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Probing redox proteins on a gold surface by single molecule fluorescence

spectroscopy

Abdalmohsen T. EImalk, Jante M. Salverda, Leandro C. Tabares,® Gerard W. Canters,)

and Thijs J. Aartsma

Leiden Institute of Physics, Leiden University, Huygens Laboratory, Niels Bohrweg 2, 2333CA Leiden,

The Netherlands

(Received 9 January 2012; accepted 24 May 2012; published online 15 June 2012)

The interaction between the fluorescently labeled redox protein, azurin, and a thin gold film is
characterized using single-molecule fluorescence intensity and lifetime measurements. Fluorescence
quenching starts at distances below 2.3 nm from the gold surface. At shorter distances the quantum
yield may decrease down to fourfold for direct attachment of the protein to bare gold. Outside of the
quenching range, up to fivefold enhancement of the fluorescence is observed on average with increas-
ing roughness of the gold layer. Fluorescence-detected redox activity of individual azurin molecules,
with a lifetime switching ratio of 0.4, is demonstrated for the first time close to a gold surface.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4728107]

. INTRODUCTION

Redox reactions drive a plethora of biological and chem-
ical processes ranging from photosynthesis and respiration to
industrial catalysis and the operation of fuel cells.!?> Recently,
due to their unique properties redox proteins have gained
strong interest because of possible applications in biomolecu-
lar electronics and biosensing. However, to manipulate single
redox proteins and attach them to an electrode surface with-
out affecting their biochemical activity is a challenge. Gold
has been used extensively for this purpose as it has a higher
surface stability than other metals or non-metallic electrodes,
while the surface chemistry of gold is well understood.>~

To monitor the activity of redox proteins under single-
molecule conditions, it is necessary to maximize sensitiv-
ity and specificity. Our recent research efforts have targeted
the implementation of a novel fluorescence method allowing
single-molecule observation of redox events with enhanced
sensitivity.® The method is based on the fluorescent label-
ing of oxido-reductases. Optical tracking of electrochemical
events made it possible to determine the electrochemical pa-
rameters and redox activity of ensembles of as few as 100
protein molecules.'%-!2

For the combination of fluorescent redox state detection
and electronic control the protein together with its fluores-
cent label needs to be placed close to an electrode, usually
a metal surface. This raises questions about the fluorophore-
metal interaction. The subject has drawn considerable inter-
est in recent years because of fundamental and application-
oriented reasons.'? The effect of a metal surface on a nearby
fluorophore can lead to both enhancement and quenching of
the fluorescence.!*2*
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A striking aspect of the fluorophore-metal interaction
is its strong and complicated distance dependence. At val-
ues of d (where d is the distance between the fluorophore
and the metal surface) that are of the order of the wave-
length of the exciting light (d > 500 nm), interference oc-
curs (both positive and negative) between light emitted by
the fluorophore that reaches the observer directly and light
emitted by the fluorophore that reaches the observer after
being reflected off the metal surface.’*?® At intermediate
ranges (10 nm < d < 500 nm), the interaction of the molec-
ular transition dipole with the nearby metal surface plasmons
can lead to fluorescence quenching as well as to enhanced
emission and excitation rates.'®2%26 At very close ranges
(d < 10 nm) energy transfer from the oscillating molecular
transition dipole to the free conduction electrons of the metal
may occur, also denoted as electron-hole energy transfer.”’-?8
On theoretical grounds it has been stated that the efficiency
of the latter mechanism will be proportional to 1/d* or 1/d*
depending on the exact value of d and on the metal.'®2426.29
Since the early work of Drexhage and co-workers? 3 numer-
ous studies have appeared on fluorescence enhancement and
quenching in relation to the distance between fluorophore and
metal surface,!7-19-21.24-26.28.30-36 Hwever, the short distance
regime (d < ~2 nm) has received relatively little attention.
Still, even at these very small distances enhancement of the
excitation rate can occur, especially for rough metal surfaces.
This is the regime that we focus on.

We studied the fluorescence of labeled redox protein
molecules immobilized on silanized glass or on gold films
(bare or coated with a self-assembling monolayer (SAM)) as
a function of the thickness of the gold film and the thick-
ness of the SAM. Intensity and lifetime measurements al-
lowed for the separation of enhancement and quenching ef-
fects on the fluorescence. In addition, the effect of the redox
state on the fluorescence of the labeled protein was investi-
gated. While this effect has been successfully studied for the
enzyme nitrite reductase (NiR) at the single molecule level,”-

© 2012 American Institute of Physics
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the influence of a nearby Au layer has not been reported on
so far.

The results of the present study are of relevance for
the implementation of redox proteins in bio-optoelectronic
(nano)devices. To the best of our knowledge, this study is the
first successful attempt to examine the single molecule fluo-
rescence lifetimes of labeled redox proteins immobilized on a
metal surface.

Il. EXPERIMENTAL METHODS
A. Protein labeling

Azurin from Pseudomonas aeruginosa was used as a re-
dox protein model. It is a small (M, = 14.6 kDa) blue copper
protein that functions as an electron carrier possibly in the ox-
idative stress response of the organism.?” The intense 600 nm
absorption band of this protein in the oxidized state is absent
in the reduced state, which makes it suitable for redox state
detection by fluorescent labeling. When labeling the protein
covalently with a fluorescent label, the redox co-factor of the
azurin (i.e., the Cu center, which itself is non-fluorescent) and
the label may form a FRET pair by which a change in redox
state is reflected by a change in fluorescence intensity and flu-
orescence lifetime of the label.”-38:3

Preparation and purification of the K27C azurin variant
was done as previously described.® The protein was labeled
by incubation of a solution of 0.5 mM protein in 20 mM
Hepes, pH 8.3, with a 5 times molar excess of Atto-655
succinimidyl ester (ATTO-TEC GmbH, Germany) for 1 h at
room temperature for N-terminal labeling. The unbound dye
was removed using centrispin-10 columns (Princeton Separa-
tions; Adelphia, NJ, USA). Labeled protein was diluted with
20 mM Hepes buffer, pH 7.0, to the desired final concentra-
tions as determined by UV-vis spectroscopy.

B. Preparation of surfaces

All glass slides (Menzel, Germany) used to prepare gold
films and silanized glass were sonicated in spectrometer grade
acetone (30 min), washed several times with water (Millipore
water), dipped in 10% NaOH/H,O (30 min), washed again
several times with water and stored in methanol. Before use
the cover slips were dried and ozone-cleaned (UVP PR-100
UV-ozone photoreactor) for 1 h immediately before silaniza-
tion or sputtering.

Before the preparation of gold films, first a 1 nm thick
adhesion layer of molybdenum-germanium (MoGe) film was
prepared by depositing MoGe onto freshly cleaned glass
slides by magnetron sputtering (ATC 1800-F system (AJA
corporation); deposition rate: 1.32 nm/min in a 10 mTorr
Argon environment). Subsequently, gold films of specified
thickness were prepared by sputtering at a deposition rate of
9.06 nm/min (10 mTorr environment composed of a mixture
of argon with 1% oxygen) on top of the MoGe film. The Au
films were used immediately after preparation. Their thick-
ness was varied between 10 and 100 nm.
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C. Atomic force microscopy

Atomic force microscopy (AFM) imaging of the sam-
ples was performed with a commercial AFM microscope
(Nanoscope IIla, Veeco, USA). Tapping mode images in air
were acquired with an E-scanner (14 pum range), using Si
probes with a resonance frequency of 75 kHz and a nominal
spring constant of 2.8 Nm~!,

D. Protein immobilization

In one type of experiment the labeled protein was immo-
bilized on a glass slide or a sputtered bare gold surface for
optical measurements. Immobilization on glass was achieved
by first depositing a layer of a 100:1 mixture of triethoxysi-
lane (TES) and mercaptopropyl trimethoxysilane (MPTS) on
acleaned glass slide (chemicals from Fluka, used as received).
The K27C azurin was bound to the silanized glass through
a 1-11-bismaleimidotetraethyleneglycol linker (BM(PEO)3,
Pierce) as described by Kuznetsova et al.” Immobilization on
bare gold was realized by incubating the Au film with a so-
lution of the K27C azurin overnight at room temperature and
rinsing the surface afterwards by flushing with buffer. This
gave reproducible results of specifically immobilized K27C
azurin without protein aggregation at the surface.

In a second type of experiment mixed SAMs of I,n-
alkanedithiol HS(CH,),SH (n = 4, 6, 8, and 10) and OH-
terminated alkanethiol HS(CH,),,OH (m = n—2, except for
n = 4 in which case m = 3), denoted by Cnd (‘d’ denoting di-
thiol), were prepared by immersing slides with freshly sput-
tered Au films into a 2-propanol solution containing a mix-
ture of HS(CH;),,OH (10 mM) and HS(CH,),SH (1 mM)
overnight at room temperature*’ (all chemicals purchased
from Aldrich Chemicals, dissolved in 2-propanol). The choice
for n > m, i.e., for an alkanedithiol that is longer than the OH-
terminated alkanethiol, was made to expose the reactive thiol
of the linker. It provides the reaction site for immobilization of
the K27C azurin, while the OH-terminated alkanethiol serves
as the diluant to control the density of immobilized protein, as
it prevents non-specific binding of K27C azurin (Fig. 1). Au
slides were removed from solution, rinsed extensively with 2-
propanol, and dried in a pure N, flow. A 200 pM solution
of the labeled azurin (Az) in 20 mM Hepes buffer, pH 7,
was deposited onto the SAM-covered Au slide and left to
incubate overnight at 4°C. The slide was then rinsed with
20 mM Hepes buffer (pH 7) to remove free azurin. Mea-
surements were performed in the same 20 mM Hepes buffer
(pH 7) as used for immobilization.

In all experiments reduction was performed with sodium
ascorbate, oxidation was performed by adding potassium fer-
ricyanide. Reducing and oxidizing agents were added from
freshly prepared stock solutions to final concentrations of
10 mM sodium ascorbate or 1 mM potassium ferricyanide.

The success of the immobilization procedure was ver-
ified using tapping mode AFM (Figures S1 and S2 in the
supplementary material*'). For the mixed alkanedithiol/OH-
alkanethiol SAMs, distinct features with a height of
4.0 £+ 0.2 nm were observed. This value corresponds with
the size of azurin (3.5 x 3.5 x 4.4 nm?) as determined by
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FIG. 1. Representation of the azurin (K27C) structure and schematic view of
the covalent coupling of azurin to a SAM-modified Au surface. The distance
between the dye label at the N-terminus and the Au surface is denoted by d.

x-ray crystallography.*? As a control for the specificity of the
attachment on the SAM, azurin was incubated on a SAM of
8-mercapto-1-octanol only, applied on a 20 nm Au film. No
protein was found on this surface after rinsing with pure buffer
solution. The immobilization strategy described above, thus,
establishes an effective and specific coupling between the pro-
tein and the gold surface.?*4

The change of surface morphology of the gold film with
increasing thickness was also characterized by AFM. Calcu-
lated roughness values are given in Table I. Thin sputtered
gold films (10 nm) have root-mean square (rms) height vari-
ations of about 0.2 nm. With increasing thickness of the Au
film, the roughness goes up, reaching 1.7 nm rms value at
100 nm thickness. The thin Au films exhibit an exception-
ally smooth and homogenous surface due to the presence of
the MoGe wetting layer. At thicknesses above 20 nm the ef-
fect of the wetting layer diminishes and the surface roughness
reaches values more typical of a sputtered metal surface.

E. Confocal microscopy

The fluorescence measurements were conducted on a
home-built sample scanning confocal microscope. For flu-
orescence excitation a pulsed picosecond diode laser (X
= 639 nm) was used. Emission was detected at . = 675 nm (a
band pass filter with 50 nm spectral band width was employed
in the detection path). Further details and details about the
software used for data analysis are given in the supplemen-

TABLE I. Root-mean square (rms) values of height variations for various
Au films, as determined by AFM.

Au thickness rms
(nm) (nm)
10 0.2
20 0.3
50 14
100 1.7
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FIG. 2. 10 x 10 um? fluorescence images of immobilized reduced K27C
azurin (20 mM Hepes buffer, pH 7). A) on a 100 nm Au film coated with C10d
SAM. B) on silanized glass (see the Experimental Methods). The scale bars
show the intensity counts in 1.8 msec bin time. The fluorescence intensities
of individual spots on the 100 nm thick coated Au film are brighter than on
glass (notice different scale bars).

tary material.*! Fluorescence intensity decays were analyzed
as the sum of mono-exponential decays.***” (See supplemen-
tary material for further details*').

lll. RESULTS
A. Fluorescence intensity vs. film thickness

To investigate the effect of Au film thickness on the fluo-
rescence of labeled azurin, a single-molecule fluorescence ex-
periment was carried out on labeled K27C Az immobilized on
Au films of different thicknesses, coated with a C10d mixed
SAM (no appreciable fluorescence quenching occurs for this
SAM; vide infra). A characteristic confocal image (10 by
10 pm) of individual reduced azurin molecules on a 100 nm
thick Au film coated with C10d SAM (in buffer) is shown in
Fig. 2(a). For comparison, we also recorded a confocal fluo-
rescence image of labeled azurin molecules on a glass surface,
see Fig. 2(b). As can be seen from the scale bars in Fig. 2,
there is a difference in fluorescence intensity of roughly a fac-
tor of 3-4.

In order to quantitatively compare the fluorescence prop-
erties for different azurin molecules and explore the underly-
ing photophysics, we monitored the fluorescence of individ-
ual azurin molecules. A typical fluorescence time trace of a
single, labeled reduced azurin molecule on a 100 nm thick Au
film coated with a C10d mixed SAM is shown in Fig. 3, which
corresponds to a fourfold higher fluorescence count rate than
that of azurin on glass.

50
R — CuAz 100nm Au
g 40 CuAz Glass
g2
3 30
e
2 20/
(72}
c
5]
< 101

il
0
O 8 10

Tlme (s)

FIG. 3. Fluorescence time traces obtained from immobilized reduced Cu-Az
(K27C azurin) on 100 nm Au film coated with C10d SAM (black) and from
reduced Cu-Az on a silanized (see the Experimental Methods) glass surface
(gray).
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TABLE II. Fluorescence lifetimes, t, of azurin immobilized on glass and
on 50 nm Au films coated with SAMs of varying thicknesses.

SAM T (ns)

_ @ 0.7+0.1
C4d 1.34+0.1
Co6d 23+0.1
C8d 23+0.1
Cl10od 2.540.1
Glass 2.6 +0.1

15 .

Frequency
=

(c)
4 i

34 4
9] 1
14 -
0- T T T

Frequency

Frequency

10 20 30 40 50
Count rate (ms™)

FIG. 4. Intensity count rate histograms for reduced K27C azurin molecules
immobilized on silanized glass (A) and on Au films (B: 20 nm, C: 50 nm,
and D: 100 nm thickness) coated with a C10d SAM.

In Fig. 4, count rate histograms of collections of indi-
vidual molecules are shown for azurin on glass and on C10d
coated Au films, the latter with thicknesses of 20 nm, 50
nm, and 100 nm. All measurements were carried out at the
same laser intensity of 1 kW/cm?. The average count rate for
reduced azurin on glass, reduced azurin on a C10d coated
10 nm Au film (data not shown) and reduced azurin on a
C10d coated 20 nm Au film are around 4 counts/ms. For the
thicker C10d coated Au films (50 and 100 nm) the average
increases with film thickness (12 c¢/ms and 22 c/ms, respec-
tively). At the same time the width of the intensity distribu-
tion increases considerably (from 2-8 c¢/ms to 6-20 ¢/ms and
6-50 c/ms, respectively). We think that the increase in aver-
age intensity with film thickness for the thicker films is due
to the increase in surface roughness (see Table I), whereas the
increase in the width of the intensity distribution reflects an
increasing variation in surface topology.

In the protocol followed in this study the deposition of an
Au film is preceded by the application of a thin, flat MoGe
layer. In the subsequent Au sputtering step the MoGe layer
promotes the growth of an equally flat Au layer but, appar-

2Azurin immobilized directly on bare Au; no SAM.

ently, beyond 20-30 nm of Au the effect of the MoGe layer on
the film flatness diminishes and the Au surface progressively
becomes more uneven while also its topology becomes more
varied. This is visible in the data shown in Fig. 4. It is worth
noticing that the fluorescence enhancement seen when com-
paring the fluorescence image in Fig. 2(a) with the image in
Fig. 2(b) is seen also in the intensity distributions presented in
Fig. 4. Whereas the enhancement effect of the Au layer when
compared with a glass substrate is minimal for a 10 nm Au
film, the average intensity increases 3- to 5-fold for the 50
and 100 nm films, respectively (see Fig. 4)% In general, the
fluorescence near metal surfaces is governed by a distance-
dependent competition between quenching and (local-field)
enhancement.'®?3 These aspects were examined in more de-
tail by means of lifetime measurements.

B. Fluorescence lifetime vs. SAM thickness

When immobilizing proteins on a SAM-coated Au film
the SAM layer forms a spacer between the gold surface and
the protein. By using a series of n-alkanedithiols with lengths
ranging from 4 to 10 carbon atoms the effect of a SAM thick-
ness variation of from 5.9 to 12.5 A (Refs. 44, 49-51) on the
fluorescence lifetime could be studied. The results are shown
in Fig. 5 for a 50 nm thick Au film. Fluorescence decays
were averaged over more than 500 single-molecule traces and
quantified by fitting to mono-exponential decays convoluted
with the instrument response function (IRF) (for lifetime dis-
tributions of individual molecules vide infra). Reduced azurin
immobilized on C10d, the thickest SAM used, shows approxi-
mately the same lifetime as reduced azurin on glass (2.5 resp.
2.6 ns). Significantly reduced lifetimes are observed for the
shorter SAMs (C8d, C6d, and C4d; lifetimes of 2.3, 2.3, and
1.2 ns, respectively), down to 0.7 ns for reduced azurin im-
mobilized directly on Au, see Table II.

To verify that the observed lifetimes were not affected by
redox effects, the experiments were repeated with Zn azurin,
which is redox-inactive. The lifetimes were similar to those
observed for reduced Cu-azurin. This confirms that the de-
crease in lifetime is not due to a redox-state dependent inter-
action between Cu site and dye label.*® We suggest that the
reduced lifetime at shorter distances reflects the fluorescence
quenching by molecule-metal interactions. Notably, labeled
azurin molecules bound to C10d SAM seem to be at a distance
which is sufficiently large to prevent fluorescence quenching,
although the thickness of this SAM is only 1.3 nm.*’
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FIG. 5. Fluorescence decay curves of reduced azurin immobilized on
silanized glass (purple), immobilized directly on 50 nm Au film (red) and
on 50 nm Au films coated with C4d (green), C6d (blue), C8d (magenta), or
C10d (cyan). IRF (black) is also included. Each decay curve represents an
average over more than 500 individual molecules.

C. Fluorescence lifetime vs. Au film thickness

In order to examine the effect of the Au film thickness on
the fluorescence lifetime, the measurement series described
above was repeated for Au films with thicknesses of 10, 20,
50, and 100 nm. The fluorescence data were all collected
under the same excitation and detection conditions, allow-
ing a direct comparison between the different measurements
(Fig. 6). The fluorescence lifetime appears to be independent
of the Au film thickness.

The shortest fluorescence lifetimes were observed when
azurin was adsorbed directly on the Au films, which is to be
expected as quenching is known to be stronger at shorter dis-
tance. The lifetime of azurin bound to C10d is the longest
and similar to the lifetime of azurin on glass. Thus, the fluo-
rescence lifetime only depends on the distance between fluo-
rophore and Au surface, independent of Au film thickness.

w

¥ No SAM

Bl C4d

I Céd

I cad
I c1od

2

Lifetime (ns)

o

&
&
3 o

FIG. 6. Fluorescence lifetimes of reduced Cu-Az immobilized on Au films
of different film thicknesses (from 10 to 100 nm) that are coated with C4d
(olive), C6d (green), C8d (blue-green), and C10d (bright blue) SAMs and of
reduced Cu-Az adsorbed directly on 50 nm Au (red). Also presented is the
lifetime of reduced Cu-Az immobilized on silanized glass (red). The lifetimes
were obtained by monitoring the total emission of a 10 x 10 um? surface
area. For each bar the lifetimes measured for a number of fluorescence images
(varying from 2 to 16) were averaged. The error bars correspond to standard
deviations.
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FIG. 7. Time traces for two individual labeled K27C azurin molecules im-
mobilized on a 20 nm Au film coated with C10d SAM, one trace for azurin
in the reduced state (black, T,.q = 2.6 nsec), and one for azurin in the oxi-
dized state (gray, Toxid = 1.6 nsec). Data refer to two different samples. Re-
duction/oxidation was controlled by addition of 10 mM ascorbate (reduced
sample) or 1 mM [Fe(CN)g]>~ (oxidized sample).

In conclusion it can be stated that, whereas the fluores-
cence lifetime is independent of Au film thickness, the fluo-
rescence intensity does depend on it (see Fig. 4). Clearly, two
different mechanisms play a role.

D. Effect of redox state

The experiments reported so far relate to azurin in the
reduced state. To check how the redox state of the protein
might affect the fluorescence behavior, we also measured the
fluorescence intensity and lifetime for azurin in the oxidized
state. The redox state could be easily controlled by the ad-
dition of reducing or oxidizing agents (see above). Figure 7
shows time traces for two individual azurin molecules immo-
bilized on a 20 nm Au film coated with C10d SAM, one in
the reduced state (black), and one in the oxidized state (gray).
The intensity ratio between the two states is about a factor of
3 in this instance.

Lifetime histograms are shown in Fig. 8 for oxidized
(bottom, left) and reduced (bottom, right) single azurin
molecules bound to C10d SAM on 20 nm Au films, which
appear similar to azurin on glass surfaces (top). Reduced and
oxidized molecules exhibit a long (2.6 £ 0.2 ns, black bars)
and a short lifetime (1.6 & 0.2 ns, gray bars), respectively. The
oxidized azurin lifetimes were found to be independent of the
Au film thickness, just as for reduced azurin. For azurin im-
mobilized on a C8d SAM on Au films of varying thicknesses,
the reduced and oxidized forms exhibited lifetimes of 2.3
4 0.2nsand 1.1 & 0.2 ns, respectively. Thus, it is still possible
to discern the two redox states in the presence of fluorescence
quenching by a metal surface. Lifetimes were also measured
for oxidized azurin immobilized on C6d and C4d SAMs and
on bare Au. The results exhibit the same trend as the distance
dependent fluorescence quenching data observed for reduced
azurin.

IV. DISCUSSION

In the following we discuss the distance dependence of
the fluorescence quenching, the relation between fluorescence
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FIG. 8. Fluorescence lifetime histograms of labeled K27C azurin in the oxi-
dized (grey histograms at the left) and the reduced state (black histograms at
the right) immobilized on 20 nm Au coated with a C10d SAM (bottom) and
immobilized on glass (top).

enhancement and surface roughness, and the redox switching
behavior.

Both quenching and enhancing interactions between fluo-
rophores and metal surfaces have an effect on the fluorescence
intensity and lifetime, t. The fluorescence intensity (below
saturation) is proportional to the fluorescence emission rate
¥ em» Which is the product of the excitation rate y .. and quan-
tum yield ¢.'> The radiative rate and the (intrinsic) nonradia-
tive decay rate of the molecule will be denoted by y; and y
and a zero subscript will be used to denote quantities for the
molecule in free space. For a fluorophore in the absence of a
metal surface one can write

Yem,0 = Vexc,040 = Vexc,0Vr,070, (1)

qo = (J/r,O/)/r,o + Vnr,O) = ¥r,070- (2)

When the fluorophore is placed near the metal surface,
both the excitation rate, yex, and the emission rate, y, may
be enhanced by the fluorophore-metal interaction, ' 1632 es-
pecially when dealing with rough surfaces. Moreover, at the
very close ranges probed here (fluorophore-metal distance d
< 10 nm) the interaction of the fluorophore with the free elec-
trons in the metal may open up an additional radiationless de-
cay channel (electron-hole energy transfer) characterized by a
rate ¥ . ® As a consequence, the expressions for v, and ¢
for a fluorophore near the metal can be written as'®2*

Yem = Yexcq = VexcVrT, (3)

q= (Vr/)/r + Varo + Vabs) ="T, (4)

where we have assumed that the intramolecular radiationless
decay rate is not affected by the presence of the metal film,
1., Vnr = Vur 0

We believe that y, is not affected in our measurements.
This we conclude from the decoupling in our data between the
lifetime changes (which are independent of Au film thickness
and only occur for a change in SAM thickness) and the inten-
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sity enhancements (which do depend on Au film thickness).
The lifetime is given by

1
T=—, (%)
Yr + Ynr,0 + Yabs
whereas the intensity is proportional to
)/em VEXC yr (6)

B Vr + Ynr,0 + Yabs ’

Thus, an increase in y, would affect both lifetime and fluores-
cence enhancement at the same time. Since this is not what is
observed, we conclude that only y 45 and y x. change and that
¥r & ¥, 0. We now can check how the enhancement of y aps
depends on distance. From the above approximate equality it
follows that

1 1

= —— = —,

Yr,0 + Vnr,0 Yo

1 1

r= = , @)

Vr,0 + Ynr,0 + Yabs Yo + Yabs

and
Yabs _ E - 1’
Yo T

where y( denotes the total decay rate, Yo = ¥, 0 + ¥ur.0- The
enhancement of y . as a function of the fluorophore metal
distance calculated on the basis of Eq. (7) is presented in
Table III. As can be seen in Fig. 9, the data conform to a
d-3 dependence of y 4,s/y o (for a pictorial definition of d, see
Fig. 1).

We briefly discuss the findings presented above.

The enhancement of excitation and emission by a metal
film critically depend on the film roughness contrary to the
enhancement of the radiationless damping of the fluorophore
which mainly depends on the distance between emitter and
metal surface.'8-21,23:24.28,31,33,34.36,47,53-56 Eyorescence en-
hancement for dye molecules directly deposited on rough
metallic surfaces has been reported before, also in the sub-
5 nm regime.?!-3!-32:34.36.47.53-60 Within the accuracy of the
experiment we find that the radiative rate is not enhanced
(within an estimated accuracy of a factor of 1.5) while the
excitation rate increases with increasing surface roughness by
a factor of up to 3-4 (as measured for a 100 nm thick Au film).
This increase of excitation rate is in line with the increase in

TABLE III. Distance dependence of the fluorescence lifetime t and the
metal energy transfer rate y yps.

SAM d/nm? T/To® Yabs/Y0°
none 1 0.25 3
C4d 16 0.46 12
ced 1.8 0.77 0.3
c8d 2.0 0.77 0.3
ciod 23 1 0

“Distance from dye label to gold surface, calculated by increasing the SAM thickness
by 1 nm to account for the distance between the label and the SAM layer (see Figure 1).
SAM thickness was calculated according to Heering and Canters® and Love et al.,’’
using a C-C bond length of 1.27 A, a CS endgroup size of 1.79 A and a SAM/Au angle
of 30°.

bLifetime values taken from Table II; 7 is taken from C10d data.

¢Calculated from Eq. (7).
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1.5

1/6f (nm~3)

FIG. 9. Dependence of the energy transfer rate y,us on the inverse cubic
distance, 1/d.> The straight line is a linear fit to the data points. Data taken
from Table III.

surface roughness as established by AFM measurements (see
Table I).

The discrepancy between excitation (¥ exc) and emission
(y:) enhancement at first sight may seem suspicious since
on theoretical grounds reciprocity in the enhancement factors
is predicted.'®2%36 However, the symmetry between the ex-
pressions for the two enhancement factors is not exact in the
sense that the emission and excitation wavelengths are usually
different.!6:3%:3%61.62 Since the enhancement is wavelength
dependent, emission and excitation may be enhanced by dif-
ferent extents. Moreover, the dependence of the enhancement
on dipole orientation of the emitter with respect to the metal
surface and the polarization of the incoming light is differ-
ent for emission and excitation.'®2%-61:63 These effects may
lead to a non-neglectable difference between the enhancement
factors. The difference may become even more pronounced
when the fluorophore is located in between two closely spaced
metal particles that act as an optical antenna.’®%!-%* Field en-
hancement factors up to 10*~10° have been predicted, de-
pending on the metal,®"-% and experimental fluorescence en-
hancements factors of up to 10° have been reported.®! It is
conceivable that also on rough surfaces irregularities in the
surface structure may lead to antenna-like configurations with
similar enhancement effects (“hot spots”).®%6%% Considering
the modest fluorescence enhancement observed in the present
study the contribution of possible hot spots, if any, to the flu-
orescence is not noticeable. Still, the lack of enhancement of
the emission rate is remarkable and deserves further study.

Radiationless energy transfer from emitter to a metal
surface has been shown for numerous cases to increase
with decreasing distance between fluorophore and metal. For
the distance regime considered in the present study, energy
losses are supposed to derive from coupling of the molecu-
lar transition dipole moment with the Fermi gas of the free
electrons in the metal also described as coupling with
electron-hole pairs.**3% When the coupling is restricted to
surface electrons a d~* distance dependence has been pre-
dicted whereas a d— dependence is expected for so-called
volume energy transfer.!$242835.36 For large distances vol-
ume energy transfer will prevail but the critical distance d.
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where the d~* dependence changes into a d~ dependence
varies with the metal. For instance for Pt and Ni d, ~ 1 A
whereas for Ag d. =~ 200 A.2® Our data (Fig. 9) favour a vol-
ume energy transfer mechanism.

The presence of two populations (enhanced and unen-
hanced emitters, both with the same lifetime, see Fig. 4) is
ascribed to the microscopic features of the metal surface.
It is well known that the electromagnetic field enhancement
depends upon the local surface roughness and the surface
morphology.>* Therefore, local variation in the surface mor-
phology may lead to a variation in the enhancement.

The results on chemical oxidation and reduction of azurin
show that the proteins remain redox active on the gold sur-
faces with the used immobilization strategy. To compare the
redox switching as inferred from the intensity time traces
and from the fluorescence lifetimes the amount of switching
for both types of measurement was calculated. We find the
intensity-based switching ratio, Qy, to be 0.7 with

QI =1- (Foxid/Fred)’ (8)

in which Foyiq and Fi.q denote the fluorescence intensity of the
Az in the reduced and oxidized form, respectively,?® while the
lifetime-based switching ratio,®” Oy,

QL =1- (Toxid/fred)a (9)

appears to be 0.4. Here, toxig and 7.4 denote the fluorescence
lifetime of the Az in the reduced and oxidized form, respec-
tively. The discrepancy between these two values is currently
the subject of further investigation.

V. CONCLUSION

In summary, the combination of labeled azurin immobi-
lized on Au with a mixed SAM has enabled us to characterize
the label-metal interaction in detail. Fluorescence quenching
is shown to be a short range effect, reflecting energy trans-
fer between the fluorophore and conduction electrons of the
metal. Significant fluorescence enhancement is observed with
increasing roughness of the gold layer. These results are in
good agreement with theoretical predictions based on earlier,
non single-molecule, experiments with fluorophores on metal
films.

The results also illustrate how the redox states of a single
protein molecule can be investigated by fluorescence lifetime
analysis both for Az on gold and for Az on glass. Thus, the
combination of FLIM (fluorescence lifetime imaging) with
our FRET-based redox detection method® provides a new ap-
proach for studying the kinetics of biological electron transfer
at the single molecule level. Furthermore, the ability to tune
the emission properties of labeled redox proteins immobilized
on metal surfaces opens a way to design improved biosensing
devices.
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