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Plasmonic metal-nanostructures are an emerging tool for
manipulating optical properties of fluorophores.' They are
used for enhancing the sensitivity of fluorescence-based
assays in drug discovery and high-throughput screenings as
well as in immunoassays.!! Even plasmon-assisted detection
of biological reactions in vivo has been suggested.’! The fast
evolving range of applications for plasmonic nanomaterials
make a deeper understanding of nanostructure—protein
interactions necessary.

Interactions of plasmonic nanostructures with single
fluorophores®® and two-chromophore Forster resonance
energy transfer (FRET) coupled systems!” have been exten-
sively studied, and first studies on biologically relevant
systems with single chromophores'” or with two coupled
chromophores were published recently."! Studies of plas-
monic interaction effects on more complex systems, with
multiple chromophores coupled within one molecular assem-
bly, are lacking.

Herein, we use a key protein of the photosynthetic
apparatus, photosystem I (PSI), as a model for multichromo-
phore FRET-coupled systems. The main function of PSI is to
capture and convert solar energy into electrical energy.
Around 100 chlorophyll molecules per monomer are involved
in efficient light-harvesting and excitation energy transfer
leading to light-induced charge separation in the reaction
center (Figure 1).1

At low temperatures, specific chlorophyll molecules act as
traps of the excitation energy, partially releasing their
excitation energy as fluorescence (Figure 1c).?*? Single-
molecule techniques make these different ‘red chlorophyll’
contributions discernible.””! Their fluorescence can be used to
analyze the excitation energy transfer® and in particular the
influence of plasmonic interactions on the optical properties
of PSL.

The samples used herein are PSI in buffer solution (PSI),
PSI with colloidal gold nanoparticles of approximately
100 nm diameter (PSI-AuNP), and PSI on a heterogeneous
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Figure 1. Photosystem | from oxygenic photosynthesis. a) Top view of
trimeric PSI from cyanobacteria (protein data bank (PDB) entry:
1JB0).1" In each monomer about 100 chlorophyll molecules (green)
absorb excitation energy and transfer it to a chlorophyll dimer (blue) in
the reaction center™'¥ which absorb at 700 nm (P700). The protein
backbone is shown in violet. b) Illustration of excitation-energy transfer
pathways at ambient temperatures overlaid on a side view of PSI
(same coloring as in (a)) and an energy-level scheme. Upon excitation
of P700 a charge-separated state across the membrane is formed."!
Interestingly, also the red chlorophyll states (red) with lower excitation
energies than P700 are involved in energy transfer. c) The transfer
towards P700 is partially blocked and the red chlorophyll states
become strongly fluorescent at low temperatures. d) A typical PSI
fluorescence emission spectrum from an individual PSI complex. The
spectra are composed of contributions from different red chlorophyll
emitters. Their line widths differ, mainly due to unequal spectral
diffusion.'>" The theoretical line shapes of single emitters that are
not affected by spectral diffusion are given in red. These shapes were
simulated by using the expressions and parameters in Refs. [17-19].
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silver island film (PSI-SIF) (see Figure SI1 in the Supporting
Information). For these three samples, fluorescence intensity
scans, taken of the same sized area under identical exper-
imental conditions, are shown in Figure 2a—-c. An intensity
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Figure 2. Fluorescence intensity scans of PSI (a), PSI-AuNP (b), and
PSI-SIF (c) and three PSI spectra from different individual PSI com-
plexes for each sample type (d—f). The fluorescence intensity scans
were acquired with an integration time of 2 ms per pixel. An identical
color scale ranging from 0 to 100000 counts per second was chosen
for comparison of the data. As a consequence the spot sizes increase
in the scans of PSI-AuNP and PSI-SIF, where maximum intensities
were about 50-times the threshold of 100000 counts per second. The
deviation of the spots from circular shapes can be attributed to the
low imaging quality of the employed microscope objective at low
temperatures. The spectra (d—f) were taken with an acquisition time of
40 s. For all experiments an excitation source with 4., =680 nm and
P=100 pW was used.

increase from PSI to PSI-AuNP, and to PSI-SIF is clearly seen.
Intensity scans of samples solely composed of AuNP or SIF
without PSI also yield fluorescence signals (Supporting
Information, Figure SI2), suggesting intrinsic signals from
AuNP and SIF, and/or signals from impurities. Therefore, a
determination of the fluorescence enhancement factors for
the different plasmonic structures is not possible based on
intensity information alone.

A spectral analysis of the intensity contributions present
in the PSI-free samples of AuNP and of SIF shows that their
signals are easily distinguishable from the PSI emission
fingerprints and makes a separation of signals intrinsic to
the nanostructure possible (Supporting Information, Fig-
ure SI3). In total 148 spectra were recorded for PSI in buffer,
158 for PSI-AuNP, and 72 for PSI-SIF.

In Figure 2d-f, representative PSI spectra for each of the
sample types, measured under identical experimental con-
ditions, are shown. The spectra are composed of characteristic
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contributions, appearing at different wavelength positions in
the emission spectrum of PSI. The increased signal-to-noise
ratios in the spectra from PSI-AuNP and PSI-SIF samples
reflect enhanced fluorescence emission. The line widths of the
different red chlorophyll contributions within the spectra of
individual PSI remain largely preserved (Figure 2); unexpect-
edly, the increased exciton flux migrating through PSI upon
coupling to a plasmonic nanostructure does not significantly
increase the probability for fluctuations that would result in
line broadening.

The integrated fluorescence intensities of all the individ-
ual PSI complexes are given as histograms in Figure 3. The
intensity histogram (green) of uncoupled PSI has a nearly
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Figure 3. Intensity histograms of signals from PSI (green), PSI-AuNP
(orange), and PSI-SIF (gray). The intensities for the individual com-
plexes were obtained from spectrally resolved data. The counts
detected in the wavelength interval from 690 nm to 800 nm were
integrated after subtraction of a constant background to eliminate
dark counts and stray light. The intensity ranges for the different
samples were each divided into 20 bins. Inset: mean spectra of

142 individual PSI spectra from PSI, 158 spectra from PSI-AuNP, and
72 spectra from PSI-SIF. The wavelength range suppressed by the cut-
off filter is marked in blue.

Gaussian shape, while the histograms for PSI-AuNP and PSI-
SIF steeply increase to a maximum value and decay
approximately exponentially to higher intensities. Enhance-
ment factors (Figure 3, bottom x-axis) give the relative
intensity of individual PSI-AuNP and PSI-SIF with respect
to the mean intensity of uncoupled PSI. Maximum observed
enhancements are 36 for PSI-SIF and 37 for PSI-AuNP and
the average enhancements are 7 and 9, respectively. This
significant metal-enhanced fluorescence (MEF) of PSI cou-
pled to AuNP or SIF is of the same order of magnitude as that
reported for other fluorophore-metal-nanostructure interac-
tions’[ll,25—29]

The inset in Figure 3 shows the normalized average
spectra of all the PSI, PSI-AuNP, and PSI-SIF complexes,
respectively. The AuNPs lead to an increased line width of the
PSI fluorescence (Ipwum(PSI)=33 nm versus [ewym(PSI-
AuNP) =52 nm; FWHM = full width at half maximum); in
contrast, the line width of SIF-coupled PSI remains virtually
unchanged (I pwpy(PSI-SIF) =37 nm). The peak position of
fluorescence emission for PSI-SIF is blue-shifted by 8 nm to
719 nm compared with uncoupled PSI (727 nm), whereas the

Angew. Chem. Int. Ed. 2010, 49, 10217 -10220


http://www.angewandte.org

peak position of the PSI-AuNP (732nm) is red-shifted
relative to uncoupled PSI. Both plasmonic structures lead to
strongly increased fluorescence at the short-wavelength side
of the fluorescence emission indicating strongly enhanced
fluorescence deactivation of the higher energy antenna
pigments, which show virtually no fluorescence emission in
the absence of plasmonic structures. Relative fluorescence
intensities between 698-705 nm and the respective fluores-
cence maximum intensity increase from around 10 % for PSI
to 40-60% and 50-60 % for PSI-SIF and PSI-AuNP, respec-
tively. The average enhancement factors in this wavelength
range are as large as 40-60 for both structures and the
enhancement reaches maximal values of about 200 for PSI-
SIF and about 400 for PSI-AuNP. Thus, the shape of the
average spectra of PSI-AuNP and PSI-SIF shows consider-
able deviations from the average spectrum of uncoupled PSI.
This situation is in contrast to single chromophore systems
and two-chromophore FRET-coupled systems interacting
with similar plasmonic structures, where nearly uniform
fluorescence enhancement was observed.!'33!1 Only minor
spectral shifts were observed for albumin in gold-nanoparticle
biconjugates, which were explained by conformational
changes of the water-soluble protein on the metal surface.”
The rather uniform fluorescence enhancement of organic
chromophores is because the plasmon spectra of the nano-
structures used are rather featureless™*! over the fluores-
cence emission profiles of the chromophores studied. The
fluorescence emission of PSI at low temperatures is of
comparable width to the systems studied at room temperature
to date,'**3! and larger structural changes are unlikely, since
PSI complexes retain their charge-separation capability even
in close proximity to nanostructures or metal surfaces.*>’!
Thus, for PSI a rather uniform fluorescence enhancement
could be expected. The observed non-uniform enhancement
can be understood taking into account the properties of
multichromophore assemblies.

The FRET efficiency between chromophores depends on
their spectral overlap, separation, and orientation.”) The
specific coupling conditions between the chromophores lead
to a characteristic set of transition rates (Figure 4a). In PSI
this is optimized for the efficient excitation of the reaction
center.

The interaction between pigments and plasmonic struc-
tures is also strongly distance- and orientation-dependent.“”
A distance-dependent enhancement curve calculated for a
fluorophore coupled to a AuNP of 100 nm diameter shows
quenching at distances shorter than approximately 2 nm,
maximum enhancement at approximately 13 nm, and an
exponential decay to longer distances indicating an absence of
interactions at around 80 nm.! In contrast to other studies,
where PSI was prepared in defined orientation on metal
surfaces and metal nanoparticles,®>" in our case, PSI is
randomly oriented towards the plasmonic structures. This
feature is a possible origin of the observed broad distribution
of enhancement factors.

The size of a PSI trimer, in which around 300 chlorophyll
pigments confined in an approximately cylindrical structure
measuring around 20 nm in diameter and approximately 5 nm
in height, makes coupling scenarios possible where some
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Figure 4. Visualization of excitation energy transfer pathways in a
multichromophore FRET-coupled system. a) Without plasmonic inter-
action: Specific coupling conditions between the chromophores lead
to a characteristic set of transition rates indicated by gray arrows.
Clocks indicate the respective excited state lifetimes. b) With plas-
monic interaction: The set of transition rates is modified through to
plasmonic coupling, which is distance- and orientation-dependent
indicated by the ruler and black arrows, respectively. Additional
excitation energy transfer pathways (red) illustrate the origin of the
modified system response.

chlorophyll molecules are quenched and others are subjected
to maximum fluorescence enhancement. As fluorescence
enhancement is correlated with a decrease in the fluorescence
lifetime,? the balance between fluorescence and other
deactivation channels, such as energy transfer, can be
changed. Plasmonic interaction alters Forster interaction
distances between chromophores.”! In one donor-acceptor
pair the Forster radius increases from 8.3 to 13 nm as a result
of plasmonic interaction.”’! This effect can change the exciton
distribution within PSI by involving additional chromophores
in excitation energy transfer (Figure 4b).

In conclusion, our experiments show an altered fluores-
cence of PSI upon interaction with AuNP and SIF. Partic-
ularly the higher energy chlorophyll molecules with site-
energies close to that of the reaction center show increased
deactivation through fluorescence emission, thereby reducing
the efficiency of energy transfer towards the site of charge
separation (P700), and thus altering the protein function. We
suppose that altered responses can generally be expected for
multichromophore FRET-coupled systems near plasmonic
nanostructures. These findings have to be considered when
aiming at nanostructure-assisted bio-applications.

Experimental Section

For the single-molecule experiments, PSI from Thermosynechococcus
elongatus were diluted to a concentration of 3 pm in a Tricin buffer
solution containing 0.02 % w/v n-dodecyl-f,p-maloside (3-DM) as a
detergent preventing PSI aggregation.' Less than 1 puL of this
solution was placed between two cover slips. To couple PSI to gold
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nanoparticles (PSI-AuNP) an excess of colloidal gold nanospheres of
approximately 100 nm diameter®!) was added to the PSI buffer
solution (AuNP:PSI ratio ca.12:1). The preparation of the SIF was
performed as described in Chowdhury et al.*?! AFM characterization
shows size distributions ranging from 200-400 nm in width and 20-
550 nm in height (Supporting Information, Figure SI1). The PSI-SIF
sample was prepared by placing the diluted PSI sample between an
untreated and the SIF-coated coverslip, which was placed on the back
side of the sample with respect to the incident beam. For the single-
molecule fluorescence measurements a home-built low-temperature
confocal spectrometer,' with a 1., =680 nm diode laser attenuated
to 100 uW as excitation source and an Avalanche Photodiode
(Perkin—Elmer) or a LN,-cooled CCD camera (Princeton Instru-
ments) as detector was used. The temperature for all experiments was
T=14K.
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