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We report a new electrostatic layer-by-layer assembly method for the controlled deposition of electrocatalytically
active enzymes onto electrode surfaces using polyoxometalate as the counteranion. Cytochromec (cyt c), a redox active
protein, and P2W18O62

6-, a Dawson-type polyoxometalate, were deposited onto glassy carbon electrodes by two
procedures: static dipping and electrochemical cycling. Cyclic voltammetry and UV-vis spectroscopy reveal that
approximately 1.5× 10-10 mol/cm2 of P2W18O62

6- and 2.2× 10-11 mol/cm2 of cytochrome c are deposited per cycle,
which correspond to approximately one monolayer of each molecule. The thicknesses of the resulting films measured
by atomic force microscopy also indicate that the films are formed in a layer-by-layer fashion. Experimental factors
that affect electron-transfer rate in these films, such as scan rate and film thickness, were systematically analyzed.
The use of{P2W18O62

6-/cyt c}n films to catalyze hydrogen peroxide reduction was demonstrated.

Introduction

In addition to yielding fundamental insights into biological
electron-transfer processes, the use of redox enzymes to interface
with external solid electrodes has many potential applications,
such as amperometric biosensors and biofuel cells.1-7 Over the
past years, a wide variety of experimental strategies8-10 have
been investigated to establish reliable electrical communication
between enzymes and electrodes, including layer-by-layer (LbL)
deposition, the direct modification of enzymes with electron
relays, and the reconstitution of apo-flavoenzymes (i.e., glucose
oxidase) on self-assembled monolayers.

The immobilization of redox proteins such as cytochromec
(cyt c) onto electrode surfaces through LbL deposition has been
highly successful in practice.11-19 Because of their multiple
charges and flexible backbones, polyelectrolytes are often the
material of choice in forming LbL thin films. While the multiple
charges collectively enforce strong binding between the polymer

molecule and the oppositely charged surface, the flexible polymer
chain can easily adjust to the local surface structure and charge
distribution. Nevertheless, several LbL film preparation schemes
exist where metal and inorganic nanoparticles are used instead
of polyelectrolytes. For example, He et al. demonstrated a LbL
formation of hemoglobin multilayer film using 35 nm SiO2

nanoparticles.20 Polyoxometalates (POMs), a large family of
charged, nanoscopic inorganic clusters, are attractive materials
for electrode modification because of their reversible redox
behavior, good chemical stability, and electronic conductivity.21-29

We expect POMs to be excellent counterions for LbL deposition
because of their relatively high surface charge and their versatile
self-assembly capabilities.30 Compared to previously used
nanoparticles, POMs are at least an order of magnitude smaller
in size and should form more conformal films. Moreover, these
inorganic nanoclusters themselves show electrocatalytic activity
(e.g., for reduction of hydrogen peroxide,26nitrogen monoxide,28

and iodate.29), a characteristic worth exploring in designing new
LbL-based films.

Herein, we report on the preparation and characterization of
LbL assembled ultrathin films containing model proteins and
POMs. We show that stable, electrochemically well-behaved
protein-containing films can be reproducibly prepared using
nanoscopic (∼1 nm) POMs as the counterion. This approach
departs from the majority of previously reported LbL proce-
dures31-34 in which polyelectrolyte counterions are generally
employed. Cyclic voltammetry, UV-vis spectroscopy, and
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atomic force microscopy (AFM) are used to characterize films
formed usingcyt cand P2W18O62

6-, a Dawson-type POM. The
electron transfer of these films as a function of film thickness
is systematically analyzed. Finally, the use of these films to
catalyze hydrogen peroxide reduction is shown.

Experimental Section

Reagents.Cytochromec (MW 12 300) and myoglobin (MW
16 900) from horse heart were obtained from Sigma. Tris(2,2′-
bipyridyl)dichlororuthenium(II) hexahydrate (Ru(bpy)3Cl2‚6H2O,
99.95%) was obtained from Aldrich. Hydrogen peroxide (H2O2,
30%), potassium dihydrogen phosphate (KH2PO4), dipotassium
phosphate (K2HPO4), and potassium chloride (KCl) were purchased
from Fisher Scientific. Phosphate buffer saline (PBS, 0.1 M at pH
) 7.4) was prepared by dissolving suitable amounts of KH2PO4 and
K2HPO4 in water. All solutions employed in these experiments were
prepared using 18.2 MΩ‚cm deionized water (Millipore). Poly-
oxometalates, including K6P2W18O62 and K12H2P2W12O48, were
synthesized following reported procedures.35

Film Assembly.Prior to film assembly, the glassy carbon electrode
(Bioanalytical Systems, diameter) 3 mm) was polished with 1.0,
0.3, and 0.05µm alumina slurries to a mirrorlike finish. The electrode
was then sonicated in 1:1 (w/w) HNO3/water solution, ethanol, and
water, each step for 5 min, and polarized at 1.2 V (vs Ag/AgCl) for
5 min in 0.5 M NaOH aqueous solution with a Pt wire counter
electrode. This treatment renders the electrode negatively charged.
The electrode was then immersed in a 5 mg/mL Ru(bpy)3Cl2‚6H2O
aqueous solution for 1 h, resulting a positively charged, Ru(bpy)3

2+

layer on the surface. Finally, the positively charged electrode was
immersed into corresponding POM (0.2 mM) and protein solutions
(1 mg/mL) for 15 min for each adsorption step. Between each step,
the modified electrode was rinsed with deionized water and dried
in a stream of flowing nitrogen. The POM/Ru(bpy)3

2+ layered films
were prepared similarly except that thecyt csolution was replaced
by a 5 mg/mL Ru(bpy)3Cl2 aqueous solution.21 For consistency, all
the films used in this study were terminated by a POM layer.

The ultrathin POM/protein LbL films can also be prepared under
electrochemical conditions. Initially, the glassy carbon electrode
was polished, rinsed, and polarized as described above. Then, it was
subjected to potential scan between-0.8 and 0 V (vs Ag/AgCl) at
0.1 V/s for 400 cycles in 5 mg/mL Ru(bpy)3Cl2 aqueous solution.
This Ru(bpy)32+ modified electrode was then scanned in a POM
solution (0.2 mM, 0.2-0.9 V vs Ag/AgCl) followed by in acyt c
solution (0.5 mg/mL in 0.05 M H2SO4, -0.55-0.05 V vs Ag/AgCl),
each for 100 cycles.

Glass substrates (Corning 7409) for UV-vis measurements (0.6
× 2 cm2, 1 mm thick) were sonicated in Micro-90 washing solution
(International Products Co.) for 1 h and then in a cleaning solution
(60% ethanol+ 39% water+ 1% NaOH, w/w) for 30 min at 50
°C and finally rinsed by water. Slides subjected to this treatment
have a negatively charged surface. A positively charged Ru(bpy)3

2+

monolayer was then formed on the glass surface by immersing the
slides into Ru(bpy)32+ solution for 1 h. The{P2W18O62

6-/cyt c}n

layers were assembled by immersing the slides into the corresponding
solutions for 15 min.

UV-vis Spectroscopy.All measurements were carried out using
a UV-visible spectrophotometer (Cary 50 Bio, Varian).

AFM Measurements. AFM measurements to determine film
thickness were performed using protein/POM films formed on mica.
To facilitate the LbL assembly process on these substrates, freshly
cleaved mica specimens were first immersed in a 5 mg/mL
Ru(bpy)3Cl2 aqueous solution overnight to accumulate positive
charges on surface. After thoroughly rinsing the mica samples with
DI water, POM/protein films were assembled using the same static
dipping procedure we used for glassy carbon electrodes. Patterning

(34) Ariga, K.; Nakanishi, T.; Michinobu, T.J. Nanosci. Nanotechnol.2006,
6, 2278-2301.

(35) Ginsberg, A. P.Inorganic Syntheses; Wiley-Interscience: New York,
1990; Vol. 27.

Figure 1. Layer-by-layer formation of P2W18O62
6- andcyt c (or

Ru(bpy)32+) thin films characterized by cyclic voltammetry (CV).
The multilayered films were formed by alternately dipping a glassy
carbon electrode (GCE) in respective POM and protein (or Ru-
(bpy)32+) solutions. The first layer (dashed line) of P2W18O62

6- was
electrostatically attracted onto the electrode surface by a preadsorbed
Ru(bpy)32+ layer. Supporting electrolyte, 0.1 M H2SO4 aqueous
solution; scan rate, 0.1 V/s. (a){P2W18O62

6-/cyt c}n, n ) 1-4; (b)
{P2W18O62

6-/Ru(bpy)32+}n, n ) 1-4; (c) comparison of{P2W18O62
6-/

cyt c}2 and{P2W18O62
6-/Ru(bpy)32+}4 (dotted line).
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of LbL films on mica substrates was realized by a lift-off process
following a lithography-based micropatterning procedure36reported
previously.

All AFM experiments were performed using a Park Scientific
Instruments Autoprobe CP scanning probe microscope in tapping
mode. The tips used were obtained from Digital Instruments, Inc.
with a force constant of 0.12 N/m. The samples were scanned at
approximately 1 Hz on a 100µ piezoelectric scanner. The scan sizes
and other experimental details are provided in the figure captions.

Electrochemistry.A CHI 910B bipotentiostat (CH Instruments,
Austin, TX) and a three-electrode cell were used for the electro-
chemical film preparation and characterization. A Ag/AgCl reference
electrode and a platinum wire counter electrode were employed
throughout the experiment. Throughout the experiment, all the tested
solutions were bubbled with argon for at least 25 min to remove
oxygen.

Results and Discussion

Film Assembly.We found that the initial electrode cleanness
and overall surface charge is crucial for the successful formation
of robust protein/POM LbL multilayers. After pretreatment, the

glassy carbon electrode was coated with a Ru(bpy)3
2+ layer so

that the electrode surface became positively charged and thus
electrostatically attractive to POMs. From there, multiple protein/
POM layers could be built by either static dipping or electro-
chemical scanning in the appropriate adsorbate-containing
solutions. In the case of static dipping, a 15 min immersion was
found to be sufficient to achieve nearly complete monolayer
coverage on the electrode (see below). On the other hand, we
found that electrochemical cycling could produce LbL films
routinely (S1, Supporting Information), but the amounts of protein
and POM immobilized often varied from run to run. While in
the following we focus our discussion on P2W18O62

6-/cyt cfilms
formed on glassy carbon, we have had similar success in preparing
LbL films using different proteins and POMs (S2 and S3,
Supporting Information) and using substrates such as gold (S4,
Supporting Information) and mica (see below).

Characterization of LbL Films. The growth of {POM/
protein}n films on glassy carbon electrodes was monitored using
cyclic voltammetry in 0.1 M H2SO4 solution, since, as expected
for Wells-Dawson anions, the POM modified electrodes only
showed well-behaved, reversible redox waves under acidic
aqueous conditions.37 Representative cyclic voltammograms of
{P2W18O62

6-/cyt c}n films are shown in Figure 1a. Three pairs
of reversible redox peaks withE1/2 values at about 0 V (A/A ′),
-0.20 V (B1/B1′), and -0.43 V (B2/B2′), respectively, are
observed between-0.5 V and+0.2 V. In addition, the peak
current associated with each of the three waves increases linearly
as the number of deposited layers increases.

To assign the electrochemical processes associated with each
voltammetric wave, a blank film was prepared in whichcyt c
was replaced with Ru(bpy)3

2+ (as before, P2W18O62
6- was the

counterion). Because Ru(bpy)3
2+ does not undergo electro-

chemical reactions in the potential region used for these
measurements, all of the redox features observed from the blank
film could be assigned to the POM. As shown in Figure 1b, two
pairs of reversible waves are seen (B1/B1′ and B2/B2′). The
reductive voltammetry of the Wells-Dawson POMs series in
acidic aqueous media is well studied; typically, four reversible
waves between 0 V and-0.75 V are observed. The first two

(36) Zhan, W.; Alvarez, J.; Crooks, R. M.J. Am. Chem. Soc.2002, 124,
13265-13270. (37) Xi, X. D.; Dong, S. J.J. Mol. Catal. A: Chem.1996, 114, 257-265.

Figure 2. Electrochemical responses of a{P2W18O62
6-/cyt c}n film

under different CV scan rate. (a) Normalized peak (B2′ as in Figure
1a) current of{P2W18O62

6-/cyt c}n (n) 1-12) at different scan rate.
(b) Cyclic voltammograms of{P2W18O62

6-/cyt c}n at 0.005 V/s
(solid line,n ) 1, 3, 5, 7, 9, and11; doted line,n ) 12).

Figure 3. UV-vis absorption spectra of{P2W18O62
6-/cyt c}n

ultrathin film layer-by-layer assembled on a glass slide: dotted line,
blank; solid lines show stepwise growth of{P2W18O62

6-/cyt c}n on
both sides of the glass slide,n ) 1-12; the arrow indicates the film
growth direction. Inset: layer-by-layer growth ofcyt cabsorption
at 409 nm.
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waves are one-electron reductions and the second two waves are
two-electron/two-proton reductions. In the case of both the
{P2W18O62

6-/cyt c}nand{P2W18O62
6-/Ru(bpy)32+}n filmsstudied

here, it appears that the first wave (B1) is a two-electron wave.
This behavior has been reported before, at extremely low pH
values, in the case of transition metal substituted Wells-Dawson
compounds and in P2W18O62

6-/poly(1-naphthol) films.38 Based
on these considerations, the electrochemical processes associated
with peaks B1/B1′ and B2/B2′ can be described by the following
reactions:23

The amount of P2W18O62
6- immobilized in each layer was

calculated from the integrated charges of wave B2 or B2′ to be

1.5-1.6 × 10-10 mol/cm2, which corresponds to a nearly full
monolayer coverage.21

Figure 1c is an overlay of CVs obtained from{P2W18O62
6-/

cyt c}2 and {P2W18O62
6-/Ru(bpy)32+}4 films. On the basis of

this data, we assign the couple (A/A′) around 0 V to the direct
reduction (oxidation) ofcyt c. It should be noted that the formal
potential ofcyt c in the {P2W18O62

6-/cyt c}2 film is shifted to
more negative values than what is typically observed forcyt c
in solution or in uncharged monolayer films.39 The interaction
of cyt c with the negatively charged POM would be expected
to stabilize the oxidized form of the protein and causeE1/2 to
shift to more negative values, consistent with our observations.
Similarly, theE1/2 values of the POM wave (B1) shifts to more
positive potentials, as the interaction of anionic POMs with
positively charged regions on the surface of the protein is expected
to stabilize the reduced form of the POM. Also evident in the
{P2W18O62

6-/cyt c}n films is that the peak splitting becomes
greater as the number of layers increases, which could arise from
a modified electronic microenvironment as a result of the
interaction between P2W18O62

6- and cyt c. Nevertheless, the
integrated charges of wave B1(B1′) remain comparable between
the two films, indicating that the additional peaks (A(A′)) are
indeed due tocyt c redox processes.

Voltammetric measurements carried out on{P2W18O62
6-/Ru-

(bpy)32+}n films at different scan rates reveal that the POM peak
currents are proportional to the scan rate up to 0.5 V/s atn )
8, consistent with the electrochemical behavior expected from
a surface-confined species.40In contrast, the scan rate dependence
we observed in the case of{P2W18O62

6-/cyt c}n films appears
more complex. Figure 2a shows how the normalized peak current
of B2′ changes with the number of P2W18O62

6-/cyt cmultilayers
at different scan rates. For the four different scan rates tested

(38) Pham, M. C.; Moslih, J.; Chauveau, F.; Lacaze, P. C.J. Appl. Electrochem.
1991, 21, 902-909.

(39) Liu, H. Q.; Tian, Y.; Deng, Z. F.Langmuir2007, 23, 9487-9494.
(40) Bard A. J.; Faulkner L. R.Electrochemical Methods-Fundamentals and

Applications,2nd ed.; John Wiley & Sons, Inc: New York, 2001.

Figure 4. Determination of LbL film thickness using AFM. (a)
Tapping mode AFM imaging was used to profile lithographically
defined patterns in LbL films. An area of the patterned film containing
regions of bare mica as well as a{P2W18O62

6-/cyt c}10film is shown.
(b) The height profile as measured along the dashed line in the
image a.

P2W18O62
6- + 2e- ) P2W18O62

8- (1)

P2W18O62
8- + 2H+ + 2e- ) H2P2W18O62

8- (2)

Figure 5. Determination of the apparent electron-transfer rate
constants (k°app) for {P2W18O62

6-/cyt c}1 and{P2W18O62
6-/Rubpy}1

films following Laviron’s method.44 Peak potentials were collected
from the CVs at different scan rates in degassed 0.1 M H2SO4aqueous
solutions.

Table 1. Change ofk°app (s-1) as a Function of the Number of
LbL Layers

n (POM/Rubpy)n (POM/cyt c)n

1 31.7 26.4
2 20.0 19.8
5 10.6 4.0

Polyoxometalate/Protein Ultrathin Films Langmuir, Vol. 24, No. 7, 20083587



(0.5, 0.1, 0.02, and 0.005 V/s), the maximum peak current occurs
at layer numbers ofn) 3, 5, 9, and 12, respectively. At relatively
high scan rates, the peak currents first decrease beyond the
maximum and then level off, suggesting that the scan rate has
exceeded the rate of electron transfer through the multilayer.15

If this is true, then measurements at low scan rates should approach
the ideal linear dependence of peak current on scan rate. Indeed,
when the scan rate is lowered to 0.005 V/s, all 12 layers are
electrochemically accessible (Figure 2b). More quantitative

measurements on charge transport through these films will be
discussed in the next section.

UV-vis absorption spectroscopy was also used to characterize
the formation of{P2W18O62

6-/cyt c}n films, sincecyt chas an
intense Soret band at around 409 nm (Figure 3). The increase
in absorption at 409 nm was found to be directly proportional
to the number of layers deposited and is consistent with our
cyclic voltammetry results. Moreover, the well-defined band
shapes of the UV-vis spectra suggest that the tertiary structure

Figure 6. Electrocatalysis of hydrogen peroxide reduction using{P2W18O62
6-/cyt c}n films. (a) Dependence of catalysis efficiency on film

thickness.{P2W18O62
6-/cyt c}n (n ) 1-3) films were examined using 50 mM H2O2; supporting electrolyte, 0.1 M KCl in 0.1 M phosphate

buffer (PBS), pH) 7.3. (b) Catalysis of hydrogen peroxide reduction using{P2W18O62
6-/cyt c}n (n ) 1) modified GCEs at different H2O2

concentrations; other conditions are the same as in (a).

3588 Langmuir, Vol. 24, No. 7, 2008 Jiang et al.



of cyt c has not been significantly perturbed during the LbL
assembly process. From the increase in absorption, the average
coverage ofcyt c in each layer is calculated to be close to one
monolayer, that is,∼2.2 × 10-11 mol/cm2.41-43 The inset to
Figure 3 shows a plot of absorption peak intensity as a function
of layer number. Interestingly, there is a small but noticeable
increase in the slope of this graph after about the fifth layer.
Similar behavior has been observed in the case of polymer-
based LbL films.31

AFM Characterization of {P2W18O62
6-/cyt c}n Films.Owing

to the intrinsic negative surface charge, mica surfaces are ideal
for forming POM/cyt c LbL films. Combining LbL assembly
and a previously published microfabrication technique,36we were
able to fabricate simple patterned LbL films and measure the
film thickness directly using atomic force microscopy to profile
lithographically defined step edges. A typical AFM image of
{P2W18O62

6-/cyt c}10 film near one such step edge is shown in
Figure 4. The upper left portion of the image shows an exposed
region of the bare mica substrate, while the more textured region
in the lower part of the image reveals the topography of the LbL
film. The linear features that can be seen near the step edge are
film defects and do not correspond to individual monolayer steps.
In this image, a step height of∼40 nm was obtained when the
tip was scanned from the mica substrate to the patterned film.
This result is in good agreement with the physical dimensions
of the POM (∼1 nm) and the protein (∼3 × 3 × 4 nm) used as
well as the number of film layers prepared.

Effect of Film Thickness on Overall Electron-Transfer
Rate.Following Laviron’s approach,44 we examined the effect
of LbL film thickness on the electron-transfer rate by studying
the redox peak splitting as a function of the scan rate. For this
purpose, we chose the second reduction/oxidation peak of
P2W18O62

6- (B2/B2′) because it is well resolved in cyclic
voltammetry. In this analysis, cathodic and anodic peak potentials
are plotted as a function of the logarithm of the scan rate, and
the limiting slope of the resulting plots at high scan rate is used
to determine the apparent electron-transfer rate constant,k°app.
Typical Laviron plots are shown in Figure 5 for{P2W18O62

6-/
cyt c}1and{P2W18O62

6-/Rubpy}1 films. Table 1 shows in addition
the P2W18O62

6- rate constant for films of different thickness
assumingR ) 0.5. Clearly, the electron transfer slows down as
the film becomes thicker in both preparations; in particular, the
rate decrease is faster for{P2W18O62

6-/cyt c}n films as a result
of the larger building block (cyt cvs Ru(bpy)32+) and thus thicker
films.

Electrocatalysis of Hydrogen Peroxide Reduction Using
{P2W18O62

6-/cyt c}n Films. An important application of elec-
troactive LbL films is their electrocatalysis, as hybrid films
prepared in this manner can dramatically enhance the reduction/
oxidation of many species that otherwise only display sluggish
electrochemical behavior. We chose to test the electrocatalytic
reduction of hydrogen peroxide using our films becausecyt c is
known to be catalytically active for H2O2reduction.45,46As shown
in Figure 6a, the film containing both P2W18O62

6- and cyt c
enhances the electroreduction of H2O2 by greater than 10-fold

as compared to that from a film having P2W18O62
6- only. In

addition, if {P2W18O62
6-/cyt c}n films are used, the reduction

current actually decreases as the number of layers increases.
These results indicate that the catalytic activity of the films is
dominated by the contribution ofcyt c. Using films containing
a single layer of P2W18O62

6- andcyt c, we found that the reduction
current of H2O2 increases nearly linearly up to 250 mM and then
levels off, suggesting the catalysis follows a typical Michaelis-
Menten behavior.47

Conclusions

It was with two questions in mind that we set out to prepare
POM/protein thin films using electrostatic LbL assembly. First,
is it possible to use highly charged inorganic species such as
POMs and macromolecules such as proteins to replace con-
ventional polyelectrolytes in forming such assemblies? Many
nanoscopic building blocks have been incorporated into LbL
films. However, polymeric polyelectrolytes are almost always
used as the counterparts in such films. In this regard, we have
clearly demonstrated that polyoxometalates represent suitable
materials, owing to their extremely small size, intrinsic charges,
and chemical stability. In fact, electrochemical and UV-vis
absorption spectroscopic characterization confirm a nearly
monolayer-by-monolayer growth of POMs and proteins when
they are deposited by static dipping. Second, we were also curious
to know if films formed using these unconventional building
blocks can facilitate direct electrochemistry of redox proteins
when the latter are assembled. The experiments we have done
so far indicate that secondary structural considerations such as
POM/protein complex formation and protein orientation may
play an important role in the observed electron-transfer kinetics
and catalyst performance. While{P2W18O62

6-/cyt c}n films
formed by our method clearly show enhanced reduction of
hydrogen peroxide, the catalytic efficiency is somewhat lower,
for example, than in the case where negative-charge-terminated
gold nanoparticles are used to assemblecyt c. This result from
another perspective emphasizes that many, sometimes subtle,
requirements need to be met experimentally before a strong
electrochemical communication can be established between redox
proteins and the electrodes. Can we design new POM structures
to better accommodate redox proteins in LbL assembly? Is it
possible to induce a higher level of control of the protein
orientation on electrode using POMs? These are the questions
we hope to find answers to in the near future. Recent studies of
POM/protein interactions that show well-defined binding sites
and stoichiometries with no denaturation are quite promising in
this regard.48
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