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The plasmonic interaction eects of various nanostructures on the uorescence properties of photosystem I as
found by single-molecule spectroscopy are summarized. The used nanostructures are spherical Au nanoparticles,
silver island lms as well as hexagonal arrays of nanometer-sized Au- and Ag-triangles (the Fischer patterns).
The uorescence emission of photosystem I is intensied due to coupling with these nanostructures. For single
photosystem I complexes, enhancement factors of up to 37 were observed. The average enhancements vary
between 2.2 for Au Fischer pattern and 9 for spherical Au nanoparticles. The enhancement of the uorescence
of photosystem I demonstrates in all cases a strong wavelength dependence. This wavelength dependence can be
explained by the spatially largely extended multichromophore composition of photosystem I complexes. From the
viewpoint of the usability of these nanostructures for spectroscopic signal enhancement, the Fischer patterns are
benecial, due to their very low autoluminescence.
PACS: 73.20.Mf, 87.64.kv, 87.80.Nj
lifetimes [6].

1. Introduction

Thus nanoparticles can be utilized to en-

hance the signal of chromophores in a simple way, a benMetallic nanostructures in combination with proteins
connected to their surface (bio-nanohybrids) provide one
of the most adaptable architecture for design and implementation of bio-functionality at the nanoscale [1, 2].
The broadness of the eld of applications relies on
the malleable characteristics of nanostructures combined
with the vast diversity of protein functions [2]. One eld
of research deals with improving the applicability of plasmonic nanostructures for absorption/emission enhancement of uorophores [3]: this is useful for e.g. increasing
sensitivity of uorescence-based assays in drug discovery
and high throughput screenings.
Biophysical applications using nanostructures must be
carefully designed because the interaction between proteins and metal nanostructures can lead to modications
of both interaction partners.

While molecular adsor-

bates on the surfaces of nanoparticles can modify the
surface plasmon resonances [4], the plasmonic interaction can also aect protein function [5].

As a conse-

quence, a deep understanding of the fundamental interaction mechanisms between metal nanostructures and proteins is necessary for the design of hybrids with tailored
properties.
An advantage for all techniques using the absorption/
emission properties of the chromophores is that chromophores close to metal nanoparticles are less prone to
optical saturation and thus have a higher maximum emission rate and show dramatically decreased uorescence

ecial eect especially for single-molecule techniques,
where the detection of uorophores is often limited by
low signal intensities.
In this work, we compare the eects of the coupling of
photosystem I (PSI) to ordered and unordered nanoparticle assemblies.

The unordered assemblies are:

silver

island lms (SIF) and colloidal solutions of spherical Au
nanoparticles (AuNP); and the ordered nanostructures
are periodic patterns of hexagonal arranged Au- (Au∆)
or Ag-triangles (Ag∆).
The Ag nanostructures of the SIF are of various widths
and heights as can be seen in the atomic force microscopy
(AFM) scan of the surface (see Fig. 1a).

The colloidal

gold nanospheres show a more uniform size with a diameter of 100 nm and are randomly distributed in the
sample. The hexagonal arranged Au∆ or Ag∆ are also
known as Fischer patterns, an AFM image of such type
of structures is shown in Fig. 1b [7]. Such patterns can
be produced by nanosphere lithography [8, 9]; an inexpensive, inherently parallel, high-throughput nanofabrication technique capable of producing well-ordered 2D
periodic nanostructure arrays from all dierent kinds of
vaporizable materials [8, 9]. The size of the nanostructures can be tuned by varying the basis length of the
structuring nanospheres and their thickness can be controlled by the metal's evaporation conditions.
The experiments described here were carried out on
spatially separated single PSI trimers. Hybrids made of
PSI and metal nanoparticles serve as a potential building
block of hybrid solar cells. The capability of PSI hybrids
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for the production of biofuels such as H2 was shown by
Grimme et al. in Ref. [10]. In addition, PSI serves as a
model system for biological light harvesting and charge
separation processes. PSI's main function is to capture
and convert solar energy into electrical energy. Almost
100 chlorophylls per PSI monomer are involved in light
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AuNP) an excess of colloidal gold nanospheres of approximately 100 nm diameter (BBInternational) was added to
the PSI buer solution (AuNP:PSI ratio ca. 12:1).

To

couple PSI to the nanostructures (SIF, Au∆ and Ag∆)
the diluted PSI solution was placed on top of these surfaces, a detailed description is given in Refs. [5, 32]. The
preparation of SIF was performed as described in paper
of Chowdhury et al. [33].
Figure 1a shows an AFM image of a SIF structure as

Fig. 1. AFM images of SIF (a) and Au∆ (b) taken
with modications from Refs. [5, 32].

used for the described experiments. The Fischer patterns
were produced by nanosphere lithography as described in
Refs. [8, 32].
Figure 1b shows an AFM image of an Ag∆ structure

harvesting, excitation energy transfer and charge separation [1113]. PSI can be regarded as a natural solar cell
absorbing across a wide spectral range covering
of the solar radiation at Earth's surface.
quantum yield of

≈1

≈ 45%

The unique

for charge separation contributes

to the attraction of PSI for electrochemical approaches
for the conversion of light energy into electrical [1418]

as used for the described experiments. Experiments were
carried out using a home-built confocal microscope operating at 1.3 to 1.4 K as recently described in Ref. [34].
The usual exposure time for each spectrum was 1 s in
a sequence of spectra resulting in a typical S/N-ratio of

>6

for single uncoupled PSI complexes at an excitation

power of 100

µW.

or chemical energy [10, 19, 20]. Among the 100 chlorophylls some chlorophyll dimers and trimers with lower

3. Results and discussion

site energies than the reaction center with its main absorbance at 700 nm (P700) were found [2126]. Although

Figure 2 shows a collection of uorescence intensity

activation energy for the uphill energy transfer towards

scans taken for the various PSI containing samples as

P700 is required, these low energy chlorophylls are never-

well as for the bare nanostructures. All scans are taken

theless involved in the excitation energy transfer towards

under identical experimental conditions and shown with

the reaction centers. Due to these astonishing properties,

an identical intensity color scale. The scans in the rst

the so-called red chlorophylls are of great interest and

row 2ae are recorded on a sample of pure PSI and on the

their function is still under debate [25, 26]. The transfer

hybrid samples composed of highly diluted PSI and the

from the dierent red states to P700 is blocked at low

respective nanoassembly, they are referred as: uncoupled

temperatures and the energy is partially released as uo-

PSI, PSIAuNP, PSIAu∆, PSISIF, and PSIAg∆ re-

rescence emission detectable down to the single-molecule

spectively [5, 32]. A qualitative increase of the intensity

level [2729]. Several of these red chlorophylls contribute

from the sample solely containing PSI to the PSI-hybrids

to the uorescence spectrum of single PSI trimers. They

is obvious. In the second row 2fi intensity scans taken on

dier in their site energies, intensities and susceptibility

the bare nanostructures are shown [5, 32]. The Au∆ show

for spectral diusion.

minor intensity contributions, barely observable with the

Therefore, sharp stable lines as

For AuNP, Ag∆, and

well as broad intensity distributions are present in the

given intensity scale (Fig. 2g).

spectra of single PSI complexes. The sharp lines repre-

SIF intense spots can be observed even without the pres-

sent chlorophylls that are aected by spectral diusion

ence of PSI complexes. The spots of Ag∆ are lower in

with low rates. The probability of observing those sharp

intensity than those observed in the scan of PSIAg∆

lines stable in wavelength is high in the wavelength region

and the contributions are uniformly distributed over the

between 700 and 715 nm. The broad intensity distribu-

whole scanned area. The signal intensities of the SIF and

tions are due to chlorophylls that are aected by spec-

AuNP are comparable with those detected for PSI con-

tral diusion with much higher rates. These distributions

taining samples, but the number of spots per sample area

dominate the spectra at longer wavelength [29, 30].

is comparatively small.
The spectral analysis of these luminescence contribu-

2. Material and methods

tions shows that the signals from the nanostructures are
well distinguishable from PSI uorescence emission, see

Isolated and puried PSI trimers from Th. elongatus

Refs. [5, 32]. To study the inuence of the nanostructures

(procedure described in Ref. [31]) were diluted in buer

on the uorescence emission properties of PSI, spectra

solution for single-molecule measurements as described in

from intense spots in the pure and in the hybrid samples

Refs. [5, 32]. The experiments on PSI trimers are com-

were collected, sorted out if associated to nanostructure

prised of two dierent experiments. One experiment was

luminescence, and compared. All spectra taken on vari-

performed starting with a PSI solution obtained from the

ous intensity spots of the PSIAu∆ as well on the PSI

resolubilization of PSI crystals [5] and the other with a

Ag∆ show PSI uorescence emission characteristics and

PSI solution where glycerol was added for storage at cryo-

thus sorting was not necessary for these hybrid struc-

genic temperatures [32]. To couple PSI to AuNP (PSI

tures.
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ment factor of 1. The

x-axis

of the histogram is normal-

ized to this mean, thus dening the enhancement factor.
Figure 3 shows the distribution of enhancement factors
for PSIAu∆ and PSIAg∆. The appropriate distributions for PSIAuNP and PSISIF can be found in Fig. 3
in Ref. [5].

The distributions for PSIAu∆ (blue) and

PSIAg∆ (lilac)  as well as for PSI AuNP and PSI
SIF [5]  are asymmetric, largely extending to the high-intensity sides.

The maximum intensity found for an

individual PSIAu∆/PSIAg∆ measures 10.5/15 times

Fig. 2. Fluorescence intensity scans of PSI/PSI-nanohybrids (rst row) and of the nanoassemblies without PSI (second row): scans of PSI on bare quartz (a),
PSIAuNP (b), PSIAu∆ (c), PSISIF (d), and PSI
Ag∆ (e), AuNP (f), Au∆ (g), SIF (h), and Ag∆ (i).
The uorescence intensity scans were acquired with an
integration time of 2 ms per pixel. An identical color-scale range was chosen for all data sets. Images are
taken from Refs. [5, 32].

the average intensity of uncoupled PSI. The average enhancement factor based on the histograms is 2.2 for PSI
Au∆ and 5.7 for PSIAu∆. For PSISIF and PSIAuNP,
the maximum observed enhancements are 36 and 37; and
the average enhancements are 7 and 9, respectively. The
dierent enhancement values are collected in Table.

Overall, 162 sequences for PSIAu∆, 158 for PSI
AuNP, 118 sequences for PSIAg∆, 72 for PSISIF, and
295 for PSI in buer were recorded. The sequences for
PSI in buer are based on two dierent sample preparations (see Sect. 2). For each preparation 148 and 147
sequences were taken as described in Refs. [5, 32].
The distribution of enhancement factors was determined by comparing the intensities of single PSI complexes in the respective hybrid sample to the average
intensity in the uncoupled conguration.

For this pro-

cedure, an average intensity for uncoupled PSI must be
determined.
The collection of the intensities of uncoupled PSI complexes shows a nearly Gaussian shaped distribution as
shown in the histogram in Fig. 3. The maximum of this
distribution corresponds to the mean intensity of uncoupled PSI (Fig. 3) and can be equalized with an enhance-

Fig. 3. Intensity histograms of PSI signals (green),
PSIAu∆ (blue), and PSIAg∆ (lilac). The intensities
of the individual complexes were obtained from spectrally resolved data. The counts detected in the wavelength region 695780 nm were integrated after subtraction of a constant background to eliminate dark counts
and stray light. Finally, these values were summarized
for the rst 120 s of the sequences. The gure is taken
with modications from Ref. [32].
TABLE

The deviations* of the maximum values are due to dierences in the PSI preparation,
see Sect. 2 and Refs. [5, 32].
Sample
emission maximum
FWHM
average enhancement
max. enhancement

PSI
729.9/727⋆
27.6/33*



PSIAu∆
729.5
33.3
2.2
10.5

PSIAuNP
732
52
9
37

PSIAg∆
731.3
38.7
5.7
15

PSISIF
719
37
7
36

Plasmonic interaction generally depends on the spec-

hancements are found [35, 36]. Anger et al. [37] observed

tral resonance condition between chromophores and sur-

the following distance dependence for uorescence emis-

face plasmons, their intersystem distance and their rel-

sion enhancement for a uorophore in resonant coupling

ative orientations.

The electric eld close to the nano-

conditions to a spherical AuNP: quenching of the uo-

structures shows a strong spatial variation [35, 36]. For

rescence at distances shorter than approximately 2 nm,

triangles in hexagonal Fischer patterns very high eld en-

maximum enhancement at approximately 5 nm, and ex-

hancements are observed at positions on the tips (apex)

ponential decay at longer distances leading to vanishing

of the triangles, whereas at the edges of vanishing eld en-

enhancements at around 80 nm distance. In the investi-
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gated samples, the PSI complexes are randomly oriented
with respect to the plasmonic structures.

As a conse-

quence, PSI complexes will be present in regions with
both low as well as high eld enhancement, resulting in
the broad distribution of enhancement factors observed
(Fig. 3).

The enhancement factors observed for PSI

SIF and PSIAuNP are comparable with the reported
values for other uorophore-metal nanostructure assemblies, whereas the enhancement factors for PSIAu∆ and
PSIAg∆ are smaller in magnitude [5, 6, 3742].
All plasmonic nanostructures lead to increased emission of the deposited PSI complexes. The evaluation of
data for PSISIF and PSIAuNP is more demanding, because in these cases the background signals of the nanostructures are not negligible. An analysis to distinguish
between contributions stemming from PSI and that from
the nanostructures proved unnecessary for PSIAu∆ and
PSIAg∆.

This provides an advantage as compared

to the strong background signals observed for spherical
AuNP and SIFs [5].

Fig. 5. Wavelength dependence of the uorescence enhancement. For this representation the average spectra
of PSIAuNP, PSISIF, PSIAu∆, and PSIAg∆ were
divided by the average spectrum of uncoupled PSI. The
data were scaled to similar amplitude.

Although, the arrays of Au∆ and

Ag∆ show smaller enhancement values as compared to

cially on the elimination of background contributions and

AuNP and SIF, the low autoluminescence makes these

consequently the error for the determination of the en-

nanostructures preferential tools for spectroscopy.

hancement factor becomes larger in the spectral region

Figure 4 shows the average spectra of all spectra taken

with low intensity. For better comparability the curves

on individual uncoupled PSI, PSIAuNP, PSISIF, PSI

are scaled to similar maximum/minimum values in the

Ag∆, and PSIAu∆. The spectra were scaled to similar

given wavelength range. The uorescence emission in the

magnitude. The maxima positions and the full width at

range 698712 nm shows large relative enhancements for

half maximum (FWHM) are given in Table.

all structures. Compared to that, the wavelength region

Modica-

tions of the emission proles induced by interaction with
the nanostructures are clearly visible.

> 712

nm remains rather featureless.

These modica-

tions depend on the wavelength e.g. the emission at the
blue side of the prole shows much stronger enhancement
than that found in the red part of the spectrum.

Fig. 6. Three spectra of single PSI complexes taken
with identical experimental settings are shown: uncoupled PSI (green) and PSIAg∆ (lilac). Taken with modications from Refs. [32].
Fig. 4. Averaged spectra obtained from summation of
spectra from all single PSI complexes (from
) obtained for uncoupled PSI, PSIAuNP, PSISIF,
PSIAu∆, and PSIAg∆. The spectra were scaled to
similar maximum values.

tus

Th. elonga-

Figure 6 shows the emission spectra of one uncoupled
PSI complex (green line) and two single PSI complexes
coupled to Ag∆ ( light and dark lilac). The spectra of
these PSIAg∆ represent extreme cases of wavelength-dependent enhancement.

One spectrum (light lilac) is

The wavelength-dependence of the enhancement can

highly enhanced in the region around 710 nm. Compared

be obtained by dividing the average spectra of the dif-

with the average value of uncoupled PSI, this region is

ferent hybrids by that of uncoupled PSI. The resulting

enhanced by a factor of

curves for the enhancement are shown in Fig. 5. It should

of the short-wavelength region indicates an enhanced u-

be noted that the procedure chosen here depends cru-

orescence deactivation of the higher energy antenna pig-

≈ 100.

The strong enhancement
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ments, which show virtually no uorescence in absence of
plasmonic structures. The other spectrum (black) shows
an example for strong enhancement at the red edge of the
PSI emission. The emission in the red spectral region is
due to the emission of far-red chlorophylls. The uorescence of these chlorophylls is completely quenched if the
+
reaction center is in the oxidized form (P700 ). The oxidized form is in almost all cases present in the uncoupled
PSI, because the high excitation rates used during the
experiments are much higher than the rate of charge recombination [26].

Under these experimental conditions
+
the emission of the far red states is quenched by P700
and escapes the detection in uncoupled PSI [26].

The

high intensity of this contribution can only be explained
by a dramatic change of the time scales involved in the
quenching processes, e.g. the uorescence lifetime of the
far-red chlorophylls, energy transfer to the quenching site
+
or charge recombination (P700 → P700).
The

shape

of

the

emission

spectra

of

the

PSI-

Fig. 7. Illustration of the distance dependence of the
enhancement factor. On top, the enhancement factor
depends on the distance between chromophores in PSI
and the surface of the metal nanoparticle. The structure
of a PSI trimers is given and the region of quenching and
enhancement are color coded as given. The curve given
below visualizes the slope of the enhancement in more
detail; the curve is adapted from Ref. [37].

-nanoparticle hybrids shows clear deviations from linear
enhancement. Such deviations stand in contrast to ob-

tures alters Förster-interaction distances between chro-

servations for single chromophores and two-chromophore

mophores [46].

FRET-coupled systems as the peridininchlorophyll pro-

mophores of PSI most probably gets largely changed

tein close to plasmonic structures [3, 6].

as a result of these plasmonic interaction eects.

The extinction spectra of the used nanostructures show

only a weak variation (≈

The exciton distribution on the chroAd-

ditional energy transfer pathways will be formed and

[2, 36, 43] over the emis-

chlorophylls that do not participate in the native/uncou-

sion range of PSI. This variation is much smaller than

pled state could be involved. In addition, chromophores,

the variation of the enhancement factor observed for the

which were almost non-uorescent before become uores-

PSI-nanohybrids (Fig. 5). Therefore we assume that the

cent. Particularly, we observed such an enhanced uores-

observed emission prole changes cannot be explained

cence emission from energetically higher lying chlorophyll

by simple convolution of PSI emission with the plasmon

states, indicating an overall reduced excitation feeding of

spectra (plasmonic shaping).

the reaction center.

20%)

The deviations from the

linear enhancement must rather be rationalized by intrin-

4. Conclusion

sic properties of PSI, as they are: a large lateral extension
of the molecular complex and the specic couplings of the
chromophores within the complex.

In

conclusion,

the

investigated

PSI-nanohybrids

(AuNP, Au∆, SIF, and Ag∆) show increased uorescence

The shape of a PSI trimer can be approximated by a

compared to uncoupled PSI. The average enhancement

cylinder measuring around 20 nm in diameter and ap-

varies between 2.2 and 9.

proximately 5 nm in height.

enhancement depends strongly on the wavelength. The

For all PSI-nanohybrids the

Figure 7 shows a scheme where the extension of PSI

alteration of the shapes of the uorescence spectra upon

is compared to a enhancement curve as measured for

plasmonic interaction of PSI with the nanostructures can

spherical AuNP in resonant coupling conditions with a

be explained by the spatial extension of the chromophore

uorophore according to Ref. [37].

If the PSI complex

system in PSI together with the coupling between the

is located close to the surface of the nanoparticle, some

chromophores. Especially, we observe additional spectral

chlorophylls are in the quenching regime, whereas others

contributions on the short wavelength side of the uores-

are in conditions for maximum enhancement.

cence emission spectrum of PSI, indicating uorescence

Therefore, the shape of the emission spectrum of an individual PSI complexes close to a nanostructure can devi-

emission from energetically higher lying states, which are
almost non-uorescent in uncoupled PSI.

ate remarkably from the shape of uncoupled PSI (Fig. 6).
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