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Abstract: Reversible electrochemistry of horse heart cytochromec (Cc) has been obtained at SnO2 electrodes modified
with 12-nm-diameter colloidal Au particles. Previous experiments had demonstrated electrochemical addressability
of these particle ensembles; the high current densities and small peak-to-peak separations observed for Cc are indicative
of facile electron transfer. In contrast to previously described modified electrodes for Cc, these data were acquired
without polishing and without any modification of the Au particle surface. Quasireversible voltammetry was obtained
with surfaces comprising monodisperse 36-nm-diameter and polydisperse 6-nm-diameter Au particles, but no
voltammetric wave for Cc was seen at surfaces composed of aggregates of 12-nm-diameter or 22-nm-diameter Au
particles. These data indicate that nanometer-scale morphology of metals plays a key role in protein electrochemistry,
and suggest that isolated, surface-confined colloidal Au particles may be useful building blocks for macroscopic
metal surfaces for biological applications.

Introduction

Direct electron transfer (ET) between an electrode and a redox
protein, an important step for electrochemical biosensors,1

requires interfaces that exhibit reasonably fast ET kinetics and
are biocompatible (i.e. do not denature proteins). Since direct
contact between redox proteins and uncoated metal surfaces
usually leads to significant protein structural and/or functional
changes,2 the desired interfacial properties are accessible only
through electrode3 or protein4 modification. Numerous applica-
tions of chemically-modified macroscopic electrodes to volta-
mmetric measurements on horse heart cytochromec (Cc)5,6 and
other redox proteins7 have been described. A common theme
in this work has been to prevent protein-metal surface contact.
In contrast, direct contact between uncoated, nanometer-sized
colloidal Au particles and proteins is common in histochemistry,8

where it has been demonstrated that electrostatically-bound
colloidal Au:protein conjugates typically retain biological activ-
ity.9 Indeed, Crumbliss and co-workers have exploited this
property in an electrochemical glucose biosensor.10

We show herein that direct, reversible cyclic voltammetry
of horse heart cytochromec (Cc) in solution is obtained at
uncoated submonolayers of 12-nm-diameter colloidal Au par-
ticles11 on SnO2, without the need for any pretreatment or
polishing steps. The colloidal particles behave as an ensemble
of closely-spaced but isolated microelectrodes. However, when
the size of electrode features increases through particle aggrega-
tion, Cc electrochemistry becomes quasireversible or irrevers-
ible. These results show the importance of nanometer-scale
morphology in protein voltammetry, and demonstrate that well-
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defined, Au colloid-based substrates hold promise as substrates
for biological measurements at metal surfaces.

Experimental Section

Reagents and Materials.All reagents were used as received except
where noted. (3-Aminopropyl)trimethoxysilane (APTMS) was obtained
from Hüls America. HCl, HNO3, H2SO4, NaOH, NaH2PO4, Na2HPO4,
KH2PO4, K2HPO4, and H2O2 were obtained from Baker. K3[Fe(CN)6],
HAuCl4‚3H2O, trisodium citrate dihydrate, NaBH4, and Na2SO4 were
purchased from Aldrich. [Ru(NH3)6]Cl3 was purchased from Alfa.
Absolute C2H5OH was obtained from Aaper Alcohol and Chemical
Company. Spectrophotometric grade CH3OH was obtained from EM
Science. CM cellulose and horse heart Cytochromec (Cc) were
obtained from Sigma; Cc was purified according to the method of
Brautigan et al.12 Substrates were obtained as follows: In-doped SnO2

(30Ω-cm) from PPG Industries, Sb-doped SnO2 (100Ω-cm) from Delta
Technology. All H2O was 18 MΩ purified by a Barnstead Nanopure
water purification apparatus.
Preparation of Colloidal Particles. All glassware used in the

following procedures was cleaned in a bath of freshly prepared 3:1
HNO3-HCl, rinsed thoroughly in H2O, and dried prior to use.
Preparations were stored in amber glass or polyethylene bottles.
A solution of polydisperse 6-nm-diameter Au colloidal particles was

prepared by mixing 2.0 mL of 1% trisodium citrate and 0.75 mL of
0.075% NaBH4/1% trisodium citrate with 500 mL of H2O/5.0 mL of
1% HAuCl4 solution at room temperature. Solutions of 12-, 22-, and
36-nm-diameter colloidal Au particles were prepared as previously
described.11 Particle-size statistics: (A andD) 12 nm( 1.6 nm, 284
particles counted; (B) 36 nm( 5 nm (major axis), 29 nm( 3 nm
(minor axis), 436 particles counted; (C) 6 nm( 4 nm, 1450 particles
counted, largest particle diameter) 21 nm, smallest particle diameter
) 2 nm; (E) 23 nm ( 4 nm, 47 particles counted. Methods for
determination of particle size are described elsewhere.11

Preparation of SnO2 Electrodes. Cu wires were affixed to the
conducting surfaces of In- or Sb-doped SnO2 using Ag epoxy. The
Cu wires were encased in glass, and any exposed Ag epoxy or Cu was
insulated with Dexter Epoxi-Patch. Electrodes were cleaned by
sequential sonications in acetone, soap, and distilled H2O (2×, 15 min
each) and were stored in H2O after electrochemical characterization
(cyclic voltammetry of 5 mM K3[Fe(CN)6] in 0.1 M aqueous Na2SO4).
Au colloid monolayers were prepared on these electrodes as follows:
After exposure to piranha solution for 5 min, electrodes were sonicated
for 20 min each in H2O and acetone, followed by 15 min of sonication
in H2O. The electrodes were then treated with 5 M NaOH for 5 h
prior to rinsing with H2O and derivatization in an aqueous solution of
1% APTMS for 10-15 min. Substrates were rinsed in H2O and
allowed to dry in air. Subsequent exposure to colloidal Au resulted in
colloid binding; further details may be found elsewhere.11,17

Optical Instrumentation. Optical spectra were recorded using an
HP8452A diode array ultraviolet-visible spectrophotometer with 2-nm
resolution and a 1-s integration time. A Teflon block (1/3 sample
height) was used to keep samples upright in cuvettes.

Electrochemical Instrumentation. All electrochemical measure-
ments were carried out using either a Cypress Model CS-1090
potentiostat operated with Version 6.0 Software on a Swan Technologies
386SX IBM-compatible computer or a PAR Model 273A Potentiostat/
Galvanostat operated with Model 270 Software on a Gateway 486 IBM-
compatible computer.

Results and Discussion

Facile ET between Cc in solution and an Au colloid
submonolayer on SnO2 is shown by the cyclic voltammetry (CV)
data in Figure 1. At untreated or APTMS-coated SnO2

electrodes, no voltammogram is observed from a solution
containing 0.5 mM Cc in supporting electrolyte. Since similarly-
prepared electrodes yield reversible voltammetry for [Ru-
(NH3)6]3+ and [Fe(CN)6]3-, the absence of a redox wave for
Cc derives from an overpotential specific to this particular
couple at these interfaces, as opposed to poor electrode kinetics
in general. Such behavior accords with the majority of previous
voltammetric measurements on Cc, in which no ET is seen
without special pretreatment.5,6,13

However, when roughly 15% of a monolayer of 12-nm-
diameter colloidal Au particles are covalently attached to the
amine groups of the SnO2-confined polymer derived from
APTMS,11 reversible voltammetry of Cc is obtained. Note that
the presence of a depletion region in the voltammogram is
expected for an ensemble of closely-spaced microelectrodes.14

Peak currents are proportional to the square root of scan rate
(Figure 1, lower panel); for the best electrodes, the roughly 60-
mV peak-to-peak separation (∆Ep) is consistent with theoretical
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Figure 1. Top: Cyclic voltammograms at 100 mV/s of 0.5 mM Cc in
0.1 M NaClO4/18 mM, pH 7 Na2HPO4/NaH2PO4 at SnO2, at APTMS-
coated SnO2, and at APTMS-coated SnO2 derivatized with 12-nm-
diameter colloidal Au. Bottom: Scan rate dependence for 12-nm-
diameter colloidal Au-modified electrode. Inset: Graph of cathodic peak
current (ired) vs (scan rate)1/2.
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expectations.15 From the slight increase in∆Ep with scan rate,
a heterogeneous rate constant of 7× 10-3 cm s-1 is calculated,15b

a value similar to others reported.5,6 It should be noted that
the peak current densities for reduction (15-20 µA/cm2) are
nearly identical to those obtained for [Ru(NH3)6]3+ at the same
electrode, when differences in solution concentration and
diffusion coefficient are taken into account. The ability to
directly record reasonably large currents for redox proteins at
electrodes that require no polishing, coating, or other pretreat-
ment is a significant advance.
Previous work on electrochemistry of redox metalloproteins

at metal electrodes has identified two routes by which ET can
be facilitated: via “mediators” (discrete, electroactive interme-
diaries between electrodes and solution couples) or “promoters”
(electroinactive facilitators of direct ET between electrodes and
solution couples).3 Since colloidal Au is faradaically inactive,
and since it has been previously demonstrated that electron
transfer occurs directly at the Au/solution interface in Au colloid
submonolayers,11 colloidal Au fits neither of these descriptions.
Rather, these small particles could be thought of as “electron
antennae”, efficiently funneling electrons between the electrode
and the electrolyte. Moreover, the intrinsic negative charge on
colloidal Au and the presence of a positive dipole moment
around the heme cleft of Cc16 may facilitate close approach of
the protein to the colloid surface.
The reproducibility and persistence of the Cc voltammetric

signal are addressed by the data in Table 1 and Figure 2. Table
1 lists peak potentials,∆Ep, andE°′ for 14 different electrodes
modified with 12-nm Au particles. Note that 100% of the
electrodes gave a voltammetric signal for Cc, with∆Ep values
varying from 60 to 115 mV. Figure 2 shows representative
voltammograms for electrodes with high and low∆Ep values.
Voltammetric waves that are initially broad (e.g.>100 mV)
usually yielded successively poorer voltammograms, while those
that are initially narrow (e.g.<100 mV) typically exhibited a
scan-number invariant signal.
The known sensitivity of protein stability to Au particle size

and aggregation state8 suggested investigation of four additional
electrode surface modifications: 36-nm-diameter (B) and 6-nm
(C) isolatedcolloidal Au particles, along with a pair composed
of aggregated12-nm (D) and 22-nm (E) colloidal Au. The

degree of aggregation of colloidal Au particles in this size
regime can be ascertained by examination of optical properties
between 700 and 800 nm (Figure 3).17 The presence of a low-
energy tail or distinct peak (as inD, E, and to a lesser extent
B) corresponds to closely-spaced or flocculated particles;
increasing ratios of this low-energy feature to the 520-nm band
signifies increasing interaction between particles (i.e. decreased
spacing).
Figure 4 reveals a surprising dependence of the voltammetric

behavior of Cc on nanometer-scale morphology. The letters
A-E on the five voltammograms shown correspond to optical
characterization data in Figure 3. Surfaces derivatized with
isolated 36- and 6-nm-diameter Au colloidal particles give rise
to reasonably good voltammetry, but with larger average peak-
to-peak separations than for electrodes derivatized with 12-nm-
diameter particles. In contrast, surfaces composed of aggregated
12-nm-diameter Au particles yield a barely discernible redox
wave for Cc, and surfaces with more extensive particle
aggregation exhibit rectifying behavior in Cc solutions (not
shown). Similarly, electrodes with aggregates of 22-nm Au
particles give no electrochemical signal for Cc. These dramatic
differences cannot be accounted for solely by differences in
surface area: it has been shown elsewhere that Beer’s law holds
for 12-nm Au particles in this coverage regime,18 meaning that
samplesA andD, for example, differ in overall coverage by(15) (a) Bard, A. J.; Faulkner, L. R.Electrochemical Methods;John
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Table 1. Peak Potentials (Ep,red; Ep,ox),Peak-to-Peak Separations
(∆Ep), and Redox Potentials (E°′) for Cc on 12-nm Diameter Au
Colloid Monolayer Electrodes

electrode no. Ep,red(mV)a Ep,ox(mV)a ∆Ep (mV)a E°′ (mV)a,b

1 -12 48 60 18
2 1 62 61 31
3 7 70 63 39
4 1 72 71 37
5 -11 66 77 27
6 -21 73 94 26
7 -25 71 96 23
8 -30 71 101 21
9 -30 71 101 21
10 -16 85 101 35
11 -25 78 103 27
12 -23 87 110 32
13 -30 82 112 26
14 -29 86 115 28

a Versus SCE.b The averageE°′ is 27( 6 mV.

Figure 2. Reproducibility of the Cc voltammetric signal (100 mV/s)
at two 12-nm colloidal Au-modified SnO2 electrodes. See Figure 1 for
conditions.

Figure 3. Optical spectra for SnO2 electrodes derivatized with (A)
isolated 12-nm-diameter, (B) isolated 36-nm-diameter, (C) isolated
polydisperse 6-nm-diameter, (D) aggregated 12-nm-diameter, and (E)
aggregated 22-nm-diameter colloidal Au particles.
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only ≈50%. It would thus appear that the Au nanoparticle
aggregation state is a key determinant of electrochemical
behavior toward Cc. Previous studies have cited irreversible
Cc adsorption as the cause of poor electrochemistry;3,5,6 by
analogy, particle aggregates could provide sites for irreversible
protein adsorption. These findings accord with previously
described histochemical data on colloidal Au.8

Clearly, direct correlation of electrochemical behavior with
nanometer-scale structure would be invaluable. Colloidal Au
particles on SnO2 electrodes have previously been observed by
tapping-mode atomic force microscopy,11dbut intrinsic substrate
roughness precluded meaningful analysis of interparticle spac-
ing: images of surfaces indicating extensive aggregation by
UV-vis were not significantly different from those containing
isolated particles. However, recent high-resolution field emis-
sion scanning electron microscopy studies of colloidal Au

particles on transparent, rough silane films18 shows promise as
a technique for determining the nanostructure of Au assemblies
on SnO2.

Conclusions

Reversible voltammetry of Cc in solution has been obtained
at SnO2 electrodes modified with isolated colloidal Au particles,
but surfaces with aggregates of particles are ineffective for the
same task. The favorable ET properties of arrays of isolated
nanometer-scale Au particles indicate that they may be generally
useful for protein voltammetry. In addition, with the detailed
understanding of Au colloid submonolayers now available,11,18

a colloidal building-block approach to Au surfaces for other
biological applications such as surface plasmon resonance,19

quartz crystal microgravimetry,20 and surface enhanced Raman
scattering21 is now feasible. Work along these lines is now in
progress.
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1995, 67, 829-834. (c) Ward, L. D.; Howlett, G. J.; Hammacher, A.;
Weinstock, J.; Yasukawa, K.; Simpson, R. J.; Winzor, D. J.Biochemistry
1995, 34, 2901-2907. (d) Plant, A. L.; Brigham-Burke, M.; Petrella, E.
C.; O’Shannessy, D. J.Anal. Biochem.1995, 226, 342-348.

(20) (a) Buttry, D. A.; Ward, M. D.Chem. ReV. 1992, 92, 1355-1379.
(b) Lacour, F.; Torresi, R.; Gabrielli, C.; Caprani, A.Colloids Surf. B:
Biointerfaces1993, 1, 251-259. (c) Minunni, M.; Skla´dal, P.; Mascini,
M. Anal. Lett.1994, 27 1475-1487.

(21) (a) Brandt, E. S.; Cotton, T. M. InInVestigations of Surfaces and
InterfacessPart B, 2nd ed.; Rossiter, B. W., Baetzold, R. C., Eds.; John
Wiley & Sons: New York, 1993; Vol. IXB, pp 633-717. (b) Cotton, T.
M.; Kim, J.-H.; Chumanov, G. D.J. Raman Spectrosc.1991, 20, 729-
742. (c) Hobara, D.; Niki, K.; Zhou, C.; Chumanov, G.; Cotton, T. M.
Colloids Surf.1994, 93, 241-250.

Figure 4. Cc voltammetry (100 mV/s) at the five modified SnO2
electrodes described in Figure 3. See Figure 1 for conditions.
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