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Self-Assembled Monolayers of Heme Derivatives on a Gold Surface

Kazutoshi Kobayashi,** Shin’ichiro Imabayashi,’ Katsuhiko Fujita,” Kazuhide Nonaka,'
Takashi Kakiuchi,”**# Hiroyuki Sasabe,”* and Wolfgang Knoll####

Frontier Research Program, The Institute of Physical and Chemical Research (RIKEN),

Hirosawa 2-1, Wako, Saitama 351-0198

tFaculty of Engineering, Yokohama National University, Tokiwadai 79-5, Hodogaya-ku, Yokohama 240-8501

(Received March 29, 2000)

Thiolated heme derivatives were synthesized and their self-assembly behaviors on gold surfaces together with that
of native heme were studied. The kinetics of this adsorption and the thickness of the formed monolayer were investigated
by surface plasmon resonance spectroscopy. Native heme shows a different adsorption behavior compared to that of the
synthesized derivatives. Though the heme derivatives were found to form monolayers, native heme formed only irregular
aggregates on gold surfaces. IR spectroscopy was used to reveal the molecular structure of the adsorbates in the vicinity
of the peptide linkage in the heme molecules on the gold surfaces. UV spectroscopy was employed to determine the tilt
angle of the porphyrin rings relative to the gold surface normal. Cyclic voltammograms and potential-modulated UV-vis
reflectance spectra of heme derivatives were observed in order to estimate the adsorbed amount and the redox behaviors

of heme derivatives on gold surfaces.

Self-assembled monolayers (SAMs) of organosulfur com-
pounds on metal surfaces have been widely studied because
of their extensive applications in molecular technologies.'?
Thiols and disulfides covalently adsorb onto gold surfaces
through a sulfur—gold linkage, leading to the formation
of highly ordered SAMs. Although the best investigated
SAMs are those prepared from alkanethiolates on gold sur-
faces, functionalized alkanethiolate SAMs containing, e.g.,
ferrocenyl,>* biotinyl,>® 2,2’-bipyridyl,” and azobenzene-
4,4’-diyl® moieties were also extensively characterized as
well as w-functionalized (e.g. <COOH, -CONHj;, and NH5)
SAMs for further modifications of the surfaces.? SAMs of the
host compounds, such as cyclodextrins and calixarenes on
gold surfaces, have also attracted much attention for recog-
nition chemistry.’—'2

Heme (iron protoporphyrin IX), which contains an iron
bound to the pyrrole rings, is well known as a prosthetic
group of many proteins, such as hemoglobin, myoglobin,
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catalase, and b-type cytochromes.'* One important function
of the heme groups is to bind oxygen using the fifth and
sixth coordination positions in hemoglobin and myoglobin,
in which heme is non-covalently bound to the polypeptide
(apo-protein) chain through coordination bonds.

Forming SAMs of heme molecules on gold surfaces en-
ables us not only to study the details of the reconstitution with
apo-protein, but also to search for device applications, such
as electrochemical bio-sensors or as modules in bio-elec-
tronics. The reconstitution reaction of heme derivatives with
apo-protein on gold surfaces provides a convenient means
to fabricate well-ordered protein monolayers on solid sub-
strates, as a first step for the structural analysis of proteins
and also for device applications.'*® One of the expected
functions of a SAM of heme on a gold surface is electron
transfer to the electrode via the redox-active monolayer.*'¢!
A comparison of the redox behavior of heme in solution and
on a gold surface will provide a physical basis for a better
understanding of the electron-transfer reactions in molecular
assemblies. Uosaki et al. reported on the construction of a
very efficient electron-transfer system using a porphyrin—fer-
rocene—thiol system on gold.* Another expected function for
this SAM is the electrocatalytic reduction of dioxygen as an
attractive reaction for use in fuel cells,'*=%° as well as that of
hydrogen peroxide.?!

Generally, two different strategies are employed for the
formation of SAMs of functional components on gold sur-
faces. One is a direct adsorption method of thiolated com-
pounds, via the direct attachment of a sulfur moiety to the
molecule by a synthetic procedure prior to the SAM forma-
tion step.* The other is covalent attachments of the func-
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tional components onto a preformed SAM of w-functional-
ized (e.g. -COOH, NH>) alkanethiols.?! Arifuku et al. re-
ported that hemin immobilized on a glassy carbon electrode
via an amide linkage catalyzes the electrochemical reduction
of dioxygen.?® Lotzbeyer et al. prepared hemin monolayers
via an amide linkage on a modified gold surface where the
cystamine was pre-covered, and reported the catalytic reduc-
tion of hydrogen peroxide.”! In either case, they focused on
the functions of hemin modified monolayers on substrates
studied by electrochemical methods. The structure of that
interface was still unknown. We report on the adsorption
behavior and structural characterization of SAMs of thio-
lated heme derivatives on gold surfaces. Surface plasmon
resonance spectroscopy (SPS) was utilized to estimate the
optical thickness of the monolayer and to study the adsorp-
tion kinetics. Fourier-transform infrared reflection absorp-
tion spectroscopy (FTIR-RAS) and ultraviolet-visible-spec-
troscopy in the reflection mode (UV-vis-RAS) were utilized
to estimate the structure of the adsorbed heme derivatives on
gold. Cyclic voltammograms (CV) and potential-modulated
UV-vis reflectance (electro-reflectance, ER) spectra of heme
derivatives were observed to estimate the adsorbed amount
and the redox behavior of heme derivatives on gold surfaces.

Experimental

Materials. Hemin (iron protoporphyrin IX chloride) was
purchased from Funakoshi, Japan. 1-(3-Dimethylaminopro-
pyD-3-ethylcarbodiimide (EDC) and 4-dimethylaminopyridine (4-
DMAP) were purchased from Tokyo Kasei, Japan. N,N-Dimeth-
ylformamide (DMF), ethanol, 2,2’-dithiobis(ethylamine) dihydro-
chloride (DTEA), 10,10’-dithiobis(decylamine) dihydrobromide
(DTDA), chloroform, methanol, dichloromethane, sodium hydro-
gencarbonate, and 1 M-hydrochloric acid were purchased from
Kanto Chemical, Japan (1 M = 1 moldm™2). All chemicals were
used without further purification. Gold (99.999%) was purchased
from Furuya Metal, Japan, and used for SPS, FT-IR, and UV-
vis measurements. Gold (99.99%) was purchased from Tanaka
Kikinzoku Kogyo, Japan, and used for CV and ER measurements.
Mica was purchased from Nirako, Japan. Glass slides (LaSFN9 for
SPS and quartz for IR and UV) were purchased from S & J Trading
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Inc., USA and Fujiwara, Japan, respectively.

The synthetic route of heme derivatives together with their struc-
tures is shown in Scheme 1. Native heme, thioethylated heme
derivative, and thiodecylalted heme derivative are abbreviated as
NH, TEH, and TDH, respectively. EDC (5.5 mmol), 4-DMAP
(11 mmol), and either DTEA (5 mmol) or DTDA (5 mmol) were
dissolved into DMF at R.T., and then hemin in DMF was gently
added. The reaction mixture was kept at R.T. for 36 h under stir-
ring to complete the reaction. This reaction was monitored by thin-
layer chromatography (Merck), using either 8 : 2 of chloroform and
methanol for TDH or 83 : 15 of chloroform and methanol for TEH
as solvents, respectively. The reaction mixture was filtrated and
evaporated. The residue was dissolved in dichloromethane, and
then washed with 1 M-hydrochloric acid, Milli Q, and 5% sodium
hydrogencarbonate. The products were purified by silica-gel (63—
200 um) chromatography (Merck), using the same solvents as in
thin-layer chromatography. After purification, IR and the fast atom
bombardment (FAB) mass spectra were measured to confirm the
chemical structure of the heme derivatives. vimax (KBr) 3295, 3085,
2922, 2850, 1644, 1547, 1460, 1438, 1377, 1337, 1306—729 cm ",
mlz (FAB, positive mode, matrix: 3-nitrobenzyl alcohol) for TEH;
Found: m/z 732.1. Calcd for TEH: M, 732.8. m/z for TDH; Found:
mlz 957.5. Calcd for TDH: M, 957.2.

Sample Preparation. Glass slides were cleaned in 5% Extran
in Milli Q water, carefully rinsed with Milli Q water, and then
cleaned in ethanol. The slides were then dried in a nitrogen stream
and placed in an Edwards Auto 360 evaporator. A gold film of
50 nm thickness on LaSFN9 was deposited and used for an SPS
measurement. A gold film of 200 nm thickness on quartz was
deposited and used for IR and UV-vis measurements. SAMs for
SPS measurements were formed by applying known concentrations
of the heme derivatives into an SPS flow cell equipped with gold
substrates. SAMs for IR and UV-vis measurements were formed
by the immersion of gold substrates in ethanol solutions of various
heme derivatives for 24 h at R.T. The substrates were rinsed twice
with ethanol and then dried. A gold film of several hundreds of
nanometer thickness was evaporated onto freshly cleaved mica and
used for CV and ER measurements.”

SPS Measurement. SPS measurements were carried out
using a home-made experimental set-up with a Kretschmann
configuration.® > A He-Ne laser (4 = 632.8 nm, power 5 mW)
was used as a light source. A Teflon® cell with an inlet and outlet
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Scheme 1. The synthesis of heme derivatives and their structures used in this study.
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ports was used for immersing the substrate to measure the kinetics
on the gold surface. The reflectivity as a function of the incident an-
gle was recorded before and after SAM formation on the substrate.
These spectra were then used to determine the optical thickness of
the SAMs by comparing them with a simulation based on Fresnel
formulas. For a kinetic measurement, the incident angle was fixed
at an angle of 0.5° smaller than the angle for the surface plasmon
resonance observed as a dip in the spectra, and the reflection inten-
sity was monitored as a function of time. We chose to evaluate our
data using one refractive index (n = 1.5) for all compounds, which
is often adopted for organic thin layers having no absorption bands
in the considered range of wavelength.®

FTIR-RAS Measurement. FTIR-RAS of the SAMs were
taken in the reflection mode (incident angle: 80° to the surface
normal) using p-polarized light with a Mattson Infinity Series,
60AR.2%" The spectrometer was purged with dry nitrogen, and
a liquid-nitrogen-cooled mercury—cadmium—telluride (MCT) de-
tector was used for the reflection measurements. The spectra were
recorded at 4 cm™' resolution with 1024 scans. The bare gold
substrate was used as a reference and cleaned just before the mea-
surements with ethanol.

UV-vis Measurement.  The absorption spectra of the heme
compounds in ethanol solution were measured with an U-2000
spectrophotometer (Hitachi) using an optical cell with a 1 cm path
length.

UV-vis-RAS of SAMs were taken in a reflection mode using
the beam of a V-560 (JASCO) spectrophotometer at an incident
angle of 45° relative to the surface normal. The optical density of
the SAM was determined using a reference signal recorded with an
untreated gold substrate prepared otherwise in the same way, and
is denoted as —log (R/Ry), where R and Ry are the reflectance with
and without the SAM on the surface, respectively.

CV and ER Measurements.  Gold substrates were immersed
in ethanol containing a 50 uM solution of the different heme deriva-
tives, taken out from the solution, rinsed with ethanol, and dried in
air, successively. Though the immersion time was altered from 1 to
40 h, the peak areas and the peak potentials of the CVs for the heme
derivatives depended little on the immersion time. A gold substrate
onto which a SAM of a heme derivative was adsorbed was mounted
in a home-made three-electrode cell using an elastic o-ring, whose
diameter was 8 mm for cyclic voltammetry and 19.5 mm for ER
spectroscopy. CVs and ER spectra of heme derivatives adsorbed
on gold were measured in a deaerated aqueous solution of 30 mM
sodium phosphate buffer, pH 7.0, at 20£3°C. The potential was re-
ferred to a Ag|AgCl| saturated KCl electrode. The instrumentation
for ER measurements was described previously.?®

Results and Discussion

The adsorption processes, the behavior of the kinetics and
the final thickness of the SAMs, were followed in situ by
SPS. Figure 1 shows the adsorption behaviors of NH, TEH,
and TDH, respectively. The layer thickness for all samples
changed quickly with a steep slope at the beginning of ad-
sorption, showing the high affinity of heme compounds to
the gold surface. The curves for TEH and TDH show then
a slower process, presumably owing to the rearrangement
of the adsorbed molecules on the gold surface. In order to
observe only the covalently bound molecules, in situ rins-
ing experiments were performed. The arrows in the figure
indicate the start point of the rinsing (desorption) with eth-
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Fig. 1. In situ surface plasmon adsorption kinetics measure-

ments for NH, TEH, and TDH. 75 pM of ethanol solution
was introduced into a flow cell coupled to the surface plas-
mon spectrometer at 23 °C. The measured reflectivity at
a constant angle of incidence was transformed into a layer
thickness. Arrow shows the start of rinsing (desorption).

anol. However, both curves did not show any clear change
in thickness. We therefore conclude that TEH and TDH are
able to form well-defined monolayers on gold surfaces. On
the other hand, NH exhibits quite different assembly kinetics
compared to that of the heme derivatives. NH did not reach
saturation in thickness, even after 24 h (data are not shown).
Here, we obviously observed molecules at the surface, which
are physisorbed on top of the monolayer. The film became
thicker and thicker, showing NH forms aggregates. An ad-
ditional adlayer of physisorbed heme molecules must be the
reason for this increase in thickness. Rinsing could remove
a certain amount of the physisorbed molecules.

The influence of the initial solution concentration on the
adsorption kinetics and layer thickness was measured by SPS
for TDH solutions ranging from a concentration of 25 uM
to 75 uM. The result is shown in Fig. 2. The adsorption
profiles show that the level of adsorption increases up to
a solution concentration of 50 uM, above which the initial
concentration does not significantly influence the final thick-
ness of the adsorbed heme derivatives. TEH had a similar
adsorption behavior to that of TDH (data not shown). This
concentration dependence on the adsorbed amount is very
typical for the adsorption of thiol compounds.”® Therefore,
we used 50 uM as the initial concentration for all samples in
all subsequent experiments.

Since the FT-IR measurements at grazing incidence
with polarized light are sensitive to the orientation of the
molecules in the SAMs, we can obtain the tilt angle of the
molecules relative to the substrates.***?” Figure 3 shows the
FTIR-RAS of the SAMs for TEH and TDH. Two charac-
teristic bands of amide I (1650 cm™') and amide 1 (1540
cm~!) were observed in this region, although these peaks
were observed at 1644 and 1547 cm™! in the transmission
spectra taken in KBr pellets (see the Experimental section).
The peak of amide I has its origin in the CO stretching mode
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Fig. 2. Insitu surface plasmon adsorption kinetics measure-

ments for TDH. 75 pM, 50 uM, and 25 uM of ethanol
solution were introduced into the flow cell of the surface
plasmon spectrometer at 23 °C. Reflectivity at a constant
angle of incidence was transformed into a layer thickness.
Arrow shows the start of rinsing (desorption).
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Fig. 3. IR-RAS scans (1450—1750 cm™ ') of monolayers of
TEH and TDH on gold substrates. A bare gold substrate
served as a reference. The heme derivatives (50 uM in
ethanol) were adsorbed for 24 h at 23 °C.

and that of amide II in the CN stretching and NH bending.
The difference in the intensity ratio of these two peaks can be
explained in terms of the orientation of the peptide linkage in
the heme derivatives on the gold substrate. In an FTIR-RAS
experiment, the absorption bands ascribed to a transition mo-
ment perpendicular to the surface become intensive. On the
other hand, a transition moment of the amide I band in heme
derivatives is directed perpendicular to the molecular axis of
the molecules. Compared to that, the transition moment of
the amide II band in heme derivatives is directed parallel to
the molecular axis of the molecules. Therefore, heme deriva-
tives should be oriented with a smaller angle away from the
surface normal when the intensity ratio of amide I to amide
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Il is smaller. Since the spectrum of the SAM of TEH did
not show any clear absorption of amide I compared to that
of amide II, TEH molecules are found to be adsorbed nor-
mal to the surface with a very small tilt angle. On the other
hand, the spectrum of the SAM of TDH clearly showed the
absorption of both amide I and amide II, showing that TDH
molecules adsorb on the gold surface with a certain tilt angle
to it. We did not attempt a quantitative analysis of these IR
data to determine the average tilt angles of heme derivatives
in the SAMs on the gold surfaces, because it is unreasonable
to assume that the amide planes of the derivatives are parallel
to their molecular axes and are freely rotating.

Since the absorptions of amide I and amide II originated in
the peptide linkage, we probably could deduce the adsorbed
structure in the vicinity of the peptide linkage in the heme
molecules by FTIR-RAS measurements. Therefore, we uti-
lized UV-vis-RAS to clarify the adsorbed structure of heme
derivatives in the vicinity of the porphyrin rings. The dotted
curves in Fig. 4 show the UV-vis spectra for NH, TEH, and
TDH, respectively, in ethanol solution. These spectra have
absorption bands at around 400 nm due to the Soret band
in the oxidized state. Figure 4 displays the UV-vis-RAS of
SAMs for NH, TEH, and TDH adsorbed on gold substrates,
measured in air at an incident angle of 45°. It seems that
there exist two bands: one at 420 nm and the other at 520
nm. However, detailed examinations by Tsuboi et al.* and
Fujita et al.*' revealed that the peaks at around 520 nm do
not originate from the absorption of thiolated compounds ad-
sorbed on the gold surface, but from the characteristics of the
refractive index of gold in the examined wavelength region.
The anomaly of the refractive index of gold at around 520 nm
produces a ghost peak. Actually, Tsuboi et al. could show
a similar absorption even in an alkanethiol SAM that pos-
sesses no absorption in the corresponding region.*® The peak
at around 520 nm is inevitable in studies of thiolated com-
pounds on gold surfaces by reflection spectroscopy. There-
fore, the peak at around 520 nm in Fig. 4 was neglected in
our analysis. UV-vis-RAS using polarized light was used
to determine the tilt angles of the porphyrin rings of heme
derivatives in SAMs on gold surfaces. Yoneyama et al. first
introduced this method to examine the orientation of phthal-
ocyanine molecules in Langmuir-Blodgett films.’> Luk et
al.,* Azumi et al.,>* and Aramata et al.,>> employed this
method to clarify the molecular ordering of porphyrins, and
succeeded in determining the tilt angles of the molecules in
the films. The peak positions of the Soret band in the SAMs
compared to those in solution were red-shifted. This suggests
that the electronic interaction among heme molecules was
stronger in the SAMs than in solution.*>” The orientation
of heme molecules in the SAMs (tilt angle, ¢, between the
transition moment of the molecules and the surface normal)
was calculated according to the literature using the following
equation®—%

A, /A, =sin® ¢ /(cos® Bsin® ¢ +2sin® Bcos® ), )

where A; is the absorption intensity measured using s-polar-
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Fig. 4. UV-vis-RAS scans for heme derivatives. The reflection spectra were collected using p- (A) and s- (B) polarized light incident
at 45° with respect to the surface normal. A bare gold substrate served as a reference. The heme derivatives (50 uM in ethanol)
were adsorbed on the gold substrates for 24 h at 23 °C. The dotted curves represent the UV-vis spectra of NH, TEH, and TDH in

ethanol solution.

ized light, A, the absorption intensity measured using p-po-
larized light, and 3 the refraction angle inside the monolayer
for 45° incidence. The value, § =28.1°, was calculated,
assuming a refractive index of n = 1.5 for all compounds.
Therefore, the angle ¢ can be calculated from the experi-
mental values of A; and A,. For NH, the value ¢ was calcu-
lated to be 46°, which is probably the average angle, because
the NH forms aggregates, and this aggregation should occur
without a certain direction against the substrates. The cal-
culated values of ¢ for TEH and TDH were 41° and 37°,
respectively. Putting the obtained results by IR and UV spec-
troscopy together gives us the schematic illustration shown
in Fig. 5. Although the layer thickness expected from the
tilt angles and the molecular lengths are larger than those
estimated by SPS (Fig. 1), this could result from an overes-
timation of the refraction index and the electron density for
the SAM layers due to the structural disorder or orientational
anisotropy.

We now turn to the electrochemical characterization of

S S w S

Fig. 5. Models for the structures of the heme derivatives on
the gold surfaces.

the SAMs. Figure 6 shows CVs for NH, TEH, and TDH
adsorbed on gold/mica electrodes. Only one peak appeared
around —0.35 V for the heme derivatives, whereas two peaks
were observed at —0.05 and —0.35 V for NH. The peak po-
tential, E, = —0.35 V, coincides with the reported values for
the E,s of hemin covalently bound to the amine terminal
groups of thiols modified on a gold electrode?'*® and hemin
adsorbed on a pyrolytic graphite electrode.* The origin of
the peak at —0.05 V for NH is not well understood, al-
though the ER data represent that this peak arises from heme
groups adsorbed on gold (data not shown). For all CVs,
the cathodic peak current was proportional to the sweep rate,
revealing that the redox response arises from the surface-con-
fined species. The area of the cathodic peak tends to be larger
than that of the anodic peak for all CVs, and this reflects the
contribution of the catalytic reduction current of dioxygen,
which remained in the buffer solution even after deaeration.
With repeated potential sweeps between +0.3 and —0.6 V
for TEH, the cathodic peak gradually decreased and the area
of both the cathodic and anodic peaks became almost equal,
as shown in Fig. 7. The initial reduction peak was restored
within 15 min between CV measurements, indicating that
the reduction in the cathodic peak mentioned above, indeed,
resulted from a depletion of dioxygen in the vicinity of the
electrode surface, due to the repetitive reduction of dioxygen.

The amount of redox-active heme groups on gold esti-
mated from the cathodic peak area after repeated potential
sweeps was 4.4x 107" molem~2 for TEH, and 2.7x 101
mol cm ™2 for TDH. The theoretical monolayer coverage for
heme was derived to be 7.0x 10~!! mol cm~2, assuming an
area of 2.38 nm? for one heme.* In the case of a close-packed
monolayer of perpendicularly orientated heme to the elec-
trode surface, an order of magnitude greater than that for a
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Fig. 6. Cyclic voltammograms of (a) NH, (b) TEH, and (c) TDH adsorbed on Au(111) in 30 mM sodium phosphate: scan rate, 20,
50, 100, 200 mV s_l; initial potential, +0.1 V for TEH and TDH, +0.3 V for NH.
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Fig. 7. Cyclic voltammograms of TEH adsorbed on Au(111)
in 30 mM sodium phosphate measured after the repetitive

potential sweeps: scan rate, 20, 50, 100,200 mV s~ 1. initial
potential, +0.3 V.

flat orientation is expected. The values obtained for the heme
derivatives were significantly smaller than those values, in-
dicating the formation of less closely packed monolayers of
the heme derivatives or the presence of electro-inactive heme
groups. No significant change in the peak potential and the
amount of redox-active heme groups was observed by in-
creasing the adsorption time of the heme derivatives beyond
1 h. This shows that the adsorption of the heme derivatives
was almost finished within 1 h, which is consistent with the
adsorption behavior obtained from the SPS measurements.
The smaller CV response for TDH suggests that the heme
derivative with longer side chains is difficult to form a dense
single-component monolayer.

While the CV peak area remained constant after the heme
derivative-coated gold electrode was left in the buffer solu-
tion for 20 h, the peak area for NH decreased to 1/10 of the
initial value after the CV experiments (2 h). This is consis-
tent with the fact derived from the SPS measurements that

NH is physisorbed on gold, and that the heme derivatives are
covalently immobilized on gold surfaces through gold-sulfur
anchoring.

Figure 8 represents the real and imaginary parts of the ER
signal for TEH adsorbed on gold electrodes measured at the
peak potential of the corresponding CV. TDH did not exhibit
any ER response. Although the reason for no ER response
for TDH is not totally clear, one possible explanation is
slow electron-transfer (ET) rate for TDH in which the heme
groups are on average far apart from the electrode surface
compared with that of TEH.?® The similarity of the ER spectra
of TEH to a difference absorption spectrum between the
reduced and oxidized forms of NH in solution supports the
interpretation that the redox response originates from the
adsorbed heme moieties on gold. However, both the positive
and negative peaks in the ER spectra, which originate from
the reduced and oxidized states of the heme, respectively,
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Fig. 8. ER spectra of TEH adsorbed on Au(111) in 30 mM

sodium phosphate: E4q. = —0.30V, freguency = 8 Hz, modu-
lation amplitude = 50 mV. The solid line shows a difference
absorption spectrum between the reduced and the oxidized
forms of NH in the bulk solution.
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shifted by about 10—20 nm toward a longer wavelength
than the corresponding peaks of the difference absorption
spectrum, revealing the presence of electronic interactions
among the heme groups in the SAM.

The ratio of the magnitude of real and imaginary compo-
nents, which is a measure of the magnitude of the electron
transfer rate constant, kgt,”® reveals that the kgy for TEH is
higher than that for NH. This suggests that the thiolate side
chains allow the immobilization of heme groups in an ori-
entation appropriate for ET to the gold electrode. From the
frequency dependence of the ER response,*' kgp = 600 s!
was estimated for TEH adsorbed on gold. The kg values for
heme and heme-containing substances adsorbed on electrode
surfaces alter over a wide range, depending on the immobi-
lization manner. Lotzbeyer et al. obtained kgr > 30 s~! for
the hemin bound to the amine groups of 2-aminoethanethiol
modified on gold electrode from CV measurements.” The
order of 10° s~! was estimated for the kgt of cytochrome ¢
immobilized on COOH-terminated thiolate SAMs in which
the number of methylene units is lower than 8.%> Ruzgas et
al. determined that the kgt of microperoxidase-11, which
consists of a polypeptide of 11 amino residues attached co-
valently to the heme, immobilized on gold in a monolayer
state is more than 1000 s~'.** Compared with these reported
values, the kg7 value obtained in this work is reasonable, and
it is concluded that the heme groups in TEH are suitable for
rapid heterogeneous ET.

In summary, we have demonstrated and quantified the ad-
sorption behavior of native heme and its thiolated derivatives
on gold surfaces using SPS, IR, and UV spectroscopies, and
have also characterized their redox behavior using CV and
ER methods. The results given in this study will be particu-
larly useful for device applications.*'*~2! In order to fabricate
well-ordered protein monolayers on gold surfaces by the re-
constitution of the heme derivatives with apo-protein, which
is one of the goals of our research, an appropriate distance
is needed between each heme group in order to accommo-
date the larger size of the peptide chains compared with the
heme derivatives. By dilution of the heme derivatives with
thiol compounds, it should be possible to form an appropriate
monolayer of heme derivatives optimized for the reconsti-
tution reaction. The formation of SAMs from reconstituted
heme proteins will be published elsewhere.

We would like to thank Drs. Masahiko Hara and Takashi
Isoshima (The Institute of Physical and Chemical Research,
RIKEN) and Dr. Kotaro Kajikawa (Tokyo Institute of Tech-
nology) for helpful discussion and UV-vis measurement.
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