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Abstract: We have studied myoglobin (Mb) on graphite basal plane and on self-assembled didodecyldi-
methylammonium bromide (DDAB) mono- and multilayers with in situ tapping-mode AFM, cyclic voltammetry,
and differential capacitance measurements. On graphite, Mb molecules adsorb and aggregate into chainlike
features. The aggregation indicates an attractive interaction between the adsorbed molecules. In contrast, the
molecules are randomly distributed on the DDAB layers. The adsorption on DDAB changes drastically the
domains and defects in the DDAB layers due to a strong Mb-DDAB interaction. On both the bare and the
DDAB-coated electrodes, the protein undergoes a fast electron-transfer reaction involving Fe3+ + 1e- T Fe2+

in the heme group. The structure of the DDAB film is potential dependent. At low potentials, the film is in a
solidlike phase. When the potential is raised to∼0 V, the film transforms into a liquidlike phase via a first-
order phase transition. The liquidlike phase may be responsible for the fast diffusion of Mb through the DDAB
layers.

Introduction

Understanding interactions between proteins and surfaces is
critically important in many fields of biomedical science, from
biosensors to biocompatible materials.1,2 In the development of
biosensors, for instance, a critical step is to immobilize proteins
with intact functions onto the surface of a transducer.3,4Although
many proteins spontaneously adsorb onto solid surfaces, the
adsorbed proteins often denature or adapt undesirable orienta-
tions on the surfaces.5-8 To remedy these problems, many
methods have been developed, each with its own advantages
and disadvantages.9

A widely studied method is to coat an electrode with a layer
of organic molecules.10-13 If appropriate molecules are chosen,
the layer can serve both as a cushion that prevents adsorbed
proteins from denaturation and as a guide for the proteins to
adapt a desirable orientation. A novel extension to this method
uses alkylthiol monolayers on Au electrodes.14,15The alkylthiols
are known to self-assemble into ordered monolayers, with the

thiol end anchored onto Au or Ag electrodes.16 An appropriate
functional group on the opposite end can bind a protein, thus
immobilizing the protein to the electrode.

More recently, membranes of surfactants17-23 and natural
lipids24-26 have been used to coat electrodes by self-assembly
or Langmuir-Blodgett methods. Because these systems mimic
the physiological environment of many membrane-associated
proteins, they provide not only an effective way to immobilize
proteins onto electrodes for biosensor applications but also nice
model systems for studying the biological functions of these
proteins. The latter point is important because directly studying
proteins in live cells is rather difficult and the model systems
allow a variety of powerful techniques, such as atomic force
microscopy (AFM), surface plasmon resonance (SPR) spec-
troscopy, and quartz microbalance, to be used. In this paper,
we report a combined in situ tapping-mode AFM and electro-
chemical study of the structural and electron-transfer properties
of myoglobin (Mb) on bare graphite electrode and on didode-
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cyldimethylammonium bromide (DDAB) layers self-assembled
on the electrode from DDAB vesicle solution.

Mb is a heme protein that functions in both transport and
short-term storage of oxygen. The electron-transfer reaction of
Mb on electrodes has been studied by several groups.22,27,28

Rusling and Nassar have studied the reaction on bare and on
DDAB-modified pyrolitic graphite electrodes.22 The DDAB film
was cast onto the electrode by placing a drop of DDAB solution
onto an abraded graphite and then drying it overnight. The film
had an estimated thickness of∼20 µm and was described as a
liquid crystalline-like multilayer film with a large amount of
water trapped between the layers. Rusling and Nassar found
that the protein on the DDAB-coated electrode exhibited a fast
electron transfer. The fast electron transfer was attributed to
the prevention of impurities from adsorbing onto the electrode
by the DDAB film, and to a desirable orientation of the protein
in the DDAB film. While the above picture explains many
observed features, it does not explain the puzzling observation
that the diffusion coefficient of Mb through the DDAB film is
nearly as fast as that in bulk solution. We demonstrate here
that a combined in situ AFM and electrochemical measurement
of Mb on well-definedDDAB films prepared by self-assembly
can provide new insights into the adsorption of Mb onto the
electrodes and useful clues for solving the puzzle.

Experimental Section

ZYH-grade highly oriented pyrolitic graphite (HOPG) from Ad-
vanced Ceramics was used as electrodes. Each electrode was cleaved
and covered immediately with solution to minimize contamination.
Myoglobin from horse skeletal muscle (Fluka) was dissolved in 30
mM tris(hydroxymethyl)aminomethane buffer (Tris-HCl, Fluka) to
make a 0.2 mM solution. The buffer contained 50 mM NaBr, and its
pH was 7.4. DDAB from Sigma was dissolved in chloroform (ACS
reagent and HPLC grade, Sigma) to a concentration of 100 mM. Small
unilamellar vesicles of DDAB were prepared by following a simplified
method derived from the procedure described in ref 29. In the first
step of the preparation, 500µL of the DDAB solution was added to 50
mL of the Tris-HCl buffer. Then chloroform was evaporated from the
aqueous solution by blowing N2 into the solution for∼30 min, resulting
in a 1 mMDDAB solution. To form uniform DDAB vesicles, the mixed
solution (DDAB/buffer) was sonicated to clarity in an ice bath for∼40
min.

The AFM experiments were performed with a Nanoscope IIIa
multimode SPM (Digital Instrument Inc.). Commercial sharpened Si3N4

tips attached to triangular cantilevers were used. The set point was
adjusted to minimize the force between the tip and the sample in each
measurement. The potential of the graphite electrode was controlled
by a Pine Instrument potentiostat (model AFRDE5) with Pt and Ag
wires as counter and quasi-reference electrodes, respectively. The Ag
quasi-reference electrode was calibrated against a Ag/AgCl electrode
(3 M KCl), and all the potentials in this paper are quoted versus Ag/
AgCl reference electrode.

The cyclic voltammetry (CV) was measured with an EG&G model
283 potentiostat. A Pt wire and a Ag/AgCl electrode were used as
counter and reference electrodes, respectively. For the differential
capacitance measurement, an EG&G model 5110 lock-in amplifier
interfaced with a PC equipped with a National Instrument data
acquisition board was used. Both CV and differential capacitance
measurements were carried out in an environmental chamber continu-
ously flushed with N2.

Results

Mb on HOPG. We have studied Mb adsorption on freshly
cleaved HOPG with AFM and cyclic voltammetry. We started

the experiment by imaging the HOPG in Tris-HCl buffer and
then added a small amount of Mb solution (50µL) into the
buffer while the AFM tip was scanning continuously. Figure 1
shows a sequence of images recorded during the adsorption of
the protein. Before addition of Mb into the buffer, the image
(Figure 1a) shows a clean HOPG surface in Tris-HCl buffer.
Diagonally crossing the image is a surface step which is a
common feature on HOPG. After introduction of Mb into the
buffer, the image was streaky, which indicates the adsorption
of Mb. Slowly (∼15 min), the adsorbed Mb began to appear as
elongated features (Figure 1b). The elongated features continued
to evolve and formed chainlike features (Figure 1c) over time.
In about 40 min, a Mb layer, consisting of the chainlike features,
was completed (Figure 1d). A typical chain is about 60 nm long
and 7 nm wide. Higher resolution images reveal that each chain
consists of bloblike features of∼6 nm in dimension (inset of
Figure 1d). We believe that each blob is a Mb molecule based
on the following two considerations. First, the dimension of
the blobs is close to that of Mb determined by X-ray crystal-
lography.30 Second, the coverage estimated by counting the
blobs is about 2× 1012 cm-2, which agrees well with the
coverage determined from the cyclic voltammograms (we will
return to this later). The aggregation of Mb into chains indicates
an attractive interaction between the adsorbed Mb molecules.
In contrast, our previous AFM study found that cytochromec,
a similar redox protein, distributed randomly when adsorbed
on HOPG surfaces.31,34This difference indicates that the attrac-
tive interaction does not exist between adsorbed cytochromec
molecules. Another difference between Mb and cytochromec
is that cytochromec forms a complete layer on HOPG within
a few minutes, much quicker than Mb on HOPG. This time
difference is not due to a large difference in the adsorption time
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Figure 1. Adsorption of Mb onto bare HOPG revealed by tapping-
mode AFM. (a) An image recorded before adsorption, which shows a
HOPG surface in Tris buffer. (b and c) Images obtained 15 and 30
min after introduction of Mb into the sample cell, respectively. (d) A
complete coverage of Mb on the electrode 45 min after introduction
of Mb into the solution. The inset in (d) is a higher magnification image
that shows more clearly the chainlike aggregates of Mb.
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between the two proteins. In fact, Mb adsorption begins a few
minutes after Mb is introduced into the sample cell, but it is
initially too mobile to be clearly resolved by AFM. We believe
that the much longer time required for the formation of a Mb
layer is because the Mb molecules need extra time to rearrange
themselves into the chainlike structure that is immobilized for
AFM imaging.

The cyclic voltammogram (CV) of the adsorbed Mb shows
clearly a pair of peaks corresponding to the reduction and
oxidation of Mb (Figure 2a). This is in contrast to the work by
Rusling and Nassar, which found no redox peaks in the CV of
Mb using a bare graphite electrode.22 One possible explanation
for this discrepancy is that our graphite electrode was a freshly
cleaved basal plane of HOPG, while theirs was abraded with
sand paper. The abraded graphite electrode exposes a large

fraction of edge plane, which may prevent Mb from forming
the stable chainlike features.

Assuming that the electron transfer involves one electron per
molecule, the protein coverage from the peak areas in the CV
is 1.8× 1012 cm-2, in good agreement with the AFM images
as mentioned before. The coverage is similar to 2× 1012 cm-2,
the coverage for cytochromec on graphite, which is reasonable
because of the similarity in the dimensions of the two proteins.
The heights of the anodic and cathodic peaks are proportional
to the scan rate, which is consistent with the redox of an
adsorbed species (Figure 2b). However, the separation between
the anodic and cathodic peaksdecreasesinitially and then
increases as the scan rate increases (Figure 2c). This behavior
is not expected for a simple electron transfer of adsorbed
species32 and also is in sharp contrast to the behavior of
cytochromec on graphite, which shows a monotonic increase
in the peak separation. This abnormal behavior coincides with
the formation of Mb aggregates, but further study is needed to
elucidate the origin.

Mb on DDAB Layers. After studying Mb on bare HOPG
electrode, we turned our attention to Mb on DDAB layers self-
assembled on HOPG. We prepared the DDAB layers by
exposing the HOPG electrode to the DDAB vesicle solution.
The thickness of the DDAB layers was controlled by the amount
of the vesicle solution to which the electrode was exposed. We
started the experiment by imaging a freshly cleaved HOPG in
the buffer solution. After a clear HOPG image was obtained,
we introduced various amounts of DDAB solution into the AFM
cell. Figure 3a is an image of HOPG in Tris-HCl buffer obtained
∼1 h after injecting 25µL of DDAB vesicle solution into the
cell. The image shows a DDAB layer self-assembled on the
surface. The layer is rather uniform in thickness but contains
many defects or pinholes. The thickness measured from the
height profile of the image is about 1.6 nm (Figure 3b),
corresponding to a monolayer of DDAB. Because the graphite
surface is hydrophobic, the hydrophobic tails of the DDAB
molecules likely face the surface while the hydrophilic heads
point to the water (Figure 3c). We note that the monolayer is
very fragile, and imaging it in contact mode destroys it easily.

We obtained multilayer DDAB films by increasing the
amount of DDAB vesicle solution in the AFM cell. Figure 4a
is an image obtained∼45 min after introducing 125µL of
DDAB vesicle solution into the sample cell. To estimate the
thickness of the film, we zoomed in on a small area and switched
to contact mode. After repeatedly scanning the area under a
large force in contact mode, we then switched back to tapping
mode and zoomed out. The scanning tip swept off the DDAB

(32) Laviron, E.J. Electroanal. Chem.1979, 101, 19.

Figure 2. (a) Cyclic voltammograms of Mb adsorbed on bare HOPG
at different potential scan rates. (b) The cathodic and anodic peak
heights of the redox couple vs scan rate. (c) The cathodic and anodic
peak positions of the redox couple vs scan rate.

Figure 3. Self-assembled DDAB monolayer on HOPG from a DDAB
vesicle solution. (a) Tapping-mode AFM image of the DDAB mono-
layer in Tris buffer solution. (b) Height profile along the dashed line
shown in (a). (c) A model of the DDAB layer that explains the observed
images.
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molecules and created a square crater in the area. The depth of
the crater is∼4.8 nm (Figure 4b), corresponding to a monolayer
plus a bilayer of DDAB (Figure 4c). This observation is
consistent with a recent study of lipid vesicles on various
electrodes with quartz crystal microbalance (QCM), which found
that the vesicles could spread on a hydrophobic surface and
formed monolayer and bilayer films.33

For comparison, we have also examined the cast films of
DDAB prepared using the same procedure as Rusling and
Nassar.22 AFM images of such a cast film show that the cast
films were not as uniform as the self-assembled films (Figure
5a). The hole in the middle of the image was created by
repeatedly scanning the area in contact mode under a large force.
The height profile plot in Figure 5b shows that the hole is 120
nm deep. Since the AFM tip may not penetrate through all the
layers, the AFM-measured thickness represents only the mini-
mum thickness of the film. The AFM-tip-created hole was rather
stable upon repeated scanning of the area in tapping mode,
which means that the film is in a solidlike phase. This appears
to contradict a previous differential scanning calorimetry study,
which found that the cast DDAB film was in the liquid
crystalline phase at room temperature and transformed into the
solidlike gel phase below∼15 °C.22 One possible explanation
is that the AFM reveals only the layers adjacent to the electrode
surface, which are, indeed, solidlike. Beyond the solidlike layers
are many liquid crystalline-like layers which were measured
by the scanning calorimetry but could not be imaged by the
AFM. This explanation is supported by the fact that the
estimated thickness of the film is 20µm, much thicker than the
120 nm estimated from the AFM images.

After studying the DDAB layers, we studied Mb adsorption
on them by introducing Mb solution into the AFM cell. Mb
adsorbs onto both the DDAB mono- and multilayers and forms
a stable monolayer on the surfaces within minutes. Figure 6 is
an AFM image of Mb on the DDAB monolayer, which reveals
the individual Mb molecules as bloblike features. This is
completely different from Mb on bare HOPG electrode, where
the Mb molecules aggregate into chainlike structures. This
difference can be understood on the basis of the following
considerations. On atomically flat HOPG, the adsorbed Mb can
diffuse around on the surface more freely and form aggregates.
On DDAB surface, however, the adsorbed Mb molecules cannot
diffuse freely because of their strong interaction with the DDAB.
The interaction with DDAB immobilizes Mb almost im-
mediately upon the adsorption of the protein. This explanation
is supported by the following evidence. First, the defects on
the DDAB monolayer disappear immediately upon Mb adsorp-
tion, which means that the interaction between Mb and DDAB
is strong enough to even change the packing of the DDAB
monolayer. Second, Mb molecules on the DDAB films can be
clearly imaged by AFM immediately after adsorption, while
they take nearly 40 min before a stable AFM image can be
formed on bare HOPG. On DDAB multilayers, the AFM images
of Mb are rather similar to those on the monolayer.

The CV of the adsorbed Mb on the DDAB monolayer reveals
a pair of peaks corresponding to the redox reaction of the
protein, which is similar to that on bare graphite electrode
(Figure 2a). The coverage of Mb obtained from the integrated
redox peak areas is∼2.4× 1012 cm-2, which is close to that of
a closely packed monolayer of Mb. The peak currents are
proportional to the scan rate of the electrode potential, as
expected for an adsorbed protein layer (Figure 7a). The
separation between the anodic and cathodic peaks is greater than
that of Mb on bare graphite, indicating a slower electron transfer.
The separation increases as the scan rate increases (Figure 7b),
from which the electron-transfer rate is estimated to be about
80 s-1, according to the working curves in ref 32. While the
CV for the Mb on DDAB is rather similar to that on bare
graphite, the redox potential is shifted negatively by∼0.05 V
for Mb on DDAB (Figures 2c and 7b).

On increasing the thickness of the DDAB layer, the CV
becomes more like Mb on the cast film reported by Rusling
and Nassar.22 Figure 8a shows the CV of a multilayer DDAB
film at several different scan rates. The thickness of the film
estimated from the amount of DDAB and AFM images is∼15
bilayers. The peak currents increase slower than a linear function
of the scan rate, expected for an adsorbed Mb layer, but faster(33) Keller, C. A.; Kasemo, B.Biophys. J.1998, 75, 1397.

Figure 4. Self-assembled DDAB multilayer on HOPG from a DDAB
vesicle solution. (a) Tapping-mode AFM image of the DDAB layer in
Tris buffer solution, where the squares outline the regions where the
DDAB molecules have been removed with the AFM tip (see text for
a more detailed description). (b) Height profile along the dashed line
shown in (a). (c) A model of the DDAB layer that explains the observed
images.

Figure 5. DDAB film cast on HOPG. (a) Tapping-mode AFM image
of the DDAB film in Tris buffer solution. The hole near the center of
the image was created by removing the DDAB molecules with the AFM
tip (see text for a more detailed description). (b) Height profile along
the dashed line shown in (a).

Figure 6. Tapping-mode AFM image of Mb adsorbed onto the DDAB
monolayer shown in Figure 3. The inset is a zooming-in image of the
adsorbed Mb which shows more clearly the individual Mb molecules
as bloblike features.
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than the square root of the scan rate, expected for a diffusion-
limited process (Figure 8b). This behavior can be interpreted
in terms of thin-layer electrochemistry. At low scan rates,
diffusion is sufficient to bring all the Mb molecules in the thin
layer to the electrode surface, and the current is proportional to
the scan rate. When the scan rate is fast, the electron transfer
becomes diffusion limited, and the current is proportional to
the square root of the scan rate. The separation between the
cathodic and anodic peaks increases monotonically as the scan
rate increases (Figure 8c). Using the peak separations at fast
scan rates (>10 V/s) and the diffusion coefficient from ref 22,
the electron-transfer rate estimated on the basis of the published
curves in ref 35 is about 6× 10-3 cm/s. This value is in good
agreement with the electron-transfer rate reported for Mb in the
DDAB film cast on graphite electrodes.22

The diffusion coefficient estimated from the CV data is in
the order of 10-6-10-7 cm2/s, which agrees with the value
obtained for the cast film.22 This value is close to the diffusion
of Mb in bulk solution, which is surprising for Mb in a liquid
crystalline DDAB film. It is even more puzzling when consider-
ing that, near the electrode, the DDAB film is solidlike. Our
AFM images show that Mb interacts strongly with the DDAB
film upon adsorption and can penetrate into the film, but the
diffusion is still expected to be much slower than that in bulk
solution.

Dependence of DDAB Structure on the Potential.To
resolve this puzzle, we have studied the DDAB film as a
function of potential using differential capacitance and AFM.
Figure 9 shows a sequence of AFM images of a self-assembled
DDAB layer in Tris-HCl buffer obtained at various potentials
between-0.4 and 0.4 V. Below∼0 V, the DDAB film was
rather stable and had a thickness of∼4.8 nm, corresponding to
a bilayer on a monolayer (Figure 9a). On increasing the potential
to ∼0 V, the image suddenly became streaky, indicating a phase

transition in the DDAB film (Figure 9b,c). The streakiness was
due to the fact that the film in the new phase was unstable under
the scanning tip of AFM, so the new phase is a more liquidlike
phase. On increasing the potential to 0.2 V, the image became
less streaky and revealed some remaining DDAB molecules on
the surface (Figure 9d). The phase transition is fully reversible.
On lowering the potential below 0 V, the DDAB film grew
back immediately (Figure 9e,f). Because no DDAB was present
in the solution, the recovery of the DDAB layer means no
desorption took place during the phase transition.

The reversible phase transition is also shown in the differential
capacitance data (Figure 10). As the potential increases from
negative to positive, the capacitance increases sharply at∼0.15
V. The capacitance returns to the lower value as the potential
is cycled back to negative potentials, but at a more negative
potential (∼0.05 V). This hysteresis effect is expected for a first-
order phase transition, which has been observed in the phase
transition of many interfacial films. For comparison, the

(34) Boussaad, S.; Dziri, L.; Tao, N. J.; Arechabaleta, R.; Leblanc, R.
M. Langmuir1998, 14, 6215.

(35) Nicholson, R. S.Anal. Chem.1965, 37, 1351.

Figure 7. (a) Cathodic and anodic peak heights of the redox couple
vs scan rate. (b) Cathodic and anodic peak positions of the redox couple
vs scan rate.

Figure 8. (a) Cyclic voltammograms of Mb adsorbed on DDAB
multilayer self-assembled on HOPG at different scan rates. (b) The
cathodic and anodic peak heights of the redox couple vs square root of
the scan rate. (c) The cathodic and anodic peak positions of the redox
couple vs scan rate.
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differential capacitance of HOPG in the blank buffer solution
is also shown in the figure. As expected, the interfacial capaci-
tance in the presence of the DDAB film at negative potentials
is smaller than that in the blank buffer solution. After the phase
transition, the capacitance increases but is still smaller than the
capacitance in the buffer solution. This indicates that the DDAB
molecules remain on the electrode surface but with a smaller
effective thickness due to, probably, penetration of counterions
into the film. This observation is consistent with the AFM
images. The phase transition is completely reversible, and the
capacitance follows the same hysteresis curve upon repeated
cycles of the potential, which means no loss of the DDAB
molecules to the bulk solution phase accompanying the phase
transition.

In a recent study of Langmuir-Blodgett film of insoluble
surfactants on gold electrode, Bizzotto and Lipkowski observed
a potential-induced desorption and adsorption of the film.36-38

Using electroreflectance spectroscopy and light-scattering mea-
surements, they found that the desorbed surfactant molecules
form micelles trapped near the electrode surface. In the present
system, the potential does not induce desorption of the DDAB
film within the studied potential range. Instead, the potential
induces a phase transition from the solidlike bilayer phase at
low potentials to a liquidlike phase at high potentials. This
reversible phase transition may be triggered by the electrostatic
interaction between the charged electrode surface and the
positively charged headgroup of DDAB, which changes from
attractive at low potentials to repulsive at positive potentials.

For a complete understanding of this phase transition, further
study is needed. Nevertheless, the observation of the phase
transition provides an explanation of the unusually high diffusion
coefficient of Mb through the DDAB film based on the
following consideration. Mb diffusion in the solidlike layers is
slow, but, when the potential is cycled to positive potentials,
the layers transform into the liquidlike phase through which
Mb diffuses quickly to the electrode surface. Another factor
that enhances the transport is the strong interaction between
Mb and DDAB, which allows the individual Mb molecules to
penetrate into the DDAB film.

Conclusions

Mb spontaneously adsorbs onto freshly cleaved HOPG and
forms a monolayer in which the individual Mb molecules
aggregate into a chainlike structure. The aggregation indicates
an interaction between the adsorbed Mb molecules. The
adsorbed Mb undergoes a fast electron-transfer reaction, cor-
responding to Fe2+ + 1e- T Fe3+. The coverage of the adsorbed
Mb determined from the total amount of charge transfer is in
good agreement with the AFM images.

Mb also spontaneously adsorbs onto the DDAB layers self-
assembled on the HOPG. The adsorption changes dramatically
the defects in the DDAB film, indicating a strong interaction
between Mb and DDAB. Instead of forming the chainlike
aggregates, Mb molecules are randomly distributed on the
DDAB. The adsorbed Mb exhibits a pair of peaks in the CV,
corresponding to the electron-transfer reaction. The character-
istics of the CV depend on the thickness of the DDAB film.
On a thin DDAB film, the CVs can be described in terms of an
adsorbed species, similar to that of Mb on bare HOPG. On a
thick DDAB film, the CV has the characteristics of a diffusion-
limited process, similar to that of cast DDAB film reported in
the literature.22

The DDAB film is not stable at all potentials. At low
potentials, the DDAB appears to be solidlike, as judged by the
well-defined domain boundaries and defects. Increasing the
potential triggers a phase transition, transforming the solidlike
phase into a liquidlike phase. This phase transition may explain
the unusually fast diffusion of Mb in the DDAB film extracted
from the CVs.
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Figure 9. Tapping-mode AFM images of a potential-induced phase
transition in the self-assembled DDAB film on HOPG. Images a-f
show the DDAB layer at different potentials.

Figure 10. Differential capacitance measurement of the potential-
induced phase transition of self-assembled DDAB on HOPG. The
stepwise change of the capacitance near 0.1 V is due to the phase
transition observed by AFM. For comparison, the capacitance of bare
HOPG in the Tris buffer is also shown. The capacitance was measured
by superimposing a 38-Hz ac modulation with an amplitude of 10 mV
to the electrode potential. The potential was scanned at 0.1 V/s.
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