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In this work we demonstrate confocal fluorescence imaging of hybrid nanostructures composed of silver
nanowires and peridinin—chlorophyll-protein light-harvesting complexes. The length of silver nanowires, which
reaches 10 pum, allows for determination of the nanowire position and consequently direct correlation with

the fluorescence image.

In this way we probe the influence of plasmon induced electromagnetic field on the

fluorescence of light-harvesting complexes. When the nanowires are spaced from the light-harvesting complexes
by a 10 nm thick dielectric layer, we observe a fluorescence enhancement, which depends upon the laser excitation
wavelength. The measured enhancement values are 2.5 and 1.9 for 405 nm and 485 nm, respectively. Larger
enhancement for the 405 nm excitation is attributed to direct creation of plasmon excitations in the silver nanowires.

PACS: 87.64.kv, 42.62.Fi, 81.07.Pr, 87.64.M—

1. Introduction

Electromagnetic field enhancement generated by plas-
mon oscillations in metallic nanoparticles has been shown
to influence both absorption and emission of nearby
placed emitters [1-4]. Therefore, developing ways to
manipulate plasmon resonances has been important for
applying these nanostructures in biosensors, bioimag-
ing, and various tip-enhanced spectroscopies. Recently,
attempts have been made to couple complex pigment—
protein systems with metallic nanoparticles in order to
investigate possibilities to enhance the absorption of the
photosynthetic complexes [5-8]. These research efforts
have been so far focused on spherical nanoparticles, with
plasmon resonances between 420 nm and 550 nm. Ex-
tending the pool of metallic nanoparticles coupled to the
light-harvesting complexes is important for optimizing
the effect of plasmon enhancement.

Due to diffraction-imposed limitations, observation of
plasmon induced effects on a single nanoparticle level is
hindered and limited to nanoparticles with one dimen-
sion reaching pm sizes. An example of such a metal-
lic nanostructure is a silver nanowire, with diameters in
the range of 100-200 nm and lenghts of 5-10 pum [9].
Preliminary results indicate that fluorescence imaging
of such nanostructures is possible and indeed direct de-
position of emitting molecules leads to fluorescence en-
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hancement [10]. However, direct deposition of light-
-harvesting complexes on metallic substrates results in
at least partial quenching of the fluorescence due to effi-
cient non-radiative transfer to metallic nanoparticles [4].
In this work we focus on a hybrid nanostructure where
the nanowires are covered by a thin, 10 nm layer of SiOq
in order to inhibit the quenching. Fluorescence imaging
of such a system demonstrates strong enhancement of
fluorescence of peridinin—chlorophyll-protein complexes.
While the emission spectrum is not affected, shape- and
energy-wise by the proximity of metallic nanoparticles,
the enhancement shows substantial dependence upon the
wavelength of laser excitation. When the laser is tuned
directly to the maximum of plasmon resonance in the
silver nanowire (405 nm), the enhancement factor of
2.5 is reached. For off-resonance excitation (485 nm)
the enhancement factor is 30% lower. We believe that
these results are important for understanding the plas-
mon enhanced absorption in light-harvesting complexes
and determining the optimal conditions for applying hy-
brid nanostructures involving photosynthetic proteins for
applications in photovoltaics devices and optoelectronics.

2. Materials and methods

Water-soluble peridinin—chlorophyll-protein (PCP)
light-harvesting complex is a peripheral antenna from di-
noflagellate Amphidinium carterae. The major function
of this complex is to harvest sunlight and transfer the
energy subsequently to the reaction center for next steps
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of photosynthesis. The PCP is in a way unique among
light-harvesting complexes, as it utilizes carotenoid, i.e.
peridinin, as its main light-harvesting complex, not the
chlorophylls.

The structure of this complex, determined using X-ray
crystallography with a resolution of 2.0 A [11], is shown
in Fig. 1a. The PCP is a relatively small protein-pigment
complex (weight of 32 kDa), in which pigments are or-
ganized in two clusters (halfmers). Each halfmer con-
tains four peridinins (orange), one chlorophyll a (green)
and one lipid molecule (blue). The distance between
chlorophylls @ (Chl a) in a monomer is 17.4 A. Spec-
troscopic properties of the PCP complexes have been
extensively studied on the ensemble [12-14] and single-
-molecule level [15-17] providing a frame to understand
the energy transfer pathways in this system. In this

work we use PCP complexes obtained by reconstitution
of N-terminal apoprotein domains extracted from modi-
fied Escherichia coli with appropriate pigments [18]. The
final product was purified by passage through a PD10
and DEAE tris-acryl column and equilibrated with TRIS
buffer (pH 7.6).

Fig. 1. (a) Structure of a monomer of reconstituted
PCP complex: four peridinins, one chlorophyll a and
one lipid molecule. PDB entry 3IIS. (b) Scanning elec-
tron microscopy image of silver nanowires.

Silver nanowires were synthesized using polyol process
in which the ethylene glycol served as the reducing and
solvent reagent [9]. This method gives us an opportunity
to carry out reaction in the soft condition with tempera-
tures < 200°C and atmospheric pressure.

Silver nitrate is reduced by ethylene glycol in the pres-
ence of poly(vinylpyrrolidone) (PVP). PVP acts as a sta-
bilizing agent — it creates a protective coating onto the
silver surface thus preventing from aggregation of silver
nanowires. In typical synthesis, 40 ul of CuCly solution
(4 mM in EG) was added to 5 mL of ethylene glycol in
glass vial, heated at 150°C with stirring. After 15 min,
1.5 mL of PVP solution (114 mM in EG) and 1.5 mL
AgNOj3 solution (94 mM in EG) was then simultaneously
added dropwise using a syringe pump. The reaction mix-
ture was then heated and kept hot for one hour. The
product was purified by centrifugation at 2000 rpm for
20 min and redispersed in pure water.

In Fig. 1b we show the scanning microscopy image
of the silver nanowires. The estimated length of the

nanowires varies from few to few tens of microns with typ-
ical diameters about 200 nm. The sample was prepared
by spin-coating first the solution of silver nanowires on
a substrate. Then, in order to assure for separation be-
tween light-harvesting complexes and metallic nanopar-
ticles an SiO spacer with 10 nm thickness was deposited
using e-beam assisted evaporation technique. On the top
of the substrate 10 uL of PCP diluted in 2% PVA water
solution was dropped and spin-coated for 60 s with speed
of 2100 rpm.

Fluorescence intensity and emission spectra measure-
ments were performed on our home-built fluorescence
confocal microscope based on Olympus infinity-corrected
microscope objective LMPlan 50x (NA 0.5) [19]. The
sample is placed on a piezoelectric stage (Physik Instru-
mente), which enables us to collect fluorescence intensity
maps by combining fluorescence intensity measurements
with the motion of the XY translation stage. Fluores-
cence intensity maps are collected with an avalanche pho-
todiode (Perkin-Elmer SPCM-AQRH-14). This exper-
imental configuration allows for measuring fluorescence
intensity and emission spectra. The emission is dispersed
using Amici prism and detected with a CCD camera (An-
dor iDus DV 420A-BV). For imaging the position of the
nanowires in a reflection mode we use a 598 nm laser,
which is practically not absorbed by the PCP complex.
The fluorescence on the other hand was excited with ei-
ther 405 nm or 485 nm laser. The excitation power used
in all experiments for each laser was about 60 yW.

3. Results and discussion

Absorption and emission spectra of the PCP complex
reconstituted with Chl a are shown in Fig. 2a. Peridinin
(Per) is responsible for a dominant, blue-green absorp-
tion band from 350 nm to 550 nm, while Chl a absorbs
at 668 nm (Q, band) and 440 nm (Soret band). The
emission of the PCP complexes originates from @, tran-
sition of Chl a and is located at 673 nm.
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Fig. 2. (a) Absorption and fluorescence spectrum of

the PCP complexes measured at room temperature.
The excitation wavelength for the fluorescence was
485 nm. (b) Absorption spectrum of silver nanowires
in water solution.

The absorption spectrum of silver nanowires in aque-
ous solution has a maximum at 380 nm and is shown in
Fig. 2b. The large Stokes shift between strong absorption
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and fluorescence of the PCP (over 100 nm) and signifi-
cant spectral overlap between absorption of Per and sil-
ver nanowires renders PCP a model system for studying
plasmonic interactions in such hybrid nanostructures.

In Fig. 3 we show examples of images acquired for a
hybrid nanostructure composed of silver nanowires and
PCP complexes. All the images are 20 yum x 20 um in
size. During the experiment we first aim at finding an
area on the sample surface with an individual isolated
nanowire defined. For that purpose a 589 nm laser was
used with a bandpass filter HQ 610/40 (Chroma) cou-
pled to the detector. Since the PCP absorption at this
wavelength is negligible, photophysics of the complexes
is not affected by the laser radiation.

Fig. 3. Intensity maps obtained for a hybrid nano-
structure built of silver nanowires and PCP complexes.
(a) Reflection image of silver nanowires, excitation
wavelength 589 nm with 610/40 bandpass filter for de-
tection. (b) Fluorescence image of PCP complexes, ex-
citation wavelength 405 nm with 670/10 bandpass fil-
ter for detection. (c) Fluorescence image of PCP com-
plexes, excitation wavelength 485 nm with 670/10 band-
pass filter for detection.

Upon selecting a proper area in a reflection mode
(Fig. 3a) we switched the excitation to laser wavelengths,
which are efficiently absorbed by Per in the PCP com-
plex.

The fluorescence images for 405 nm and 485 nm taken
from the same area are shown in Fig. 3b and c, respec-
tively. In this case the emission of PCP complexes was
extracted with HQ 670/10 (Chroma) bandpass filter. For
both excitation lasers the fluorescence intensity for PCP
complexes deposited directly on the silver nanowire is sig-
nificantly higher than for PCP complexes located away
from the nanowire.

In order to quantitatively analyze the fluorescence
maps and the enhancement of the emission intensity due
to the coupling with plasmon excitations in the silver
nanowires we determine intensity cross-sections along the
long axis of the nanowire. The intensity changes over
the nanowire for both excitation wavelengths are shown
in Fig. 4. In the case of 405 nm excitation wavelength
the average intensity on the nanowire 117 cps, while off
the nanowire we obtain 47 cps. Corresponding values for
the 485 nm excitation are 398 cps and 203 cps, respec-
tively. Therefore, the average fluorescence enhancement
factors are 2.49 and 1.96 for 405 nm and 485 nm excita-
tion, respectively. This result is in agreement with the
absorption spectrum of the silver nanowires, the inten-

sity measured at 405 nm is approximately 25% higher
than that at 485 nm. The dependence of the enhance-
ment upon the excitation wavelength points clearly at
plasmonic origin of this effect. Such an analysis is based
on the assumption that the laser induced photobleach-
ing is negligible and that it depends weakly on whether
the PCP complexes are on or off the nanowires. This as-
sumption is justified with extremely low excitation power
of the lasers used for measuring the fluorescence of the
light-harvesting complexes.
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Fig. 4. Cross-sections of fluorescence intensity of the
PCP complexes obtained along the nanowire for 405 nm
(upper left) and 485 nm (bottom left) excitation wave-
length. Emission spectra measured on (solid line) and
off (dotted line) a single nanowire for 405 nm (up-
per right) and 485 nm (bottom right) excitation wave-
lengths.

Fluorescence spectra of PCP complexes obtained for
both excitations wavelengths are shown in Fig. 4. We
compare typical spectra measured off the nanowire
(dashed line) and on the nanowire (solid line). For both
excitation wavelengths the shapes of the emission are
identical, the only difference is associated with the in-
tensity. This observation implies, similarly to the case of
PCP complexes deposited on the silver island film [10],
that the protein remains intact upon coupling to the
metallic nanoparticles.

4. Conclusions

Fluorescence imaging of hybrid nanostructures com-
posed of peridinin—chlorophyll-protein complex de-
posited on individual silver nanowires demonstrates that
the emission of the chlorophylls in this light-harvesting
complex is enhanced due to plasmon interactions. The
enhancement depends on the excitation wavelength, thus
the efficiency of plasmon excitations: for optimal exci-
tation conditions, which correspond to 405 nm, the en-
hancement factor is approximately 25% larger than for
485 nm excitation wavelength. Importantly, the func-
tionality of the light-harvesting complex is not ham-
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pered in any way due to the proximity of metallic nano-
structures. The results show great potential for manip-
ulating the optical properties of complex biomolecules
using plasmon excitations in metallic nanoparticles.
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