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In this Communication, we show that proteins embedded in high external electric fields are capable
of retaining a nativelike fold pattern. We have tested the metalloprotein azurin, immobilized onto
SiO2 substrates in air with proper electrode configuration, by applying static fields up to
106–107 V/m. The effects on the conformational properties of protein molecules have been
determined by means of intrinsic fluorescence measurements. Experimental results indicate that no
significant field-induced conformational alteration occurs. Such results are also discussed and
supported by theoretical predictions of the inner protein fields. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1902903g

Resistance of biomolecules to high electric fields is a
main concern for nanobioelectronics/nanobiosensing appli-
cations, and it is also a relevant issue from a fundamental
perspective, to understand the dielectric properties and struc-
tural dynamics of proteins. In nanoscale devices, biomol-
ecules may experience electric fields as high as 107 V/m in
order to elicit charge transport/transfer. Understanding the
effects of such fields on their structural integrity is thus cru-
cial to assess the reliability of biomolecular devices. In this
Communication, we show experimental evidence for the re-
tention of nativelike fold pattern by proteins embedded in
high electric fields. We have tested the metalloprotein azurin,
deposited onto SiO2 substrates in air with proper electrode
configuration, by applying high static electric fieldssup to
106–107 V/md. The effects on the conformational properties
of protein molecules have been determined by means of in-
trinsic fluorescence measurements. Experimental results in-
dicate that no significant field-induced conformational alter-
ation occurs. This phenomenon is discussed in terms of the
intrinsic intraprotein electric fields. As the general features of
such inner fields are not peculiar of azurin, the conclusions
presented here should have general validity.

Azurin from Pseudomonas aeruginosais an electron-
transfer metalloprotein.1 Its redox-active center contains a
copper ion having five amino acid ligands arranged in a pe-
culiar trigonal bipyramidal geometry. Thanks to its intrinsic
stability, azurin has emerged as a good candidate for biomo-
lecular nanoelectronics.2 In this work, we have investigated
the influence of strong electric fields on the protein confor-
mational state by means of interdigitated electrodes, fabri-

cated using standard photolithographic techniques. The
structure consists of 500 interdigitated lines of 1µm width
and 1 µm spacing, resulting in an active area ofs1
31d mm2.3 The electrodes geometry was properly designed
both to allow the application of high electric fields to protein
molecules and to detect the very weak fluorescence signal
over a large area. Finite element electrostatic simulation of
the electrodes was performed by a standard commercial code
to assess the entity and spatial distribution of the electric
field in the devices. A three-dimensionals3Dd geometry was
defined to evaluate the field bending close to the upper bor-
der of the electrodes. Fixed potential values were assigned to
the electrodes, while a weak Neumann boundary condition
si.e., null tangential fieldd was imposed on the other outer
surfaces. The interelectrode material was chosen to be
vacuum. Figure 1 shows the color map of the electric field
intensity, on a cross-section of the electrodessgrowing val-
ues from blue to redd: the field decays rapidly immediately
outside the interelectrode regionswhere the field is predict-
ably nearly uniform, except for the hot-spots on the corners,
due to accumulated charged.

The protein was immobilized onto the interdigited elec-
trodes structures, by cast deposition of a 20µl drop of the
protein solutions1.0 mg/ml in 50 mM NH4Ac buffer, pH
4.6d; the incubation time was 15 minsat room temperatured.
After incubation, the buffer solution was removed, and the
samples were accurately dried by high purity nitrogen flow.
Such procedure results in protein immobilization both be-
tween electrodes, onto the SiO2 substrate, and on top of the
electrodes themselves. The presence of azurin molecules be-
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tween the micrometer-sized electrodes was carefully as-
sessed by molecular resolution Tapping Mode Atomic Force
Microscopy sTM-AFM d sFig. 2d. Therefore, the photolumi-
nescence signals collected in our experiments includes con-
tributions both from the protein molecules between the elec-
trodes swhich experience the full intensity of the applied
electric fieldd and from molecules atop the electrode surfaces

swhich are exposed to about 50%–60% of the peak value, on
the average, according to the FEM analysisd.

Intrinsic fluorescence ofP. aeruginosaazurin is due to a
single tryptophan residuesTrp48d.4 Upon ultraviolet excita-
tion, Trp48 exhibits an unusual “blue” emissionslmax

<306–308 nmd, owing to the highly hydrophobic surround-
ing microenvironment.4,5 In the native state, azurin, apoa-
zurin si.e., without Cu2+d, and other metal derivatives, such
as Zn2+, exhibit identical fluorescence spectra, accounting for
the lack of any structural change besides the metal site, as
also predicted by crystallographic determinations.5,6 How-
ever, since the different derivatives exhibit large variations in
the fluorescence quantum yield, due to a strong quenching
mechanism by the metal ion,7 in this study we have used the
apo-protein. As shown in Fig. 3sad the emission spectra of
apoazurin in the solid state and under high external fields
exhibit the same line shape of the free native protein in
buffer, and no emission shifts are detectable.8 Since the in-
trinsic fluorescence in azurin is very sensitive to small per-
turbations of the protein folding,9 this result reveals that the
presence of such electric fields does not affect the overall
fold pattern, indicating that the Trp residue remains embed-
ded in the same hydrophobic environment.

The retention of the nativelike conformation in the pro-
tein films was also supported by the observed independence
of their emission spectra of the excitation wavelengthsnot
shownd. This is an important point, since Az photolumines-
cence is not affected bylexc if the protein is in the folded
state, whereas its spectral line shape may be strongly influ-
enced by the excitation wavelength if the protein undergoes
conformational transitions. Importantly, also the excitation
spectrumsPLEd was found to be unchanged upon electric
field applicationfFig. 3sbdg consistent with the absence of
relevant perturbations in the physico-chemical conditions of
the chromophore microenvironment. This confirms that such
field intensities do not interfere with the conformational
properties of the native protein. Moreover, it is interesting to
note the clear retention of structured luminescence spectra
sboth PL and PLEd by solid state films, which is a peculiar
feature of native Az conformationsin the native state, Trp48
is shielded in the rigid and highly hydrophobic core of the
proteind. This specifically contrasts with typical broad, red-
shifted emissions observed in unfolded azurins, which are
completely devoid of any spectral structure. In the case of
azurin, the investigation of the microenvironment surround-
ing Trp48 is of particular relevancessee also Fig. 3, bottomd,
since such residue is thought to play an important role in the
long-range ET processes through the molecule.4,10 In addi-
tion, this result is important because it was obtained with the
apo derivative, which is characterized by a lower structural
stability with respect to the wild type copper protein.9 Hence,
the preservation of the nativelike conformation seems to in-
dicate the lack of gross molecular rearrangements also under
extreme experimental conditions, such as those normally
achieved in biomolecular electronic devices.

It is worth noting that such remarkable results are sup-
ported by theoretical predictions. We have calculated the mo-
lecular electrostatic potentialsMEPd for azurin in solution by
solving the Poisson equation for a given charge

FIG. 1. Cross-section color map of the electric field intensity, obtained by
the 3D finite element simulation. Between the electrodes, a nearly uniform
field region may be observed, except for the hot-spots on the cornerssredd.

FIG. 2. AFM topography of the electrodes, beforesad and aftersbd the
deposition of azurin, in 3D and cross-profile representations. The apparently
reduced electrode height and separation is due to azurin deposition, most of
which occurs in the interelectrode regionssee profilesd. An important point
is that the external field atop the electrode surfaceswhich is 50%–60% of
the peak value, as described in the textd extends, with a very good unifor-
mity, for more than 100 nm from the metal surfacesFEM analysesd: this
means that we have thesameelectric field for more than 25 protein layers
s1protein=4 nmd onto the electrodes, i.e., remarkably more than the thick-
ness reached in our experiments.

181102-2 Pompa et al. J. Chem. Phys. 122, 181102 ~2005!
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distribution.11,12 The subsequently obtained inner electric
field present in the protein was found to have a mean value
as high as 2.453109 V/m and peak intensities up to 17
3109 V/m, as shown by the field intensity profile plotted in
Fig. 4. According to this analysis, the Az inner fields are

orders of magnitude higher than those applied in our experi-
ments; thus, it seems reasonable that the fold pattern of the
biased proteins is unperturbed by external field intensities in
the range of 106–107 V/m.

Although such inner field intensities may sound unreal-
istic, our calculated values are in very close agreement with
recent studies,13 in which the intriguing result on the higher
density swith respect to bulk waterd of the first hydration
shell14 was theoretically elucidated in terms of water mol-
ecules “electrostriction” induced by the huge electric field
valuess,109 V/md at the surfaces of the biomolecules. In
addition, molecular dynamics simulations by Xuet al. son
trypsin inhibitord have demonstrated that field strengths in
the range of 108 V/m do not alter the overall structuresor
temperatured of the protein ssuch fields are shown to be
within thermal fluctuationsd, and only fields higher than
109 V/m can induce significant structural changes.15 Finally,
hybrid quantum chemical molecular dynamics computations
have predicted average fields within the range 53108–8.5
3109 V/m.16

All these considerations agree with our experiments, in-
dicating that the conformational state of the protein is not
significantly perturbed with respect to the native state, upon
external field application, resulting in the retention of the
proper folding also under these conditions. It is noteworthy
that the reported characterization on azurin is, to our knowl-
edge, the first experimental demonstration of such effects.

In conclusion, the available evidence suggests that:sid
proteins in the solid state are capable of maintaining the
tightly bound hydration shells and a nativelike conformation,
even after solvent removal and application of high external
fields; sii d such surprising effects are consistent with the oc-
currence of huge intensity inner fields in the proteins. These
results may also have importance for protein crystallization
experiments, since recent studies have demonstrated that the
application of high external electric fieldssin the range of
105 V/md during the crystallization of protein samples can
positively influence the nucleation rate and kinetics, increas-
ing the size of the crystals and improving their crystallo-
graphic quality.17

FIG. 3. Top, intrinsic fluorescence spectra of apoazurin in the native state
and in the film environment with and without an applied external electric
field. sad Emission spectrasPLd; sbd Excitation spectrasPLEd. The fluores-
cence intensities are not in scale. The spectra of free native apoazurin were
collected in 50 mM NH4Ac buffer, pH 4.6. All these experiments were
performed at room temperatures20 °Cd, atmospheric pressure, 54% of hu-
midity. The excitation wavelength was 280 nms2 nm bandwidthd. Az films
were also excited at different wavelengthss250–300 nmd and no variations
in the shapes of the PL spectra were observed. A fluorescence spectrum of a
heat denatured samples1 min at 100 °Cd of the solid state protein is also
reported for comparison. Fluorescence measurements were also performed
in the presence of some solventsi.e., without extensive drying of protein
films by nitrogen flowd and identical results were obtained. Bottom, struc-
ture of azurin with focus on the relative arrangement of Trp48 and the
electron-transfer active site. The residue Trp48, which is responsible for
luminescence, is shown in red in ball&stick rendering. The active site is
shown in gray in ball&stick renderingsthe large orange ball represents the
Cu atomd. The rest of the protein is shown with the conventional features of
the secondary structure,a-helices andb-sheets, backbone.

FIG. 4. Profilesalong z directiond of the inner electric field in azurin as
computed by solving the Poisson equationssee Ref. 12 for detailsd. As
shown in the inset, thez direction can be represented by the axis of the
b-barrel that defines the protein shape, which is approximately along the
line that can be traced between the Cys3-Cys26 disulfide bridge and the
copper sitesthe field profiles alongx andy axes are indeed very similard.
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