J. Am. Chem. S0d.996,118, 1154-1157

Morphology-Dependent Electrochemistry of Cytochroonat
Au Colloid-Modified SnQ Electrodes

Fox, and Michael J. Natan*

Contribution from the Department of Chemistry, The Penmsyh State Uniersity,
152 Davey Laboratory, Uriersity Park, Pennsyhnia 16802-6300

Abstract: Reversible electrochemistry of horse heart cytochrorftéc) has been obtained at Sp€ectrodes modified

with 12-nm-diameter colloidal Au particles. Previous experiments had demonstrated electrochemical addressability
of these patrticle 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 patrticle 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
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metal surfaces for biological applications.
Introduction

Direct electron transfer (ET) between an electrode and a redox

protein, an important step for electrochemical biosenkors

usually leads to significant protein structural and/or functional

changeg, the desired interfacial properties are accessible only

through electrodeor proteirt modification. Numerous applica-
tions of chemically-modified macroscopic electrodes to volta-
mmetric measurements on horse heart cytochrof@z)>6 and
other redox proteirfshave been described. A common theme
in this work has been to prevent proteimetal surface contact.

In contrast, direct contact between uncoated, nanometer-size

colloidal Au particles and proteins is common in histochemftry,

1 11
requires interfaces that exhibit reasonably fast ET kinetics and ticles

are biocompatible (i.e. do not denature proteins). Since direct
contact between redox proteins and uncoated metal surface

We show herein that direct, reversible cyclic voltammetry
of horse heart cytochrome (Cc) in solution is obtained at
uncoated submonolayers of 12-nm-diameter colloidal Au par-
on SnQ@, without the need for any pretreatment or
polishing steps. The colloidal particles behave as an ensemble
of closely-spaced but isolated microelectrodes. However, when

3he 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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colloidal Au:protein conjugates typically retain biological activ-
ity.° Indeed, Crumbliss and co-workers have exploited this
property in an electrochemical glucose bioser8or.
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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 Huls America. HCI, HNQ, H.SO,, NaOH, NaHPOy, NaoHPO,,
KH2PO,, K:HPO,, and HO, were obtained from Baker. #Fe(CN)],
HAuCI,-3H,0, trisodium citrate dihydrate, NaBHand NaSO, were
purchased from Aldrich. [Ru(Nge]Cls was purchased from Alfa.
Absolute GHsOH was obtained from Aaper Alcohol and Chemical
Company. Spectrophotometric grade 4O was obtained from EM
Science. CM cellulose and horse heart CytochranéCc) were
obtained from Sigma; Cc was purified according to the method of
Brautigan et at?> Substrates were obtained as follows: In-doped SnO
(30Q2-cm) from PPG Industries, Sb-doped S{@00Q2-cm) from Delta
Technology. All HO was 18 M2 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
HNO;—HCI, rinsed thoroughly in KD, 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% NaBH/1% trisodium citrate with 500 mL of p0/5.0 mL of
1% HAuCl, solution at room temperature. Solutions of 12-, 22-, and
36-nm-diameter colloidal Au particles were prepared as previously
described! Particle-size statistics:A(andD) 12 nm+ 1.6 nm, 284
particles counted;R) 36 nm+ 5 nm (major axis), 29 nmt 3 nm
(minor axis), 436 particles countedZ) 6 nm =+ 4 nm, 1450 particles
counted, largest particle diameter21 nm, smallest particle diameter
= 2 nm; E) 23 nm £ 4 nm, 47 particles counted. Methods for
determination of particle size are described elsewHere.

Preparation of SnO, Electrodes. Cu wires were affixed to the
conducting surfaces of In- or Sb-doped Sn@3ing Ag epoxy. The
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Figure 1. Top: Cyclic voltammograms at 100 mV/s of 0.5 mM Ccin
0.1 M NaClQ/18 mM, pH 7 NaHPOJ/NaH,PO, at SnQ, at APTMS-
coated Sn@ and at APTMS-coated SnQlerivatized with 12-nm-
diameter colloidal Au. Bottom: Scan rate dependence for 12-nm-
diameter colloidal Au-modified electrode. Inset: Graph of cathodic peak
current {red VS (scan ratéR

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

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 distill€l (2x, 15 min
each) and were stored in,8 after electrochemical characterization
(cyclic voltammetry of 5 mM K[Fe(CN)] in 0.1 M aqueous N&SOy).

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 HO and acetone, followed by 15 min of sonication
in HO. The electrodes were then treatedhw& M NaOH for 5 h
prior to rinsing with HO and derivatization in an aqueous solution of
1% APTMS for 16-15 min. Substrates were rinsed in® and
allowed to dry in air. Subsequent exposure to colloidal Au resulted in
colloid binding; further details may be found elsewh&r¥.

Optical Instrumentation. Optical spectra were recorded using an
HP8452A diode array ultraviolewisible 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.
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Facile ET between Cc in solution and an Au colloid
submonolayer on Sngs shown by the cyclic voltammetry (CV)
data in Figure 1. At untreated or APTMS-coated $nO
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)e]3t and [Fe(CNy]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 pretreatmehf:13

However, when roughly 15% of a monolayer of 12-nm-
diameter colloidal Au particles are covalently attached to the
amine groups of the Sn&ronfined polymer derived from
APTMS 1 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 microelectiddes.
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 separatioAy,) is consistent with theoretical

(13) Direct electrochemistry of Cc has been observed at Afslrand
SnQ; electrodes. For the latter two, such measurements are dependent on
experimental conditions, electrode pretreatment and history, and variability
in commercial batches of metal oxides. It may be possible to find conditions
under which the Sb- and In-doped Sn@sed here give reversible
electrochemistry of Cc, but we have not yet elucidated them.
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147, 39-51. At conventional scan rates, microelectrode behavior onsets
when the fraction of surface covered with microelectrodes@s001. At
the very high coverages of colloid used here, scan rates far in excess of
10° V/s would be needed to see steady-state voltammograms from radial
diffusion.
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Table 1. Peak PotentialsE, ed Ep,ox).Peak-to-Peak Separations

1 [ T T T T T ]
(AEp), and Redox Potential€f") for Cc on 12-nm Diameter Au 0
Colloid Monolayer Electrodes 5r
electrode no. Eprea(MV)?  Epox(MV)2  AE;(MV)2  E° (mV)2P < o-
1 -12 48 60 18 3 5t
2 1 62 61 31 2 ol
3 7 70 63 39 £
4 1 72 71 37 g
5 -11 66 77 27 Q yo| Scans . s, i
6 -21 73 94 26 £
7 —-25 71 96 23 E ol i
8 -30 71 101 21 o
9 -30 71 101 21 101 .
10 —-16 85 101 35
11 —25 78 103 27 20 , . . L]
12 -23 87 110 32 02 -01 00 01 02
13 —-30 82 112 26 Potential (V vs. SCE)
14 —29 86 115 28 Figure 2. Reproducibility of the Cc voltammetric signal (100 mV/s)
aVersus SCEP The average€® is 27 + 6 mV. at two 12-nm colloidal Au-modified Snilectrodes. See Figure 1 for

conditions.

expectations® From the slight increase iAE, with scan rate, T . . .
a heterogeneous rate constant of 70-3 cm s1is calculated?®
a value similar to others report&d. It should be noted that
the peak current densities for reduction {29 uAlcm?) are
nearly identical to those obtained for [Ru(A)]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 01
electrodes that require no polishing, coating, or other pretreat- =
ment is a significant advance.
Previous work on electrochemistry of redox metalloproteins 0.0l , . e
at metal electrodes has identified two routes by which ET can 400 500 600 700 800
be facilitated: via “mediators” (discrete, electroactive interme- Wavelength (nm)
diaries between electrodes and solution couples) or “promoters”
(elec.troinactive facil[tators of Qirect ET betweep eleqtrodes and gojated 12-nm-diameterBj isolated 36-nm-diameterCj isolated
solution couplesj. Since colloidal Au is faradaically inactive,  poygisperse 6-nm-diamete) aggregated 12-nm-diameter, art) (
and since it has been previously demonstrated that electronaggregated 22-nm-diameter colloidal Au particles.
transfer occurs directly at the Au/solution interface in Au colloid
submonolayers! colloidal Au fits neither of these descriptions. ~ degree of aggregation of colloidal Au particles in this size
Rather, these small particles could be thought of as “electron regime can be ascertained by examination of optical properties
antennae”, efficiently funneling electrons between the electrode between 700 and 800 nm (Figure'3) The presence of a low-
and the electrolyte. Moreover, the intrinsic negative charge on €nergy tail or distinct peak (as i, E, and to a lesser extent
colloidal Au and the presence of a positive dipole moment B) corresponds to closely-spaced or flocculated particles;
around the heme cleft of €tmay facilitate close approach of ~ increasing ratios of this low-energy feature to the 520-nm band
the protein to the colloid surface. signifies increasing interaction between particles (i.e. decreased
The reproducibility and persistence of the Cc voltammetric SPacing). o )
signal are addressed by the data in Table 1 and Figure 2. Table FlgL!re 4 reveals a surprising dependence of the voltammetric
1 lists peak potential\E,, andE® for 14 different electrodes ~ Pehavior of Cc on nanometer-scale morphology. The letters
modified with 12-nm Au particles. Note that 100% of the A—E on the five voltammograms shown correspond to optical

0.3 A

0.2

Absorbance

Figure 3. Optical spectra for Snfelectrodes derivatized withA}

electrodes gave a voltammetric signal for Cc, with, values characterization data in Figure 3. Surfaces derivatized with
varying from 60 to 115 mV. Figure 2 shows representative isolated 36- and 6-nm-diameter Au colloidal particles give rise
voltammograms for electrodes with high and I, values. {0 reasonably good voltammetry, but with larger average peak-
Voltammetric waves that are initially broad (e.g100 mV) to-peak separations than for electrodes derivatized with 12-nm-

usually yielded successively poorer voltammograms, while those diameter particles. In contrast, surfaces composed of aggregated
that are initially narrow (e.g<100 mV) typically exhibited a ~ 12-nm-diameter Au particles yield a barely discernible redox
scan-number invariant signal. wave for Cc, and surfaces with more extensive particle
The known sensitivity of protein stability to Au particle size 299regation exhibit rectifying behavior in Cc solutions (not
and aggregation stdteuggested investigation of four additional  SNown). Similarly, electrodes with aggregates of 22-nm Au
electrode surface modifications: 36-nm-diameBrgnd 6-nm particles give no electrochemical signal for Cc. These dramatic

(C) isolatedcolloidal Au particles, along with a pair composed  differences cannot be accounted for solely by differences in
of aggregated12-nm Q) and 22-nm E) colloidal Au. The surface area: it has been shown elsewhere that Beer’s law holds

for 12-nm Au particles in this coverage regifdfeneaning that

(15) (a) Bard, A. J.; Faulkner, L. RElectrochemical Methodsjohn samplesA and D, for example, differ in overall coverage by
Wiley & Sons: New York, 1980. (b) Rieger, P. HElectrochemistry;
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20 ' ' T particles on transparent, rough silane filfhshows promise as
0 ] a technique for determining the nanostructure of Au assemblies
I on SnQ.
-20
20 Conclusions
< 0 Reversible voltammetry of Cc in solution has been obtained
S 20 at SnQ electrodes modified with isolated colloidal Au particles,
22| ¢ ] but surfaces with aggregates of particles are ineffective for the
Z ol same task. The favorable ET properties of arrays of isolated
§ 20 /‘/(Y"'T;_ nanometer-scalg Au particles indicate th_e}t they_may be gen_erally
. ,  6nm useful for protein voltammetry. In addition, with the detailed
20 p 1 understanding of Au colloid submonolayers now availdbfé,
of . a colloidal building-block approach to Au surfaces for other

.20[. /M biological applications such as surface plasmon resontnce,
— T quartz crystal microgravimet’f,and surface enhanced Raman

200 & ] scattering® is now feasible. Work along these lines is now in
or Fym— progress.
-20 22 nm
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