking HRP-PAMAM films as an example, when H2O2 was

added to a pH 5.5 buffer, compared with the system with no

H2O2 present (Fig. 8c), a significant increase of the reduc-

tion peak at about � 0.30 V was observed with the

disappearance of the oxidation peak (Fig. 8d). The reduction

peak current increased with the concentration of H2O2 in

solution (Fig. 8e). However, direct reduction of H2O2 at

blank PAMAM film electrodes was not observed in the

studied potential window (Fig. 8b). The linear relationship

between the electrocatalytic reduction peak current and

H2O2 concentration was observed between 0.02 and 0.16

mM, while at higher H2O2 concentrations, the CV response

showed a level-off tendency. The plots of Ipc vs. concentra-

tion of H2O2 for Hb- and Mb-PAMAM films showed shapes

very similar to that of HRP-PAMAM films but with a little

different linear ranges. The catalytic reduction of H2O2 at

HRP-PAMAM film electrodes showed the peak position

and shape very similar to those of oxygen (Figs. 7 and 8),
Table 3

Catalytic efficiency (Ic/Id), or detection limit for different substrates at

protein-PAMAM film electrodes

Films Catalytic

efficiency (Ic/Id)

Detection

limit/mM

O2
a H2O2

b NaNO2
c

Hb-PAMAM 3.6 5.0 0.40

Mb-PAMAM 6.2 7.6 0.80

HRP-PAMAM 11.9 10.9 0.80

a From CV at 0.2 V s� 1 in pH 7.0 buffers. 40 ml of air was passed in

10 ml solution.
b From CV at 0.2 V s� 1 and with 0.12 mM H2O2 in pH 5.5 buffers.
c From CV at 0.1 V s� 1 in pH 5.5 buffers.
implying the similarity of reaction mechanism between the

two systems. This was also observed for other protein films

and discussed in detail in previous publications [37,58].

Catalytic reduction of nitrite was also studied at protein-

PAMAM film electrodes. For example, with Hb-PAMAM

films, a new reduction peak appeared at about � 0.70 V

when NO2
� was added in a pH 5.5 buffer (Fig. 9), and the

peak increased with a further addition of NO2
�. Direct

reduction of NO2
� on PAMAM films with no Hb present

was found at the potential more negative than � 1.2 V.

Thus, Hb-PAMAM films decreased the reduction overpo-

tential of NO2
� by at least 0.5 V. Although the clear

elucidation for the reduction mechanism of NO2
� on Hb-

PAMAM films is not yet known and further studies are

needed, the reduction product at � 0.70 V is probably N2O,

which was detected previously by mass spectroscopy with
Fig. 8. Cyclic voltammograms at 0.2 V s� 1 in pH 7.0 buffers for (a)

PAMAM films in buffers containing no H2O2, (b) PAMAM films in buffers

containing 0.08 mM H2O2, (c) HRP-PAMAM films in buffers containing

no H2O2, (d) HRP-PAMAM films in buffers containing 0.04 mM H2O2, (e)

HRP-PAMAM films in buffers containing 0.08 mM H2O2.



Fig. 9. Cyclic voltammograms at 0.1 V s� 1 in pH 5.5 buffers for (a)

PAMAM films in buffers containing no NaNO2, (b) PAMAM films in

buffers containing 6 mM NaNO2, (c) Hb-PAMAM films in buffers

containing no NaNO2, (d) Hb-PAMAM films in buffers containing 6 mM

NaNO2, (e) Hb-PAMAM films in buffers containing 16.5 mM NaNO2.
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Mb-DDAB films on electrolysis at � 0.895 V in pH 7.4

buffers [59]. The catalysis of NO2
� with protein-PAMAM

films was also used to determine the concentration of nitrite

in solution. While the linear ranges of calibration curves

were a little different depending on different protein-

PAMAM films, they were similar and approximately from

1 to 10 mM.

Catalytic efficiencies for O2 and H2O2 with the three

protein-PAMAM films are also listed in Table 3 for

comparison. The catalytic reduction peak potential of

NO2
� at protein-PAMAM film electrodes is at about

� 0.7 V, very different from that of protein-PAMAM films

in the absence of NO2
� (Fig. 9), and the ratio of Ic/Id

cannot be defined in this case. Thus, the detection limit

values are listed in Table 3 for comparison with the NO2
�

system. For the substrates of oxygen and hydrogen perox-

ide, Mb and Hb generally demonstrate similar catalytic

behavior, while HRP seems the most active among the

three in PAMAM films. For the nitrite system, however,

Hb-PAMAM films seem to be more sensitive than the

other protein films in the catalytic reductions.
4. Conclusions

The nanosized organic PAMAM has a unique structure,

and demonstrates excellent properties such as good biocom-

patibility and high surface activity. The PAMAM films thus

provide a favorable microenvironment for immobilized

heme proteins, and the proteins in PAMAM films exhibit

good electroactivity and retain their near-native secondary

structures in the medium pH range. The localized electro-

static interaction between the proteins and PAMAM, as well

as the hydrogen bonding, may greatly strengthen the stabil-

ity of protein-PAMAM films in solution, although Cat

shows different redox potential and less stability compared

with other proteins in PAMAM films. The heme proteins in
PAMAM films also show good electrocatalytic activity

toward various substrates with biological or environmental

significance. The significant decrease of potentials required

for reduction of these substrates, combined with good

stability of the films, suggests that the protein-PAMAM

films might be useful for practical applications in construct-

ing biosensors or bioreactors based on the direct electro-

chemistry of enzyme without using any mediator.
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